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Abstract

A major pharmacological barrier to peptide therapeutics is their susceptibility to proteolytic
degradation and poor membrane permeability, which, in principle, can be overcome by
nanoparticle-based delivery technologies. Proteins, by definition, are nano materials and have been
clinically proven as an efficient delivery vehicle for small molecule drugs. Here we describe the
design of a protein-based peptide drug carrier derived from the tetramerization domain of the
chimeric oncogenic protein Ber/Abl of chronic myeloid leukemia. A dodecameric peptide
inhibitor of the p53-MDM2/MDMX interaction, termed PMI, was grafted to the N-terminal helical
region of Ber/Abl tetramer. To antagonize intracellular MDM2/MDMX for p53 activation, we
extended this protein, PMIBcr/Abl, by a C-terminal Arg-repeating hexapeptide to facilitate its
cellular uptake. The resultant tetrameric protein PMIBcr/Abl-R6 adopted an alpha-helical
conformation in solution and bound to MDM2 at an affinity of 32 nM.PM!Bcr/Abl-R6 effectively
induced apoptosis of HCT116 p53!* cells in vitro in a p53-dependent manner and potently
inhibited tumor growth in a nude mouse xenograft model by stabilizing p53 /n vivo. Our protein-
based delivery strategy thus provides a clinically viable solution to p53-inspired anticancer therapy
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and is likely applicable to the development of many other peptide therapeutics to target a great
variety of intracellular protein-protein interactions responsible for disease initiation and
progression.

Introduction

Intracellular protein-protein interactions (PPIs) control many essential cellular pathways
implicated in human diseases [1, 2], representing an important class of therapeutic targets
that are considered to be The Holy Grail in drug discovery and development [3, 4]. Among
various PPI inhibitors with therapeutic potential, small peptides, compared with low
molecular weight compounds, often excel due to their high potency and selectivity and low
toxicity [5, 6]. However, major pharmacological disadvantages of peptide inhibitors exist.
For example, peptides are susceptible to enzymatic degradation because they generally do
not possess a stable tertiary structure to confer resistance to proteolysis; peptides also lack
the ability to actively traverse the cell membrane, thus failing to reach intracellular drug
targets. Poor proteolytic stability and membrane permeability severely limit peptide
bioavailability and therapeutic efficacy [5, 7]. Various elaborate medicinal chemistry
approaches and peptide delivery techniques have been developed to overcome these
pharmacological barriers [8-16]. While considerable success has been achieved in using
peptides to target intracellular PPIs [17-21], much still remains to be done to fulfill their full
therapeutic potential.

Nanotechnology has been widely used in the development of new strategies for drug
delivery and cancer therapy [22, 23]. Nanoparticle-based traditional delivery tools include,
but are not limited to, micelle, liposome, dendrimer, gold nanoshell, and polymer [24, 25].
As unique biopolymers in the nanoscale, proteins are superior in many aspects as a drug
carrier to synthetic polymers [26, 27]. Protein-based drug carriers are attractive also because
they are amenable to both biological and chemical modifications so that their properties such
as molecular size, site of conjugation, and loading capacity can be controlled [28]. In
addition, novel functionalities can be engineered into proteins to facilitate cellular uptake
and improve targeting specificity. Albumin, a natural transport protein with multiple ligand
binding sites, cellular receptor engagement, and a long circulatory half-life, represents a
clinically proven platform for the delivery of various drug molecules [29, 30]. Despite the
obvious advantages of protein-based drug delivery of low molecular weight compounds, it
remains challenging to efficiently deliver peptide therapeutics to target intracellular PPIs. We
aim to alleviate this problem by using molecular grafting approaches to design a stable
protein scaffold with multiple functionalities.

Most protein scaffolds used for peptide grafting are stabilized by disulfide bonds [31-33],
thus unsuitable for targeting PPIs in the cytoplasmic space, where the reducing environment
can structurally destabilize disulfide-bridged proteins, prompting their proteolytic
degradation. To circumvent this severe limitation, we have identified the disulfide-devoid
tetramerization domain of the chimeric oncoprotein Bcr/Abl of chronic myeloid leukemia
(CML) [34], which forms a highly stable tetramer in solution, as a novel protein scaffold for
molecular grafting of therapeutic peptides of an a-helical nature. In this proof of concept
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study, we introduced into the N-terminus of Bcr/Abl a potent dodecameric peptide
antagonist, termed PMI, of both MDM2 and MDMX - the two oncogenic proteins that
functionally inhibit the tumor suppressor protein p53 in many tumor types [35, 36]. C-
terminal extension of PMIBcr/Abl by an Arg-repeating hexapeptide (R6) endowed the
protein with the ability to traverse the cell membrane. PM!Bcr/Abl-R6 potently inhibited
tumor growth /in vitro and in vivo by antagonizing MDM2/MDMX to reactivate the p53
pathway. This protein scaffold, Bcr/Abl-R6, has the potential to be used as an efficient
delivery tool for a-helical peptides to target a great variety of intracellular PPIs for disease
intervention.

Results and Discussion

Design strategy.

In many tumor cells harboring wild type p53, the E3 ubiquitin ligase MDM2 and/or its
homolog MDMX (also known as MDM4) block the transcriptional activity of p53 and target
the tumor suppressor protein for proteasomal degradation, conferring tumor development
and progression [35-37]. MDM2/MDMX antagonism has been validated as an effective
therapeutic strategy for cancer treatment. Since MDMX potentiates MDM2 function in p53
inhibition, dual-specificity antagonists of both MDM2 and MDMX are particularly attractive
as therapeutic agents for robust and sustained p53 activation [37]. We have previously
identified PMI, a series of high-affinity and dual-specificity dodecameric peptide antagonists
of MDM2 and MDMX, through combinatorial library screening and structure-based rational
design approaches [38, 39]. Although PMI peptides tightly bind, in an a-helical
conformation, to the p53-binding pocket of MDM2 and MDMX at affinities ranging from
high pM to low nM, they are not inhibitory against tumor growth due mainly to their
inability to traverse the cell membrane [38, 39].

To carry therapeutic peptides of an a-helical nature for cancer therapy, we surmise that the
protein must meet the following five criteria: (1) structurally amenable to peptide grafting
with a pre-existing short a-helix, (2) sufficiently large in size (via oligomerization, for
example) to alleviate renal excretion, (3) resistant to proteolytic degradation by adopting a
stable structure with few flexible loops and disordered regions, (4) devoid of disulfide bonds,
and (5) efficient in membrane permeabilization. Bcr/Abl tetramerization domain comprises
72 amino acid residues and forms a coiled-coil tetramer, with each monomer consisting of a
short N-terminal a-helix, a connecting loop, and a long C-terminal a-helix [34]. This
protein is thus ideally suited as a nano-carrier of PMI for cancer therapy because it readily
meets the first four criteria defined. To enable its membrane permeability, however,
additional modifications such as introduction of a cationic penetrating peptide sequence to
Bcr/Abl tetramerization domain is warranted. Our design strategy is schematically illustrated
in Fig. 1.

Synthesis and biochemical and biophysical characterization of PMIBcr/Abl-R6.

Structural studies indicate that the N-terminal a-helix of Ber/Abl (residues 5-15) does not
contribute to protein tetramerization, which is mediated predominantly by the elongated C-
terminal a-helix (residues 28-67) [34] (Fig. 2A). Since PMI (TSFAEYWALLSP) [38, 39]
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and residues 5-16 of Bcr/Abl (VGFAEAWKAQFP) share some degrees of sequence
identity and structural similarity (Fig. 2A), we simply replaced the latter with the former in
the amino acid sequence. Further, we extended the C-terminus of Bcr/Abl by an Arg-
repeating hexapeptide (R6) to enhance cellular uptake, ultimately yielding PM!Bcr/Abl-R6
(Fig. 2B). PMIBcr/Abl-R6 of 78 amino acid residues was chemically synthesized via native
chemical ligation [40, 41] of two peptide fragments as illustrated in Figs. 2B and S1. Ala38
was mutated to Cys to enable the ligation reaction, which was reverted to Ala, after ligation,
though desulfurization as described [42]. The final product was purified by reversed phase
HPLC and its molecular mass ascertained by electrospray ionization mass spectrometry
(Fig. 2C). We folded the synthetic proteins by dissolving the polypeptides at 1 mg/ml in 6 M
GUuHClI, followed by a six-fold dilution with and dialysis against PBS containing 0.5 mM
TCEP, pH 7.4. As shown in Fig. 2D, both Bcr/Abl-R6 and PMIBcr/Abl-R6 adopted similar
a-helical conformations in solution as evidenced by their similar circular dichroism spectra
showing double minima at 208 and 222 nm and a positive peak at 195 nm, consistent with
the known structural features of Bcr/Abl [34]. As negative controls, Bcr/Abl-R6 and
PMiBcr/Abl were also chemically synthesized essentially as described for PMIBcr/Abl-R6
(Fig. 2B).

We also characterized Ber/Abl-R6 and PM!Bcr/Abl-R6 using size exclusion chromatography
(Figs. 3A and S2-S3), dynamic light scattering (Figs. 3B and S3-S4), fluorescence
polarization (Fig. 3C), and small angle X-ray scattering (Fig. 3D-E). All data
unambiguously demonstrated that the synthetic proteins existed in aqueous buffer as
tetramers at concentrations above 100 nM (Fig. 3C). Of note, measurements of the zeta
potential of both PMIBcr/Abl and PMIBcr/Abl-R6 confirmed that the Arg-repeating
hexapeptide R6 substantially increased protein surface charges, as expected (Fig. S4).
Importantly, PMIBcr/Abl-R6 bound to the p53-binding domain of MDM2 with an affinity of
32 nM as measured by isothermal titration calorimetry (ITC) (Fig. 3F). By contrast, Bcr/
AbI-R6 showed no binding to MDM2 under identical conditions (Fig. S5). PMI, with a
binding affinity of 0.52 nM for MDM2 (Fig. 3F) (Kp=0.5 nM, determined by surface
plasmon resonance [38]), was significantly more potent than PMIBcr/Abl-R6. ITC data
analysis indicates that despite a small net gain in entropy for PM!Bcr/Abl-R6 as opposed to a
large loss for PMI, an expected outcome instigated by molecular grafting, PM'Bcr/Abl-R6
lost a substantial amount of enthalpy for binding (Table S1), suggesting that structurally
rigidified PMI in the context of Bcr/Abl was energetically suboptimal for MDM2 binding.
Nevertheless, ITC-based binding assays clearly validated the molecular design at the
functional level of a protein antagonist of MDM2.

PMIBcr/AbI-R6 with enhanced proteolytic stability efficiently permeabilizes HCT116 p53*/*
tumor cells via an endocytosis-independent pathway.

As was demonstrated previously [39], PMI was inactive in killing HCT116 p53*'* cells due
to its poor proteolytic stability and inability to traverse the cell membrane. We compared
proteolytic stability of free PMI and PMIBcr/AbI-R6 in the presence of human serum (mainly
serine proteases) or the intracellular cysteine protease cathepsin B. Intact peptide or protein
was identified by mass spectrometry and quantified by RP-HPLC. As shown in Fig. 4A-B,
the half-life of PMIBcr/Abl-R6, compared with that of PMI, increased by 5-fold in human
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serum and 12-fold in cathepsin B. These data demonstrate that PM!Bcr/Abl-R6 is
significantly more stable than free PMI in the presence of proteases.

Next, we examined peptide/protein internalization and cytosolic release using both confocal
microscopy and flow cytometry. As shown in Fig. 4C, flow cytometric analysis indicated
that PMIBcr/Abl-R6 N-terminally labeled with a BODIPY (borondipyrromethene) dye, BDP
TR (589/616 nm), traversed HCT116 p53* cell membranes much more efficiently than
PMiBcr/Abl or free PMI labeled with the same fluorophore. Confocal microscopic analysis
confirmed this finding by showing the cytosolic distribution of PM!Bcr/Abl-R6, but not of
PMIBcr/AbI (Fig. 4D, panels A-C).

Cationic cell penetrating peptides as a carrier are known to promote cellular uptake of cargos
primarily through the non-endocytic uptake pathway, or direct membrane translocation,
which is inhibited by heparin but not by amiloride [43, 44]. To better understand the
mechanism of cellular uptake of PMIBcr/Abl-R6, we performed confocal microscopic
analysis on cells treated with heparin or amiloride. As shown in Fig. 4D (panels D-E), while
amiloride had little effect on PMIBcr/Abl-R6 internalization, heparin almost completely
blocked it, suggesting that the cellular uptake pathway for PMIBcr/Abl-R6 is indeed
endocytosis-independent.

PMIBcr/AbI-R6 kills HCT116 p53*/* tumor cells in vitro by reactivating the p53 pathway.

To evaluate the tumor-killing activity of PMIBcr/Abl-R6 /n vitro, we treated isogenic
HCT116 p53'"* and HCT116 p53 cell lines expressing abundant MDM2 [45, 46] with the
protein at concentrations from 1.56 pM to 50 uM. PMI and Bcr/Abl-R6 were used as a
negative control and Nutlin-3, an extensively studied small molecule antagonist of MDM2
[47], as a positive control. As expected, while neither PMI nor Bcer/AbI-R6 had any effect on
the viability of HCT116 cells 48 h after treatment (Figs. 5A and S6), a dose-dependent
growth inhibition of HCT116 p53/* cells was observed with PMIBcr/Abl-R6 and Nutlin-3
that were similarly active (Fig. 5A). Unlike PMIBcr/Abl-R6, Nutlin-3 was toxic at 50 pM
against HCT116 p537~ cells, indicative of its smaller therapeutic window than PM!Bcr/Abl-
R6.

To investigate into the mechanisms of action of PM!IBcr/Abl-R6, we analyzed by Western
blotting the expression of p53, p21, PUMA and NOXA in HCT116 p53/* cells 48 h after
treatment. As shown in Fig. 5B-C, compared with mock-treated and PMI-, PMIBcr/Abl- or
Ber/Abl-R6-treated cells, PMIBer/Abl-R6 or Nutlin-3 treatment significantly stabilized p53
in HCT116 p53'* cells, leading to upregulation of the p53-responsive genes p21, PUMA
and NOXA important for cell cycle arrest and apoptosis [48, 49]. Consistent with these
results, FACS analysis confirmed that HCT116 p53*/* cells underwent similar degrees of
apoptosis when treated with PM!Bcr/Abl-R6 or Nutlin-3, whereas mock-treated or Ber/Abl-
R6-treated cells were largely unaffected (Fig. 5D-E). Collectively, these data demonstrate
that PMIBcr/Abl-R6 induces apoptosis of wild type p53-harboring tumor cells by
antagonizing MDMZ2 to activate the p53 signaling pathway.
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PMIBcr/AbI-R6 accumulates and retains extendedly in solid tumors in vivo.

Nanoparticles can actively accumulate in solid tumors through leaky blood vessels in
diseased tissues — a phenomenon known as the enhanced permeability and retention (EPR)
effect [50, 51]. To examine the biodistribution of PMIBcr/Abl-R6, we fluorescently labeled it
with BDP TR and subcutaneously injected the protein into BALB/c nude mice with palpable
tumors grown from subcutaneously inoculated HCT116 p53* cells. The biodistribution of
PMIBcr/AbI-R6 in the heart, lung, spleen, kidney, liver and tumor at three different time
points (12, 24, and 48 h) was semi-quantitatively evaluated on an /n vivo optical imaging
system. As shown in Fig. 6, the protein reached a maximum level at 24 h and accumulated
predominantly in the kidney, liver and tumor. However, only the liver and tumor were found
to harbor significant amounts of PM!Bcr/Abl-R6 at 48 h. These data suggest that PM!Bcr/
AbI-R6 is capable of accumulating and retaining extendedly in solid tumors likely via the
EPR effect.

PMIBcr/AbI-R6 potently inhibits tumor growth in xenograft mice by inducing p53-dependent
apoptotic responses in vivo.

To evaluate the therapeutic efficacy of PMIBcr/Abl-R6 in vivo, we established a nude mouse
xenograft model where animals were subcutaneously inoculated with HCT116 p53* cells
(3x108). Thirty-six tumor-bearing mice were randomly divided into 6 groups (n = 6) and
received a 3-week subcutaneous treatment with medium, Nutlin-3, free PMI, Bcr/Abl-R6,
PMiBcr/Abl and PMIBcr/Abl-R6 at the same dose of 5 mg/Kg every other day. As shown in
Fig. 7A-D, while free PMI and Bcr/Abl-R6 had no effect on tumor growth, both Nutlin-3
and PMIBcr/Abl-R6 significantly inhibited it. Interestingly, PM!Bcr/Abl was marginally
active, suggesting that this protein, even without R6, was probably still able to partially
traverse the cell membrane at high concentrations, albeit at a greatly reduced efficiency (Fig.
4C). It is important to point out that the molecular mass of PM!Bcr/Abl-R6 is 16-fold higher
than that of Nutlin-3. The fact that PM!Bcr/Abl-R6 was even more effective than Nutlin-3 in
inhibiting tumor growth suggests that "M!Bcr/Abl-R6, on the basis of molar concentration, is
at least 16-fold more active as a monomer and 64-fold more active as a tetramer than
Nutlin-3 /n vivo.

Consistent with the above findings from the /n vivo efficacy study, histopathological analysis
using hematoxylin and eosin (H&E) (Fig. 7E) and terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) (Fig. 7F) staining techniques revealed massive necrotic
and apoptotic tumor cells in the tissues from the PM!Bcr/Abl-R6-treated group and, to a
lesser extent, in the tissues from the Nutlin-3-treated group. H&E and TUNEL staining also
confirmed the partial activity of PMIBcr/Abl and the lack of activity of PMI and Ber/Abl-R6,
as expected. Immunohistochemistry analysis demonstrated that PMIBcr/Abl-R6 treatment
significantly increased the expression of p53 and p21 in tumor tissues but decreased the
expression of the tumor progression marker Ki-67 (Fig. 7G-H). Taken together, our /n vivo
data unequivocally validate the design of PM!Bcr/Abl-R6 as a potent antitumor agent that
inhibits tumor growth in a p53-dependent fashion.
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PMIBcr/AbI-R6 is minimally immunogenic and non-toxic to blood cells and kidney and liver

tissues.

Immunogenicity of peptide/protein therapeutics often impedes their clinical use. We
evaluated immunogenicity of PMI and PMIBcr/Abl-R6 in immune-competent C57BL/6 mice
by measuring the level of the cytokines IL-2, TNF-a and erythropoietin (EPO) in the blood
in response to subcutaneous treatments with PMI and PM!Bcr/Abl-R6 for three weeks, every
other day, at a dose of 5 mg/Kg. IL-2 and TNF-a were used as markers because T cell
responses are known to play a critical role in the development of immunogenic responses to
therapeutic peptides and proteins [52, 53]. Since biotherapeutics can potentially generate
cross-reactive neutralizing antibodies that inhibit endogenous proteins such as EPO, leading
to anemia known as antibody-mediated pure red-cell aplasia, EPO was also used as a marker
for immunogenicity in our study. As shown in Fig. 8A-C, while free PMI noticeably
increased IL-2 and TNF-a levels and decreased the level of EPO, only slight changes in the
amount of IL-2, TNF-a and EPO were observed with PMIBcr/Abl-R6, suggesting that
grafting PMI to the Bcr/Abl protein scaffold significantly dampened immunogenicity of the
peptide drug.

Some small molecule antagonists of MDM2 have showed cytotoxicity against B
lymphocytes and hematopoietic stem cells in clinical trials, resulting in side effects such as
thrombocytopenia, leukopenia and neutropenia [54]. We established the cytotoxicity profile
of PMI, Ber/Abl-R6, PMIBcr/Abl, PMIBcr/AbI-R6 and Nutlin-3 at the end of the three-week
treatment by counting white blood cells, lymphocytes, monocytes, granulocytes, red blood
cells, and platelets in a complete blood cell analysis. As shown in Fig. 8D, no statistically
significant difference in the number of each cell type was observed for all five treatment
groups compared with the mock-treated control group.

Since PMIBcr/Abl-R6 accumulates in the liver and kidney in addition to the solid tumor (Fig.
6), the two principal organs for drug metabolism and elimination, we also examined /in vivo
toxicity of PMI, Ber/Abl-R6, PMIBer/Abl, PMIBer/Abl-R6 and Nutlin-3 to liver and kidney
tissues by H&E staining at the end of the three-week treatment. As shown in Fig. 8E, no
overt toxicity was observed at the doses used in our study. Taken together, the /n vivo
immunogenicity and toxicity data validate the safety of PMIBcr/Abl-R6.

Small molecule and peptide versus protein activators of p53.

The p53-MDM2/MDMX interaction has garnered much attention as an important
intracellular drug target for the development of MDM2/MDMX antagonists or p53-
activating agents for anticancer therapy [37, 55-57]. Small molecule antagonists are
generally mono-specific for MDM2, and several are in clinical trials with promising early
results [54, 58]. By contrast, peptide antagonists are often dual-specific for both MDM2 and
MDMX, potentially affording more robust and sustained p53 activation. One notable
example is ALRN-6924, a hydrocarbon-stapled peptide antagonist of MDM2 and MDMX
kills tumor cells harboring wild-type p53 in phase 2 clinical trials for advanced solid tumors
and lymphomas [59]. More recently, ALRN-6924 has been reported to be effective against
acute myeloid leukemia /n vitro and in vivo [60]. The hydrocarbon-stapling technique
pioneered by Verdine and colleagues enables side-chain cross-linked and conformationally
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stabilized helical peptides to traverse the cell membrane with improved proteolytic stability
and enhanced biological activity [61, 62]. Of note, a hydrocarbon- or dithiocarbamate-
stapled PMI has been shown to be a potent p53 activator /n vitro and /n vivo [63-65].
Despite these successes, it is worth noting that small peptides do not have a sufficiently long
circulation half-life /n vivo due to renal excretion (<20 KDa), thus adversely affecting their
therapeutic efficacy. By contrast, our protein construct PM!Bcr/Abl-R6, a stable tetramer of
35 KDa that can be readily prepared in large quantity via recombinant expression, is
expected to have excellent bioavailability compared with small peptide therapeutics.

Conclusion

We have demonstrated the tetrameric Bcr/Abl scaffold as an ideal protein-based nanocarrier
of p53-activating peptides to target the p53-MDM2/MDMX interaction for cancer therapy.
MDM2 and MDMX cooperate to persistently inhibit p53 function and target the tumor
suppressor protein for proteasomal degradation, contributing to tumor development and
progression. PMIBcr/Abl-R6 as a dual-specificity antagonist of MDM2 and MDMX and a
powerful p53 activator /in vitroand in vivo is superior in many aspects to mono-specific
small molecule inhibitors of MDMZ2 as well as stapled peptide antagonists currently in
clinical trials, promising a novel class of antitumor agents with significant therapeutic
potential. Importantly, this protein-based nanocarrier is also suitable for the design of
different classes of peptide therapeutics of an a-helical nature to target intracellular PPIs
involved in many other human diseases.
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Fig. 1. Strategy for the design of a protein-based nano-carrier of PMI for cancer therapy.
The tetramerization domain of 72 amino acid residues of Bcr/Abl (green) comprises an N-

terminal a-helix linked via a flexible loop to an elongated C-terminal a-helix that mediates
tetramer formation. PMI in red is grafted to the short a-helical region in place of residues 5-
16 of Ber/Abl, resulting in PMIBcr/Abl. To facilitate membrane permeabilization,
PMiBcr/Abl is C-terminally extended by an Arg-repeating hexapeptide (R6) in blue, yielding
PMiBcr/Abl-R6. PMIBcr/Abl-R6 forms a stable tetramer, circulates in the blood, accumulates
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in the tumor, traverse the cell membrane, and activates p53 by antagonizing MDM2/MDMX,
leading to inhibition of tumor growth in experimental animals.
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Fig. 2. Chemical synthesis of Bcr/Abl proteins via native chemical ligation.
(A) Structure-based rational design of PMIBcr/Abl-R6. The crystal structures of PMI (red) in

complex with MDM2 (green) [39] and of the tetramerization domain of Bcr/Abl (blue/
yellow) [34] are shown in ribbons. The dodecameric peptide PMI (TSFAEYWALLSP) and
residues 5-16 of Ber/Abl (VGFAEAWKAQFP) share certain degrees of sequence and
structural similarity. (B) Total chemical synthesis of PMIBcr/Abl, Ber/Abl-R6 and PMIBcr/
AbI-R6 via native chemical ligation [40, 41]. All peptides were synthesized on appropriate
resin using Boc-chemistry solid phase peptide synthesis [66]. Ligation reactions were
carried out in 0.1 M phosphate buffer containing 6 M GuHCI, 100 mM MPAA and 40 mM
TCEP, pH 7.4. Desulfurization of the ligation product was achieved by dissolving the
peptide at 1 mg/mL in 0.1 M phosphate buffer containing 6 M GuHCI, 0.01 M VA-044, 0.5
M TCEP, 20% #BuSH. (C) PMIBcr/Abl-R6 analyzed by HPLC and electrospray ionization
mass spectrometry (ESI-MS). Analytical HPLC was performed on a reversed-phase C18
column (Waters XBridge™ 3.5 um, 4.6x150 mm) at 40 °C. (D) Circular dichroism (CD)
spectra of Bcr/Abl-R6 (black) and PMIBcr/Abl-R6 (red) at 20 uM in 20 mM phosphate
buffer, pH 7.4, obtained on a Jasco spectrometer at 25 °C. Proteins were quantified
spectroscopically by UV measurements at 280 nm using a molar extinction coefficient of
9970 calculated as described [67]. Percent helicity was calculated from the ratio of [08],2 to
[0]max, Where [8]max = —39500 x [1-(2.57/n)] [68].

Biomaterials. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ma et al.

>

Absorbance at 280 nm

Scattering Regularized Intensity

30 9

20 4

L

Page 16
20+ 150+
MW 35K
MW 40K
16 5
MW 35K s g
c EIUO-'
2 2 mw 35K &
3
=) 8
% = c
—— MBeriAbl-R6 w84 e
Ber/Abl-R6 o — Ber/AbI-R6: 4.8 nm g 50
— ™Ber/Abl-R6: 5.2 nm g
1 i a K,=373%1.21nM

T T — T IR Rl el e ma et et ]
12 16 L 10 100 qg1 1% 10" 102 10% 10* 10°
Elution Volume (ml) Hydrodynamic Diameter (nm) Concentration of PMBcr/AbI-R6 (nM)
* Measured Plots E ] F 04
\e Fitted Curve
& Rg=21.08 0.02 7 -
',(:=0.3 - i3]
< €
= 5 b
o 001 . —E -5 e
2 E h ——PMI
= ™ K,=0.52+0.10 nM
8 £ P
o - 'Ber/Abl-R6
0.00 1 : K, =32+0.31nM
=104
T T T Y T T T 1 X 1 * T o T 1 T ¥ T ¥
00 01 02 03 04 0 5 10 15 20 0 1 2
Scattering Variable, q (A”) Chord Length, R (A) Molar Ratio

Fig 3. Biochemical and biophysical characterization of PM!Bcr/AbI-R6.
(A) Size exclusion chromatography of Bcr/Abl-R6 (black) and PMIBcr/Abl-R6 (red)

performed on a GE Superdex 75 column (10/300 GL) running PSB at a flow rate of 0.5
ml/min at room temperature. The apparent molecular weights of Bcr/Abl-R6 and PMIBcr/
ABL-R6 were calculated according to the standard calibration curve shown in Fig. S2,
indicating that they exist in aqueous buffer as tetramers. (B) Dynamic light scattering
analysis of Bcr/Abl-R6 (black) and PMIBcr/Abl-R6 (red) at 20 pM in PBS performed on a
Malvin Zetasizer Nano system. The apparent molecular weights were calculated using
manufacturer-supplied software. (C) Monomer-tetramer equilibrium of serially diluted
PMIBcr/AbI-R6 (from 10 pM to 0.3 nM in 20 mM Tris/HCI, pH 7.4) measured in 386-well
black plates by fluorescence polarization, yielding a K value of 3.73+1.21 nM

(K p=(monomer)?/(tetramer), where the concentrations of monomeric and tetrameric PM!Bcr/
AbI-R6 were derived from fluorescence polarization values). PMIBcr/Abl-R6 was N-
terminally labeled with a fluorophore, BDP TR (Excitation 589 nm, Emission 616 nm). (D)
Small angle X-ray scattering (SAXS) diffractograms of PMIBcr/Abl-R6 measured at 20 p M
in PBS. The orange line is the least squares fit to the data (green points) using a rod model.
(E) SAXS analysis of PMIBcr/Abl-R6 at 10 uM in PBS at room temperature. The chord
length distribution that describes the size, shape and spatial arrangement of PMIBcr/Abl-R6
was obtained from SAXS data. The simulated structure of PMIBcr/AbI-R6 is largely in
agreement with the crystal structure of tetrameric Bcr/Abl (PDB code: 1K1F [34]) (inset).
(F) Measurements of the binding affinity of PMI and PMIBcr/Abl-R6 for MDM2 in 20 mM
Tris/HCI, pH 7.4, by isothermal titration calorimetry on a MicroCal ITC 200 instrument at
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25 °C. Titrations were carried out by 20 stepwise injections, 2 UL at a time, of 80 pyM
PMIBcr/AbI-R6 in the syringe to 8 uM MDM?2 in the cell. For the PMI-MDM?2 interaction,
the concentrations were 100 uM and 10 pM, respectively. Data were analyzed using the
MicroCal Origin program. The K p value of 0.52 nM, measured as described [39], is nearly
identical to the published value of PMI determined by surface plasmon resonance [38].
Values of enthalpy change, AH, entropy change, AS, and binding stoichiometry, n are listed
in Table S1.
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Fig. 4. Proteolytic stability and membrane permeability of PMIBcr/Abl-RS6.
(A) Degradation kinetics of PMI and PMIBcr/Abl-R6 at 1 mg/ml in 20 mM Tris-HCI, pH

7.4, containing 10% human serum from a healthy donator. Intact peptide and protein were
verified by ESI-MS and quantified by analytical C18 HPLC. (B) Degradation kinetics of
PMI and PMIBcr/AbI-R6 at 1 mg/ml in 20 mM sodium acetate buffer, pH 5.0, containing
cathepsin B at 10 units/ml. (C) Cellular uptake of PMI, PMIBcr/Abl and PMIBcr/AbI-R6
analyzed by flow cytometry. PMI, PMIBcr/Abl and PM!Ber/Abl-R6 were N-terminally
labeled with BDP TR (excitation 589 nm, emission 616 nm). HCT 116 p53*/* cells were
seeded in a 12-well plate at a density of 30,000 cells/well, cultured for 24 h, and treated with
peptide or protein at 10 uM for 4 h before flow cytometric analysis. (D) Cellular uptake of
BDP TR-labeled PMI, PMIBcr/Abl and PMIBcr/AbI-R6 by HCT 116 p531* cells, treated by
peptide or protein at 10 uM each for 4 h, and visualized by a confocal laser scanning
microscope (panels A-C). Hoechst 33342 blue dye was used for nuclei staining. For the
experiments presented in panels D-E, amiloride (3 mM) or heparin sodium (5 mM) was
incubated with cells for 12 h before the addition of PMIBcr/Abl-R6.
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Fig. 5. PMIBcr/ADI-R6 kills HCT116 p53*/* tumor cells in vitro by reactivating the p53 pathway.
(A) Cell viability of HCT116 p53** and HCT116 p537/~ cells (3x103 cells/well in

McCoys’s 5A medium with 10% FBS) 48 h after treatment with varying concentrations of
Ber/Abl-R6, PMIBcr/AbI-R6 and Nutlin-3. Following a 2-h incubation with CCK-8 reagents,
absorbance values at 450 nm were measured on a microplate reader, and percent cell
viability was calculated as (Areatment—Ablank)/(Acontrol—Ablank) X 100%. The data are the
means of three independent assays. Except for HCT116 p537/~ cells treated by PMIBcr/Abl-
R6 and Nutlin-3 at 50 uM (****, p<0.0001), no statistically significant difference in activity
between PMIBcr/Abl-R6 and Nutlin-3 was found. (B) Representative Western blotting
analysis of p53, p21, PUMA, NOXA in HCT116 p53* cells (2x104 cells/well) 48 h after
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treatment with PMI, PMIBcr/Abl, PMIBer/Abl-R6, Ber/Abl-R6 and Nutlin-3 at 12.5 uM each,
normalized to B-actin. The primary antibodies were from Santa Cruz Biotechnology (p53),
Calbiochem (p21, PUMA and NOXA) and Sigma-Aldrich (B-actin), and secondary
antibodies conjugated with horseradish peroxidase from Calbiochem. (C) Quantitative
Western blotting analysis (via Image J software) of HCT116 p53*/* cells treated with PMI,
Ber/Abl-R6, PMIBcr/Abl, PMIBer/Abl-R6 and Nutlin-3 at 12.5 4 M for 48 h. T-test was
performed for statistical analysis, * standing for p<0.05, *** for p<0.001. The data are the
means + SD of three independent Western blotting assays. (D) Representative data on
apoptosis of HCT116 p53'* cells 48 h after treatment with Bcr/Abl-R6, PMIBcr/Abl-R6 and
Nutlin-3 as analyzed by flow cytometry. Cells were seeded in a 12-well plate with a density
of 20,000/well and treated with 12.5 uM PMIBcr/AbI-R6, Ber/Abl-R6 or 10 u M Nutlin-3.
Apoptosis was detected using a standard apoptotic kit from Biolegend, including APC
labeled anti-annexin V antibody and a propidium iodide solution. (E) Statistical analysis of
apoptosis of HCT116 p53'* cells quantified by flow cytometry. Three independent FACS
assays were performed, and data are shown as the means + SD (n=3). p values were
calculated by t-test (***, p<0.001).
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Fig. 6. Biodistribution of PMIBcr/AbI-R6 in vivo.
(A) Representative ex vivo fluorescence images of major organs and tumors 12 h, 24 h, 48 h

after subcutaneous injection of BDP TR-labeled PM!Bcr/Abl-R6. HCT116 p53+* cells
(4x108 cells/site) were injected subcutaneously into BALB/c nude mice of four weeks old.
Three weeks after tumor cell inoculation, tumor-bearing mice were each injected with 100
uL BDP TR-labeled PMIBcr/Abl-R6 at a dose of 5 mg/Kg, and sacrificed for imaging at
indicated time points. (B) Semi-quantitative ex vivo analysis of biodistribution of BDP TR-
labeled PM!Bcr/AbI-R6 in the organs and tumor. Fluorescence intensity in each organ was
determined using Living Image 3.0. software from VIS fluorescence data expressed as
radiant efficiency (mean + SD, n=3).
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Fig. 7. PMIBcr/AbI-R6 inhibits tumor growth in vivo.

(A) Schematic diagram of therapy. Thirty six athymic nude mice (BALB/c) bearing HCT116

p531* xenograft tumors, subcutaneously established in two weeks as a palpable mass (50—
100 mm3 in size), were randomly divided into six groups (n=6/group), and treated every
other day for three weeks via subcutaneous injection of 20 mM Tris-HCI (mock treatment)
and PMI, Ber/Abl-R6, PMIBcr/Abl, PMIBcr/AbI-R6 or Nutlin-3 at a dose of 5 mg/Kg. (B)
Curves of inhibition of tumor growth during the 21-day treatment. Tumor length (L) and
width (W) were measured with a caliper, and tumor volume (V) was calculated using the
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following equation: V=LxW?2/2. The data represent the mean + SD (n=6). Statistical analysis
was performed using T-test, * standing for p<0.05, *** for p<0.001, and **** for p<0.0001.
(C) Images of tumors collected upon conclusion of the three-week treatment. (D) The
average weight of tumors excised from each group of mice at the end of treatment.
Statistical analysis was performed using T-test, * standing for p<0.05, ** for p<0.01, and
**** for p<0.0001. (E) Histopathological analysis using hematoxylin and eosin (H&E)
staining. Representative tumors from each treatment group were fixed with formaldehyde,
dehydrated and sliced into 5 pm-thick sections, and subjected to H&E staining according to
standard protocols (scale bar: 50 um). (F) Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay to stain fragmented DNA in apoptotic cells (scale bar: 50 um).
(G) Immunohistochemical (IHC) staining of tumor tissues using commercially available
antibodies against p53, p21 and Ki-67 (scale bar: 50  m). Prepared tissue sections at 5 pm
thickness were incubated with various antibodies at 4°C overnight, and subsequently stained
using the Labeled Streptavidin-Biotin (LSAB) staining method. Each stained section was
evaluated by a minimum of 10 randomly selected x20 high-power fields for further
statistical analysis. (H) Statistical analysis of IHC scores. We used a numeric score ranging
from 0 to 3 to evaluate immunostaining intensity (1): 0, no staining; 1, weak staining; 2,
moderate staining; 3, strong staining. To evaluate immunostaining area (A), we used a
numeric score ranging from 1 to 4: 1, positive area<10%; 2, 10%<positive area<50%; 3,
50%<positive area<90%; 4, positive area>90%. The total score, IXA, was calculated
accordingly, and statistical analysis was performed using T-test, * standing for p<0.05.
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Fig. 8. Safety evaluation of PMIBcr/AbI-R6 in vivo.
(A-C) Immunogenicity of PMI and PMIBcr/Abl-R6 in immune-competent C57BL/6 mice

(n=6/group) as measured by the level of IL-2 (A), TNF-a (B) and erythropoietin (EPO) (C)
in the blood in response to subcutaneous treatments with PMI and PM!Bcr/Abl-R6 for three
weeks, every other day, at a dose of 5 mg/Kg. PBS was used as a negative control for mock
treatment; IL-2, TNF-a and EPO in the blood collected at the end of the treatment were

quantified by ELISA kits (R&D Systems) using protein standards from Sigma-Aldrich. The
data from each group are presented as the mean + SD (n=6), and statistical analysis was

performed using T-test, * standing for p<0.05, *** for p<0.001, and **** for p<0.0001. (D)
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Counts of different types of blood cells from a complete blood cell analysis after the 21-day
treatment with PMI, Bcr/Abl-R6, PMIBcr/Abl, PMIBer/Abl-R6 and Nutlin-3. WBC, white
blood cell; LY M, lymphocyte; MID, monocyte; GRN, granulocytes; RBC, red blood cell;
PLT, platelet. Statistical analysis was performed using T-test, NS standing for no significant
difference. (E) Representative H&E staining of liver and kidney tissues from mice treated
with with PMI, Ber/Abl-R6, PMIBcr/Abl, PMIBcr/Abl-R6 and Nutlin-3 for three weeks (scale
bar: 50 pm).
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