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REPORT

Novel peptide binds EWS-FLI1T and reduces the
oncogenic potential in Ewing tumors
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Abbreviations: ET, ewing tumor; RHA, RNA helicase A; ESAP1, ewing sarcoma antagonist peptide 1; BRD9, bromodomain
containing 9; DDX27, DEAD (Asp-Glu-Ala-Asp) box polypeptide 27; MLL3, myeloid/lymphoid or mixed-lineage leukemia 3;
TXNDCY, thioredoxin domain containing 9; SPR, surface plasmon resonance

Ewing tumor is driven by the oncogenic EWS-FLI1 fusion protein that functions as an aberrant transcription factor. The
identification of EWS-FLI1 protein partners is essential to enhance its vulnerability as a therapeutic target. We utilized
phage display library screening against recombinant EWS-FLI1 protein. We identified 27 unique Ewing Sarcoma binding
peptides. The cytotoxicity evaluation of these peptides with in EWS-FLI1 containing cell lines yielded one potent peptide
called ESAP1 (TMRGKKKRTRAN). ESAP1 binds EWS-FLIT with 0.202 micromolar affinity as measured in surface plasmon
resonance. The minimal interaction region of ESAP1 is characterized and found that the lysine residues are critical for
cellular cytotoxicity. ESAP1 reduces the transcriptional activity of EWS-FLI1 as well as disrupts cell cycle kinetics in Ewing
tumor cells. These findings provide both a novel experimental probe and a potential therapeutic scaffold for Ewing

tumor.

Introduction

Ewing tumor (ET) is a highly malignant tumor of the bone and
soft tissue that is typically diagnosed in the second decade of
life, but is found in patients from newborns to octogenarians.
Despite chemotherapy, 30% of patients with localized dis-
ease and 75-80% of patients with metastatic disease will die
within five years of diagnosis.! The EWS-FLI1 oncogenic fusion
results from a chromosomal translocation t(11;22)(q24;q12) in
95% of cases.” The fusion protein is the combination of 6-10
N-terminal exons of the Ewing’s sarcoma gene (EWS) on chro-
mosome 22 with 4-5 of the carboxy terminal of the ezs fam-
ily gene, either friend leukemia insertion 1 (FLI1) or ets-related
gene (ERG).?> While there is some variation in exon combina-
tions across tumors, these translocation variants are not clinically
prognostic."® There is a growing list of EWS-FLI1 target genes,
whose combined activities contribute to oncogenesis and tumor
maintenance.>®

EWS-FLII binds to DNA through the conserved ezs bind-
ing domain to modulate transcription through direct binding
to promoters and RNA splicing.” Protein-protein interactions
are critical for transcriptional and splicing complexes, yet only
limited protein interactions with EWS-FLI1 have been validated
including RNA Helicase A (RHA).**? Disruption of the pro-
tein complex between EWS-FLI1 and RHA leads to rapid ET
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cell death.”® Protein-protein disruption is possible because of the
favorable thermodynamics of peptides binding to intrinsically
disordered proteins." EWS-FLI1 has been predicted to have a
significant intrinsic disorder” and proven to require disorder
for function.'® Peptides can be novel reagents to block protein-
protein interactions based upon significant specificity for their
binding to targets.”” In order to resolve the functional protein
partners of EWS-FLII, we used phage display screening to iden-
tify peptides that might lead to specific protein interactions. In
a previous report, we described the peptide E9 as having homol-
ogy to a region of RHA and a modified E9 peptide inhibiting
Ewing tumor cell monolayer growth and anchorage independent
colony formation in soft agar.’> We report a novel peptide that
both binds directly to EWS-FLI1 and alters its function.

Results

Phage display reveals 27 novel peptides using EWS-FLI1 as
bait. We previously described the purification of recombinant
EWS-FLII from a bacterial expression system.” Recombinant
EWS-FLII was determined to have a physiologic conformation
based upon DNA binding and transcript activation assays.” This
recombinant EWS-FLI1 was utilized in a phage display assay to
identify novel binding peptides. Three cycles of phage enrich-
ment led to approximately 300 individual phages. These phages
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Table 1. Ewing sarcoma antagonist peptide sequences revealed in
phage display

Number Sequence Number Sequence
1 TMR GKK KRT RAN 14 GMM RAL SHP SAS
2 QHR MAS MSP TLP 15 GTL TTP RLD LIM
3 GLL PYR PRE ANF 16 MKI SAP ALA FGL
4 AMI PYT WFS PSP 17 MFA KSP PYP SLM
5 KQP KKA PRR IPQ 18 FNW HWL SRP YFP
6 SIP TTW FHP PPS 19 FAN HLT NAV HAL
7 GVS LHN TNW NIY 20 SQP WTN ALV VSS
8 SDT SVN WLT LWY 21 KLW NVP WPP HMR
9 NTP QRP PYK RSP 22 FTP PPA YGR NEG
10 LAK SPS NSA REW 23 TAF WPL YPL SDW
n AKC HSD VPS PAC 24 HWI PQT LPA SFI
12 VHF KPT HLP SPP 25 HHP FVT NTP SLI
13 STS QAL SRF PSF 26 PNR LGR RPV RWE
27 HWW YPL LPV RQM

were evaluated for EWS-FLI1 binding using ELISA and those
having a binding ratio of greater than 2.0, compared with albu-
min, were selected for sequencing. The corresponding peptide
sequences demonstrated sequence 1 (TMR GKK KRT RAN) in
30% of the 96 phage clones, which is heretofore called Ewing
Sarcoma Antagonist Peptide 1 (ESAP1) (Table 1).

These 27 unique peptides were synthesized along with the
N-terminal-16 amino acid Antennapedia (Penetratin) sequence
for cell penetration.’® We identified that Antennapedia was supe-
rior to the TAT sequence for intracellular delivery of peptides
into ET cell lines (data not shown). These peptides were eval-
uated for their effects upon growth of the ET cell line TC32
(EWS-FLII containing cell line) and the neuroblastoma cell line
SKNAS (lacking EWS-FLI1) over 4 d. Six out of 27 peptides
inhibited growth >50% in TC32 while none of the peptides
inhibited growth >50% in SKNAS cell lines (Fig. S1). ESAPI1,
peptide number 1, (30 M) consistently inhibited ET cell growth
by >90%. The assay was repeated at least twice per cell line. We
therefore sought to identify the candidate proteins that might be
represented by sequence homology with ESAPI.

Proteome analysis identifies four potential ESAP1 con-
taining proteins. A protein BLAST against all known proteins
resulted in no matches with greater than seven out of 12 con-
secutive ESAPI amino acids. By reducing the stringency to seven
or fewer amino acids, four candidate proteins were identified:
Bromodomain containing 9 (BRD9), DEAD (Asp-Glu-Ala-
Asp) box polypeptide 27 (DDX27), myeloid/lymphoid or mixed-
lineage leukemia 3 (MLL3), and thioredoxin domain containing
9 (TXNDCD9) (Fig. S2). Unfortunately, we did not identify any
of these proteins in complex with EWS-FLI1 using a series of
immunoprecipitations from ET cell lysate (Fig. $3). We therefore
decided to explore the toxicity and mechanism of ESAPI, as a
novel agent, against ET cells independently of specific partner
proteins.

ESAP1 directly binds EWS-FLI1. While the initial phage
display was performed with recombinant EWS-FLI1 as bait, we
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validated that ESAP1 directly binds to EWS-FLII using both
a direct peptide binding ELISA-style assay and surface plasmon
resonance (SPR). The ELISA-style assay used alkaline phospha-
tase (colorimetric readout) conjugated peptide (ESAP1-AP) to
confirm ESAPI binding to EWS-FLII in a dose-dependent man-
ner (Fig. 1A). In a separate experiment, synthetic ESAP1 was
shown to compete away the interaction between ESAP1-AP and
EWS-FLII (Fig. 1B). SPR technology further confirmed direct
binding of the ESAP1 to EWS-FLIL. ESAP1 bound to recombi-
nant EWS-FLI1 with a high affinity (K = 0.202 + 0.04 wM) in
the SPR experiments. This K| value is the average of 10 different
binding experiments in SPR (Fig. 1C).

Lysine residues in the ESAP1 appear most critical for EWS-
FLI1 binding. The bacterially expressed ESAP1-AP allowed us
to quickly create a series of peptides with alanine substitution
point mutations. These alanine substitution mutant peptides
identified the central lysine and C-terminal residues as most criti-
cal for binding to EWS-FLI1 (Fig. S4). When any of the three
lysines are replaced with alanine, the percentage of ESAP1-AP
that is bound to EWS-FLI1 decreases dramatically as a percent-
age of wild-type peptide. The C-terminal of the peptide appears
more critical for binding than the N-terminal and shows a greater
decrease in binding to EWS-FLI1 when those amino acids are
mutated. The N-terminal does not show a decrease in binding
when mutated to alanine.

We mutated ESAPI at the 5th position to alanine (ESAPI-
K5A), which seemed the most critical amino acid for EWS-FLI1
binding in the ESAP1-AP experiment (Table 2). However, the
binding of the single amino acid substituted ESAP1-K5A to
EWS-FLII had a similar binding affinity by SPR as the wild-
type peptide (K = 0.245 + 0.09 M, Table 2). Thereafter, addi-
tional mutations were made, including removing all amino acids
except the lysine core (ESAP1+K) and removing 2 central lysines
(ESAP1-K). The binding affinity of ESAP1-K was 8.5-fold less
(K, = 1.7 + 0.8 M) than the wild-type ESAP1 and was simi-
lar to the antennapedia control sequence affinity. The ESAP1+K
affinity (K, = 0.388 + 0.45 wM) was just under 2-fold less than
the wild-type ESAP1 (Table 2). K | values of mutant peptides are
the averages reported from between four and seven independent
experiments using different batches of recombinant EWS-FLII.
Deletion of 3 residues at either end of the peptide (ESAPI-N,
GKK KRT RAN, ESAP1-C, TMR GKK KRT) did not alter
binding (data not shown).

The mutant peptides were then synthesized fused with FITC
to monitor uptake and tested for their effects upon ET monolayer
cell growth. We confirmed that there was no effect of FITC tag,
based upon similar cellular toxicity, upon IC, levels of ESAP1-
treated cells with or without FITC (p value = 0.74) (Fig. 2A). A
shortened peptide with the central core of GKKKRT (ESAP1+K)
demonstrated similar IC,; (15 wM) to that of the full length
ESAP1 IC, | (16 pM); however there was a 2-fold reduction in
IC,, from 42 to 25 pM. The deletion mutant (ESAP1-K) was
much less potent based upon a doubling of the IC,| (34 pM,
Fig. 2A). The ESAP1-K5A mutant, that showed similar bind-
ing to EWS-FLI, as the wild type peptide, had a similar IC, =
14 uM to ESAP1 (Fig. 2A). To assure that all peptides achieved
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Figure 1. ESAP1 directly binds to EWS-
FLI1. (A) ELISA type assay using bacte-
rial expressed and secreted alkaline
phosphatase conjugated peptides with
direct binding to full length recombi-
nant EWS-FLI1. Vector only expressed
and secreted alkaline phophatase
conjugated peptide (M V-AP) and ESAP1
encoded and secreted alkaline phospha-
tase conjugated peptide (A ESAP1-AP)
were placed recombinant EWS-FLI1
coated wells, respectively. (® V-AP and
0 ESAP1-AP peptides were placed on
BSA coated wells). (B) Dose-dependent
competition of synthetic ESAP1 against
EWS-FLIT and ESAP1-AP complexes
measured using ELISA type assay with
recombinant EWS-FLI1. (B and a
represent EWS-FLI1 coated wells that
were treated with ESAP1-AP and 1:10
diluted ESAP1-AP peptides, respectively.
v represents EWS-FLI1 coated wells that
were treated with vector only-AP pep-
tide. ® represents BSA coated wells that
were treated with ESAP1-AP peptide).
(C) Binding kinetics and the affinities of
Antennapedia-fused synthetic ESAP1

is examined using SPR in Biacore T100.
For this representative experiment, K, =
1436 x 107, K, = 2.849 and K = 1.984 x
107 M were calculated. X-axis is time (s),
y-axis is arbitrary real-time binding unit
(response unit-RU). Chi square was 152
and U was 4 for this specific example.

equal access to the nucleus, confocal
microscopy was performed on TC-71
cells treated with wild-type FITC-
tagged ESAPI, FITC-tagged +K
(GKKKRT-OH), and FITC-tagged
-K (TMRGKTRAN-OH). All three
peptides showed similar localization
in TC-71 cells with some cytoplasmic,
but mostly nuclear localization. The
peptides were observed in the hetero-
chromatic regions of the nucleus (Fig.
2B). The loss of two of the lysines and
an arginine did not affect the local-
ization of the peptide, but reduced
cytotoxicity.

ESAP1 specifically reduces ET
monolayer and anchorage-indepen-
dent growth. We expanded our evalu-
ation of ESAP1 to a larger panel of ET
cell lines with different fusion protein
translocations and a larger panel of
non-EWS-FLI1 containing cell lines
including: TC-32, TC71 (EWS-FLII,
fusion type 1), A4573 (EWS-FLII,
fusion type 3), SKNAS (neuroblas-
toma cell line lacking EWS-FLI1),
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Table 2. K values of peptides measured in SPR (M)

Name Sequence EWS-FLI1 EWS FLI1
Antennapedia NR?IK/TE\IA;(ILVZFO?-IN 23 <= 1.8 N.D N.D
ESAP1 NHZ};Q?%L“_";fKK 0.202+0.04 0152 0.81
Esapksa e PIMEOAR 0oa5 2000 MDD ND
ESAP1+K NHZ'A”tgﬁKK KRT- 0388+045 ND ND
ESAP1-K NH,-Antp- 17£0.8 ND  ND

TMRGKTRAN-OH

and PANCI (pancreatic epithelioid carcinoma). The ET cell
lines showed the highest levels of cytotoxicity from ESAPI, while
the SKNAS and PANCI cells did not show evidence of cytotox-
icity until 50 wM (Fig. 3A). The difference between the ET cells
and the controls was statistically significant (p < 0.001). Peptide
uptake was confirmed using confocal microscopy (Fig. S5). We
noted that cells containing EWS-FLI1 showed more peptide in
the nucleus than cells lacking EWS-FLI1, which could indicate
peptide retention in the nucleus is due to EWS-FLII binding.

TC71 cells transfected with EGFP-fused ESAP1 were grown
for 5 d in G418 antibiotic selection media and then seeded in
soft agar. The cells expressing ESAP1 were identified by EGFP
expression, which was generally consistent across a colony
(Fig. 3B). Cells expressing ESAP1 demonstrated significant
reduction (4.45-fold, p = 0.0158) in anchorage independent
growth compared with EGFP alone colonies (Fig. 3C).

EWS-FLI1-dependent transcription is reduced by ESAP1.
A current standard for EWS-FLII transcription activity is based
upon cotransfection of EWS-FLI1 along with the NROBI-
luciferase reporter plasmid. EWS-FLII increased transcription
for the plasmid 27.5-fold above non-EWS-FLII expressing con-
trol, while the addition of ESAP1 reduced this activity by 55%
(Fig. 4A). The EWS-FLII inhibitory small molecule YK-4-279,
used as a control, completely abrogated transcriptional activity.
Exogenously expressed EWS-FLII levels were shown in the pro-
tein gel blot (Fig. 4B).

In order to evaluate the effect of ESAP1 on endogenously
expressed EWS-FLI1 direct targets, we used synchronized cells
and performed quantitative RT-PCR. GLII, cyclin E were pre-
viously shown as a direct targets of EWS-FLI1."®?* GLI1 and
cyclin E transcript levels were decreased significantly at the 8 h
of ESAPI treatment in synchronized cells when compared with
non-treated synchronized cells (Fig. 4C and D).

ESAP1-treated ET cells become blocked at S-G, phase of
cell cycle. We initially explored apoptosis as a mechanism of cell
death by ESAPI, but discovered that caspase-3 activation level

did not change upon ESAP1 treatment (Fig. S6). The results
indicated that ESAP1 exerts its cytotoxic effect through a mech-
anism other than caspase-3-dependent apoptosis. We therefore
evaluated effects of ESAPI on the cell cycle. Different synchro-
nization strategies were tested, including double-thymidine and
nocodazole induced arrest. We achieved the best synchronization
with TC71 using nocodazole, which gives a potent G,/M phase
blockade; with the release of this arrest cells proceed through the
cell cycle and undergo mitosis.

Without any synchronizations, TC71 cells in log phase growth
demonstrated 25% G,/M, 40% S and 35% G, phases of cell cycle
(Fig. 5A). Treatment of ESAP1 without synchronization did not
cause major disturbances of the TC71 cell cycle (Fig. 5B). When
nocodazole was removed after a 16 h incubation, 56.5% of the
treated cells were in the G,/M phase. Sixty percent of cells then
progressed into G, phase at the two hour time point (Fig. 5C).
Eight hours following nocodazole removal, 90% of cells were
duplicating their DNA in S phase (Fig. 5C). In contrast, 36%
cells of treated with ESAPI at the time of nocodazole remained
in G,/M phase, while only 27% progressed to G, (Fig. 5D).
ESAP1 appeared to freeze cells, without progression through
mitosis and re-entry into G . There was a gradual increase in
S phase from 20% to 30% at 24 h. Forty-eight hours after removal
of nocodazole, in the presence of ESAPI, S phase increased to
35%, similar to cells without ESAP1 treatment. Coincident
with this, the fraction of cells in G, phase decreased and those
in G,/M phase increased (Fig. 5D). This indicates that a small
fraction of G,/M arrested cells were completing their cycle and
entering G, phase. A small number of cells in G, phase were pro-
gressing to S phase, where cell cycle dynamics appeared to slow
with accumulation in S phase (Fig. 5D). Cells appeared healthy
in the no treatment group (Fig. 5E) and 24 h of ESAP1 treatment
without synchronization (Fig. 5F). After 24 h following release
of synchronization there were no signs of cytotoxicity (Fig. 5G).
However, blocked cells treated with ESAP1 were dysmorphic and
fragmented (Fig. 5H). ESAP1 treatment of synchronized cells
revealed disruption in cell cycle progression that lead to a cas-
pase-3 independent cell death.

ESAPI1-treated cells were further analyzed for viability, based
upon propidium iodide exclusion. The fractions having incom-
plete genetic content usually associated with dead cells was cal-
culated, and we observed the amount of genetic content skewed
toward the left indicating reduced DNA content per cell. This
death fraction was different than the usual apoptotic cell DNA
content called sub-G . Thus, some cell death occurred in ESAP1-
treated cells that was independent of cell cycle. Cell death per-
centages were 11 and 8% in synchronized and unsynchronized
cells, respectively at 48 h of treatment (Fig. S7). ESAP1-treated
synchronized cells showed this increased death fraction, based
upon DNA content, at 28 h (Fig. 5K). However, those cells with
reduced DNA content disappeared by hour 48, likely due to

staining and FITC peptides.

Figure 2 (See opposite page). Lysine-rich core of ESAP1 required for cytotoxicity. (A) A dose-response experiment of FITC-tagged antennapedia
fused ESAP1 (2), Antennapedia fused ESAP1 without FITC (M) and fragments (J-FITC-Antp-ESAP1+K, O-FITC-Antp-ESAP1-K) were exposed to the TC32
cell line in monolayer growth. (B) FITC-tagged antenniapedia fused ESAP1, ESAP1+K and ESAP1-KI peptides entered TC71 cells in 20 min. Hoeschst 3342
is counter-stain for nucleus in the left column. Cellular peptide uptake is shown in middle column. Right column presents merged image of nuclear
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Figure 3. ESAP1 inhibits ET cell lines growth. (A) ET (a, TC71 and B, TC32) Type | fusion protein bearing ET cell lines, (¥, A4573) Type Ill fusion protein
bearing ET cell line and cell lines without EWS-FLI1 (O, SKNAS-neuroblastoma and [0, PANC1-Pancreas) were treated with ESAP1. Cells were incubated
for 4 d followed by formazan dye-reduction assay to determine the number of viable cells. The assay was repeated between 2-4 times depending on
the cell line. (B) An EGFP-ESAP1 fusion protein was expressed in ET (TC71) cells and impaired the anchorage independent growth by 4.45-fold. Fluores-
cent colonies were counted under an epifluorescence microscope. (C) Soft agar colony numbers significantly reduced in EGFP-ESAP1 expressing cell
line (p =0.0158).
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Figure 4. ESAP1 reduces EWS-FLI1 regulated transcript activation. (A) The NROB1 promoter luciferase activity was evaluated for EWS-FLI1-dependent
transcriptional activity in Cos-7 cells. (B) Exogenously expressed EWS-FLI1 levels were confirmed by immunoblotting. (C and D) GLI1 and cyclin E
transcript levels were measured with qRT-PCR. mRNAs of synchronized cells (open bars) and the 8 h ESAP1-treated cells (gray bars) were isolated and
subjected to the qRT-PCR with respective primers. GAPDH was used as a normalizer for fold difference calculation by 2% method. Student’s t-test
was used to evaluate statistical significance of fold difference of the ESAP1 treatment. p values were given in the graph.

cell death (Fig. 5L). Coincident with the cell population having
less DNA content was a population indicated by the arrow (Fig.
5I-K) that had hyperdiploid DNA content, consistent with cells
having dysregulated mitosis. In cells treated only with ESAP1,
but not synchronized, this population of cells was observed at
48 h, which was similar to the 28 h peak observed in the syn-
chronized cells (Fig. 51).

Expression pattern of ESAP1-treated cells consistent with
growth arrest. In order to identify the mechanism underlying the
growth arrest upon ESAP1 treatment, we analyzed the mRNA
expression pattern of ESAPI-treated cells in cell cycle specific
real time PCR array. An almost 4-fold increase in p21 mRNA at
8 hours following ESAP1 treatment was measured in nocodazole
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synchronized cells treated with ESAP1 compared with untreated
controls (based on the average of fold difference calculations of
five individual housekeeping genes) (Fig. 5M). Other transcript
changes that support the cell cycle profile observed include
increase cyclin D1 and cyclin H expression more than 2-fold
while the expression of cyclin G, was reduced. Rad51 increased
the second highest among those analyzed, increasing 2.89-fold,
which supports a DNA damage element that is also consistent
with the abnormal DNA content we observed. Nibrin, a part of
multiprotein complex in DNA damage response function, was
also reduced to 0.62-fold. ESAP1-treated cells yielded very little
total protein, thus immunoblotting studies to corroborate with
protein levels were not successful.
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Figure 5 (See opposite page). ESAP1 blocks cell cycle progression in a Ewing tumor cell line. Unsynchronized (A and B) or nocodazole synchronized
(Cand D) TC71 cells were treated with ESAP1 (B and D) or untreated in order to evaluate cell cycle kinetics. Cells were harvested at times indicated

and treated with propidium iodide followed by flow-cytometric analysis. Cell phase percentages calculated in ModFit software. This experiment was
representative of four repetitions. (E-H) The light microscope with 20x final magnification captured the representative morphologic appearance of
the cells at the 24 h of the treatment respective to cell cycle evaluation. Sizing bar is equal to 100 wm. (I-L) Cell cycle histograms showed the examples
of the DNA content aberrations. (M) Cell cycle real time PCR array results. Cellular mRNA was analyzed from the 8-h time point of ESAP1 treatment. The
fold differences of mMRNA expression were calculated with the five different housekeeping gene’s averages for each gene using a 22 method.

Discussion

Cancer results from dysregulated transcription and this tran-
scription requires a finely tuned balance of protein interactions.
Some tumors such as ET, contain a tumor-specific fusion protein,
EWS-FLII, that is a central transcriptional regulator of tumori-
genesis as evidenced by gene expression investigations.” Thus,
EWS-FLII protein interactions are critical to define in order
to understand its function. Phage display identified ESAP1 as
a peptide that directly bound EWS-FLII (Fig. 1). ESAP1 also
reduced ET cell growth (Figs. 2 and 3) and inhibited EWS-FLI1
function (Fig. 4). While ESAP1 did not lead us to identify a new
partner of EWS-FLI1, ESAPI has demonstrated a novel ability
to disrupt EWS-FLII function. ESAPI treatment alters cell cycle
kinetics through dysregulation of cell division in ET cells causing
cell death.

Investigators recognized the importance of the EWS-FLI1
transcriptional complexes and the potential to reveal the myster-
ies of this disease if these complexes could be resolved.”?? Limited
data exists for those proteins that are directly complexed with and
regulated by EWS-FLI1.” Resolving transcriptional protein com-
plexes is challenging given their transient occurrence in cells.?
Phage display is a powerful, unbiased strategy to identify protein
interaction motifs.* This approach has the advantage of screen-
ing diverse libraries and enrichment of bound phage. We mini-
mized bias by screening against full-length EWS-FLI1 rather
than an isolated domain or peptide, given its intrinsic disor-
der.®">1¢ Disadvantages of phage display include the dependency
of target protein structure and stringency of screening. Given
the nature of phage display, phage binding is limited to protein
surfaces, which is consistent with protein-protein interactions. A
further caveat of phage display is that non-physiologic epitopes
may form when proteins are adhered to an ELISA plate, either
within or between individual proteins. Finally, a protein interac-
tion may be missed because of inadequate antibody reagents for
confirmation of binding.

We fused antennapedia peptides to each of the 27 phage-
identified peptides to measure cell growth. While ESAP1 was
selected for further study since it clearly reduced cell growth, the
remaining 26 peptides that had little or no growth effects, may
still reveal informative protein binding properties. Our deeper
investigations have not included the 26 peptides, which may
have lacked growth effects based upon their cellular access. Since
peptides identified from the screening must be validated inde-
pendently from phage display to consider as interacting peptides,
the peptide data set could be explored in future work. To fully
validate peptide interaction with EWS-FLII, surface plasmon
resonance provided kinetic data demonstrating direct binding
with ESAP1.
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Cell Cycle

The nuclear uptake of peptides is also critical for their func-
tion because EWS-FLII localizes in the nucleus. If the pep-
tide has cytoplasmic retention, less peptide would be available
in the nucleus to inhibit EWS-FLI1 protein function. This
might explain the discrepancy between the IC, | level of ESAP1
for the cytotoxicity (14 wM) and its K value (0.2 wM) for
EWS-FLI1 binding. As seen in the fluorescent peptide uptake
experiments, a considerable amount of peptide is found in the
cytoplasm (Fig. 2B). While antennapedia is a cell permeable
peptide that facilitates macromolecule entry into cells, the final
subcellular localization depends on the nature of the macromol-
ecule. Since ESAPI is a peptide lacking functional domains or
motifs, homogenous distribution of peptide in the cell could be
expected. It is important to note that we observed a skewed dis-
tribution of ESAP1 based upon the localization of EWS-FLII,
those cells with nuclear EWS-FLIL appeared to retain ESAP1
in the nucleus. This may also explain the localization of ESAP1
mostly in the cytoplasm in neuroblastoma and pancreatic carci-
noma cell line (Fig. S5).

ESAP1 clearly alters the function of EWS-FLI1 yet, no novel
protein partner was confirmed in these investigations. The top
four candidates were explored to the best of our abilities with
existing antibody reagents, and could not be convincingly found
in EWS-FLII complexes in ET cells. As explained above, this
may not fully exclude BRD9, TXNDC9, MLL3 and DDX27
as directly interacting proteins. Despite not identifying any cog-
nate protein, ESAP1 has informed the oncogenic mechanism of
EWS-FLIL. The ESAP1 antiproliferative effect on ET cells was
identified through the delayed cell cycle progression. A careful
exploration of cell cycle, with synchronized cells showed pro-
longed S and G, arrest due to ESAP1 treatment, such that cells
may reenter the cell cycle with two different cellular populations.
This is similar to a recently reported novel radiation induced cell
cycle suspension.”

ESAPI treatment of the TC71 cell line caused 4-fold increase
of p21 expression compared with nocodazole synchronized cells.
The increased expression of p21 might be the molecular mecha-
nism for inhibiting the cell cycle. Increased expression of p21
could also be an indicator of disrupted EWS-FLII transcription
because antisense reduction of EWS-FLII increased p21 protein
levels.?® Also, reduction of EWS-FLII protein levels can lead to
G, arrest by increasing the cyclin-dependent kinase inhibitors
(p27%e! and p57%®?) expression and increasing pRB protein.?’
EWS-FLII affects the transcription of a large number of proteins
that function in the regulation of the cell cycle,?® supporting our
findings that ESAP1 interrupts cell cycle kinetics at important
downstream pathways from EWS-FLII.

Deregulation of the cell cycle could be due to reduced expres-
sion of cell cycle regulators however we found only Nibrin and
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cyclin G, were reduced, out of the limited number of cell cycle
related genes represented in the PCR array. Other platforms
might reveal more ESAP1 reduced genes. The presence of DNA
damage or stress response genes, e.g., Rad51, BRCAl, RADI1
and NBN, in the both upregulated or downregulated transcripts
groups could be indicative of an ESAP1 molecular mechanism or
the nature of EWS-FLI1 functional inhibition.

Peptides have been used to probe, treat, target, deliver and

diagnose immunologic conditions.?

In cancer, the systemic use
of therapeutic peptides of greater than 4 or 5 amino acids has not
been achieved due to delivery and stability issues. While some
work suggests that peptide modifications can overcome these
challenges, these are not proven in the clinic.’® In addition, the
biochemical peptide interactions may be affected by stapling.>
Some peptide-based compounds like Mifamutide, liposomal
muramyl tripeptide phoshatidyl ethanolamide (MTPPE), have
been used clinically as an immune system activator in the lung
lesions of osteosarcoma.’® Another successful example of using
peptides to inhibit protein function requires intracellular deliv-
ery of inhibitory peptide (rPP-c8) that prevents STAT3 binding
to PIAS3.%* The inhibitory peptide reduced STAT3 target gene
expression, proliferation and migration of glioblastoma cells.
While the importance of using peptides to inhibit interactions of
two proteins has been gaining significance, future stabilizing and
targeting modifications are required.

In summary, these experiments provide a panel of novel pep-
tides that potentially interact with EWS-FLI1. One of these,
ESAPI, is a peptide that directly binds to EWS-FLII and alters
its function leading to cell death that is caused by a cell cycle/
cytokinetic disruption. Future explorations of the EWS-FLI1
transcriptome may be enhanced by ESAP1. While ESAP1 may
not directly become a therapeutic reagent for patients with ET,
as peptide technology improves, therapeutic opportunities may
arise.

Experimental Procedures

Cell lines. All of the ET cell lines (TC32, TC71, A4573) were
grown in RPMI (GIBCO 11875) with 10% fetal bovine serum
(FBS-HyClone Thermo Scientific SH30396.03) and 1% HEPES
(GIBCO 15630). SKNAS and PANCI cell lines were grown in
DMEM (GIBCO 11965) with 10% FBS.

Phage display and peptides. Phage Display was performed as
previously reported in reference 8. Twenty-seven peptides, each 12
amino acids long, derived from phage display were commercially
synthesized (Biosyn) to the Antennapedia sequence (NH -RQI
KIW FQN RRM KWK K) to ensure cellular uptake. Additional
ESAP1 (TMR GKK KRT RAN-OH), ESAPI mutants (GKK
KRT RAN-OH; GKK KRT-OH; TMR GKT RAN-OH; TMR
GKK KRT-OH), and FITC tagged ESAP1 and mutants were
commercially synthesized to Antennapedia by Biomatik. All pep-
tides were dissolved in sterile water.

BLAST. A BLAST search was performed against all known
proteins in the NCBI database (www.ncbi.nlm.nih.gov) with the
following parameters: Query TMRGKKKRTRAN sequence,
organism as Homo sapiens, protein-protein blast with the
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automatically adjusted for short protein sequence algorithm.
BLOSUMG62 matrix was used as a scoring parameter.

Immunoprecipitation. Immunoprecipitation assays were per-
formed by TC71 and TC32 ET cell lysates with MLL3 (Santa
Cruz, sc-13073), DDX27 (Santa Cruz, sc-81074), BRD9 (Santa
Cruz, sc-102170), TXNDC9 (Santa Cruz, sc-100599) and FLI-1
(Santa Cruz C-19) antibodies according to the manufacturer’s
suggested protocol.

ESAPI-AP. Oligonucleotides coding for the ESAPI were
cloned into pMY101 vectors to create ESAP1-alkaline phospha-
tase (ESAP1-AP) fusion proteins in bacteria.’ DH5a-F bacte-
ria was transformed with the ESAP1-AP construct and protein
expression was induced by 1 mM IPTG. The supernatant from
the bacterial culture containing the ESAP1-AP fusion protein
was used in direct binding assays. Recombinant EWS-FLI1 pro-
tein was immobilized on a 96-well plate and incubated with the
ESAP1-AP fusion protein. Unbound ESAPI-AP fusion protein
was washed and bound ESAPI-AP fusion protein was detected
by adding the alkaline phosphatase substrate p-nitrophenyl phos-
phate. A colorimetric assay was performed to confirm binding
to EWS-FLII. For a separate experiment, ESAP1-AP conjugates
were prepared with alanine substitutions throughout the peptide.
One amino acid was mutated at a time.

Surface plasmon resonance. Amine-coupling methodology
was used to immobilize EWS-FLII to CM5 chip to a density
of 350-400 maximum response units (RU_ ). ESAP1 and
mutant ESAPI at varying concentrations ranging from 0-2 uM
in a HBS-P buffer (GE-BR 1006-71) at pH 8.0 were injected.
Affinity was calculated assuming first order binding between
EWS-FLII and ESAP1 using Biacore T100 evaluation software
(Uppsala, Sweden).

Cellular toxicity. Initial cellular toxicity for the 27 ESAPs
was assessed by triplicate plating at a density of 5,000 cells/well
for SKNAS and 10,000 cells/well for TC32 cell lines in a 96
well plate. The cell lines were treated with 30 wM concentra-
tions of each peptide. Cell viability was evaluated using a MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
(Sigma M5655) or WST-1 (Roche 11644807001) assay accord-
ing to manufacturer’s protocol after 4 d. Later, ten thousand cells
of TC32, TC71, A4573 cells and five thousand cells of SKNAS
and PANCI were plated for the assessment of ESAP1 cytotoxic-
ity. All experiments were performed at least twice. Half maximal
inhibitory concentrations (IC, ) were calculated using GraphPad
Prism software.

Confocal microscopy. 20 wM FITC-tagged wild type
ESAP1 (TMR GKK KRT RAN-OH), -K (TMR GKT
RAN-OH), and +K (GKK KRT-OH) was added two hours
before microscopy in the TC71 cell line. Cells were also treated
with Hoechst 3342 (Invitrogen-H3570) for nuclear detection.
At the end of two hours treatment cells were washed with PBS
to remove excess FITC-tagged peptides and Hoechst. Phenol-
red free RPMI (GIBCO 11835) with 10% FBS and 1% HEPES
media were used during image acquisition. Olympus FV300
confocal microscope and 60x/1.4 N.A oil lens was used for
imaging. Images acquired and merged with Fluoview 300
software.
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Soft agar assays. Soft agar assays were performed in TC71
and A4573 cell lines as previously reported in reference 36. Each
of the cell lines were electroporated with 30 g of EGFP fused
ESAP1 encoding plasmid (pGESAPI) or empty vector (pG1).%’
After selecting cells for five days with G418 (Calbiochem 345812),
soft agar colony formation assay was set up.® The colonies were
stained with MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide] for 2 h at 37°C. Microscopic images of
EGFP-fusion protein expressed colonies were taken with a Nikon
epifluorescence microscope.

Luficerase reporter assay. Cos 7 cells were transfected with
pciNeo-EWS-FLI1 or empty vectors along with NROBI reporter
plasmid. Antennapedia fused ESAP1 was added to culture
media after two hours of transfection. Cells were lysed 18 h
after transfection with passive lysis buffer and luciferase activity
was assessed according to manufacturer’s suggestion (Promega
Luciferase Assay Systems E1501). Exogenously expressed EWS-
FLI1 protein levels were measured with protein gel blot.

Cell cycle arrest and cell cycle analysis. TC71 cells were
arrested at G,/M phase by 20 nM Nocadozole (Sigma M1404)
treatment for 16 h. Media were replenished and arrest was
released. After certain time points, cells were trypsinized and
fixed with ethanol. Fixed single cell suspensions were analyzed
for their DNA content by FACS to determine cell cycle status.
ModFit software was used to evaluate cell cycle status of analyzed
cells.

Quantitative RT-PCR and PCR array. RNA was isolated
from ESAPI1-treated cells at indicated time points by using
Qiagen RNA isolation kit. First strand synthesis (SABiosciences,
C-03) and real time PCR analysis of cell cycle related genes
(PAHS-020A-2) were performed as suggested in Qiagen’s pro-
tocols in Eppendorf Real Time PCR equipment. Five different
housekeeping genes were used as normalizers. The fold-difference

in each gene was calculated by 24*“* method respectively for
each housekeeping gene. The average of five different fold-
differences was reported as the fold-difference for genes.
Tagman based primers and probe sets for GLI1 and GAPDH
were purchased from ABI (Invitrogen-hs00171790_M1) and
used as previously reported in reference 38. SYBR Green based
primers from cyclin E and GAPDH were synthesized from
Invitrogen.
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