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ABSTRACT
◥

CCAAT/enhancer binding protein b (C/EBPb) is a basic leucine
zipper (bZIP) family transcription factor, which is upregulated or
overactivated inmany cancers, resulting in a gene expression profile
that drives oncogenesis. C/EBPb dimerization regulates binding to
DNA at the canonical TTGCGCAA motif and subsequent tran-
scriptional activity, suggesting that disruption of dimerization
represents a powerful approach to inhibit this previously “undrug-
gable” oncogenic target. Here we describe the mechanism of action
and antitumor activity of ST101, a novel and selective peptide
antagonist of C/EBPb that is currently in clinical evaluation in
patients with advanced solid tumors. ST101 binds the leucine zipper
domain of C/EBPb, preventing its dimerization and enhancing
ubiquitin-proteasome dependent C/EBPb degradation. ST101
exposure attenuates transcription of C/EBPb target genes, including
a significant decrease in expression of survival, transcription factors,
and cell-cycle-related proteins. The result of ST101 exposure is
potent, tumor-specific in vitro cytotoxic activity in cancer cell
lines including glioblastoma, breast, melanoma, prostate, and lung

cancer, whereas normal human immune and epithelial cells are not
impacted. Further, in mouse xenograft models ST101 exposure
results in potent tumor growth inhibition or regression, both as a
single agent and in combination studies. These data provide the First
Disclosure of ST101, and support continued clinical development of
ST101 as a novel strategy for targeting C/EBPb-dependent cancers.
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Introduction
CCAAT/enhancer binding proteinb (C/EBPb) is awidely expressed

basic leucine zipper (bZIP) transcription factor that regulates genes
with functions in organ development (1–3), immune and inflamma-
tory responses such as IL6 expression (4, 5), and macrophage
differentiation (6–9). C/EBPb in differentiated non-myeloid cells is
closely regulated andheld in a repressed state (10), butmay be activated
by growth hormone stimulation or PI3K/Akt signaling (11). Over-
expression or overactivation of C/EBPb is observed in cancers includ-
ing breast, prostate, glioblastoma, melanoma, osteosarcoma, renal
cell carcinoma, and colorectal cancer (10; 12–19), contributing to
tumor cell proliferation, survival (20), and invasiveness (17, 21).
Inmany of these cancers, enhanced C/EBPb expression and/or activity
inversely correlate with prognosis and survival (10, 14, 22, 23),
identifying C/EBPb as a promising novel therapeutic target.

Transcription factors such as those of the bZIP family have histor-
ically been considered “undruggable” due to their lack of enzymatic
activity or a defined small-molecule binding site (24, 25). A hallmark of

bZIP proteins are C-terminal a-helical leucine zipper domains that
mediate interaction-specific homo- and heterodimerization, generat-
ing coiled-coil structures that typically stabilize interactions between
adjacent basic amino acid-rich DNA-binding domains (26). Dimer-
ization allows for efficient interaction with key consensus DNA
sequences as a precursor to regulate gene expression (27, 28). Deletion
of the C/EBPb leucine zipper not only prevents dimerization andDNA
binding but results in enhanced C/EBPb ubiquitination and protea-
somal degradation, suggesting that antagonism of dimerization repre-
sents a mechanism to negatively regulate their transcriptional activ-
ity (29). On the basis of these observations, and the emerging role of C/
EBPb as a driver of diverse cancers, we sought to design a C/EBPb
antagonist peptide as a novel anticancer agent.

Here, we describe the FirstDisclosure of ST101, a peptide antagonist
designed to target the leucine zipper domain of C/EBPb. ST101 binds
toC/EBPbwith nanomolar affinity, effectively disrupting dimerization
and DNA binding at consensus binding sites. Exposure to ST101
increased C/EBPb ubiquitination and proteasome-dependent turn-
over, resulting in reduced protein levels. Functionally, ST101 induced
dose-dependent inhibition of reporter gene activity andC/EBPb target
gene expression. Inhibition of the proteasome rescued C/EBPb expres-
sion and C/EBPb target gene transcription. Exposure to ST101
increased tumor cell G0–G1-phase arrest in U251 glioblastoma
and A549 lung adenocarcinoma cells and induced dose-dependent
cell death in a panel of tumor cell lines in standard two-dimensional
culture conditions and patient-derived breast cancer tumoroids
grown in three-dimensional culture. In contrast, ST101 did
not significantly impact viability of normal human mammary epithe-
lial cells, peripheral blood mononuclear cells (PBMC) or bone mar-
row-derived mononuclear cells (BMMC), demonstrating cancer-
specific cytotoxicity. Antitumor activity was further demonstrated in
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U251 glioblastoma, MCF7 breast adenocarcinoma, A375 melanoma,
DU145 prostate, or A549 lung adenocarcinoma subcutaneous xeno-
graft models, where ST101 resulted in significant tumor growth
inhibition or regression. These data provide compelling evidence for
the potent antitumor activity of theC/EBPb antagonist peptide, ST101,
and support its continued investigation in a phase I to II clinical study
in patients with advanced unresectable and metastatic solid tumors
(ClinicalTrials.gov ID: NCT04478279).

Materials and Methods
Peptide synthesis

ST101 (H2N-vaeareelerlearlgqargelkkwkmrrnqfwlklqr-OH) was
synthesized by Fmoc solid-phase peptide synthesis (SPPS) and
the mass and sequence were confirmed by mass spectrometry
(see Supplementary Materials and Methods and Supplementary
Tables S1–S4 for full description). ST101 solution was prepared from
lyophilized powder in sterile milli-Q H2O containing 270 mmol/L
trehalose to a stock concentration of 2 mmol/L. Peptides correspond-
ing to the leucine zipper regions of C/EBPb, C/EBPg , and ATF5 for
circular dichroism (CD) studies (Supplementary Table S5) were
synthesized via Fmoc SPPS (30) on a PCAS ChemMatrix Rink amide
resin using a Liberty Blue microwave peptide synthesizer (CEM), and
blocked at the termini by acetylating the N-terminus and incorporat-
ing an amide group at the C-terminus, using acetic anhydride andRink
amide resin, respectively. Analysis of purified final product by RP-
HPLC indicated purities >95%.

CD and thermal denaturation experiments
CD was carried out using an Applied Photophysics Chirascan CD

apparatus using a 200 mL sample in a CD cell with a 1 mm path
length. Samples contained 150 mmol/L total peptide concentration
at equimolar concentration for heterodimeric solutions (i.e., 75
mmol/L per peptide) and suspended in 10 mmol/L potassium
phosphate and 100 mmol/L potassium fluoride at pH 7.0 prior to
analysis. The CD spectra of samples were scanned between 260 and
200 nm in 1 nm steps, averaging 0.5 s at each wavelength. Three
scans were averaged at 20�C, 5�C, and once again at 20�C after
thermal denaturation to assess helical levels and the ability of the
coiled-coil structure to refold. For thermal denaturation experi-
ments, the temperature ramp was set to stepping mode using 1�C
increments and paused for 30 seconds at each temperature before
measuring ellipticity at 222 nm. For all temperature denaturation
experiments, data collection was from 0�C to 80�C. Data points for
thermal denaturation profiles represent the averaged signal after 4
seconds of data collection. Melting profiles were ≥95% reversible
with equilibrium denaturation curves fitted to a two-state model,
derived via modification of the Gibbs–Helmholtz equation (31) to
yield the melting temperature (Tm).

C/EBPb DNA binding activity
Quantitative C/EBPb binding activity at its consensusDNAbinding

site was assessed using TransAM C/EBPb ELISA Kit (Active Motif
Inc.). Briefly, 0.3 mg/mL recombinant human C/EBPb protein was
incubated with ST101 for 1 hour and added to a 96-well plate coated
with the immobilized oligo 50-CTTGCGCAATCTATA-30. After 1 hour
of incubation at room temperature, colorimetric quantitation was
performed following incubations with C/EBPb primary antibody and
HRP-conjugated secondary antibody, using SpectraMax i3x microplate
reader (Molecular Devices) at 450 nm. A negative control peptide
containing the scrambled ST101 active domain sequence with an intact

penetratin domain (NH2-aegeavraelgraeareqlarekkwkmrrnqfwlklqr-
OH; 200 nmol/L) was utilized.

ELISA
Recombinant human C/EBPb (RayBiotech) was immobilized at a

concentration of 3.6 ng/well in 384-well plates (Nunc MaxiSorp,
ThermoSci) overnight at 4�C, and wells were blocked for 1 hour at
4�C with 5% bovine serum albumin in TBS. ST101 diluted in TBS was
added to the appropriate wells for 1 hour at 4�C, followed by addition
of 1 nmol/L recombinant ATF5 for 18 hour at 4�C. Each incubation
was followed by three washes with tris-buffered saline (TBS) þ 0.1%
Tween (TBST). Plate-bound ATF5 was detected by 1 hour incubations
at 4�C of 1:1,000 dilution rabbit-anti-ATF5 antibody (ab60126,
Abcam) followed by 1:1,000 goat-anti-rabbit IgG-HRP antibody
(ab6721, Abcam), with three washes with TBST after each antibody
incubation. TMB substrate was added to eachwell, and absorbancewas
detected at 450 nm using a SpectraMax M3 plate reader (Molecular
Devices). ST101 IC50 was calculated by nonlinear regression with four
parameters and variable slope using GraphPad Prism 8.3.0 software.

Cell culture and chemicals
Human cell lines A375, A549, DU145, HCT116, MCF7, T98G, and

U87 were acquired from ATCC and cultured in MEM (plus 1%MEM
NEAA) and McCoy’s 5A media (Gibco) supplemented with 1�
MycoZap Plus-CL (Lonza Bioscience) and 10% FBS (Gibco)
and incubated in 5% CO2 at 37�C. U251 cells were purchased
from Millipore Sigma via European Collection of Authenticated Cell
Cultures (ECACC). Two independent vials of U251 from ECACC,
referred to as U251 and U251-LS, were identified in viability experi-
ments as having different sensitivity to ST101-induced cell death and
maintained as independent cell lines (Supplementary Fig. S1). For all
cells, cultures were split every 2 to 3 days and maintained in an
exponential growth phase.Mycoplasma testing usingMycoAlert PLUS
Detection Kit (Lonza Bioscience) was performed every three months
on cells in culture. Reporter assay was performed in A549 cells seeded
at a density of 2.5 � 104 cells per well of 96-well plates in complete
growth medium and incubated overnight at 37�C. Cells were trans-
fected using TransIT-LT1 transfection reagent (Mirus Bio)with 100 ng
of C/EBPb reporter construct (LightSwitch Promoter Reporter vector
with a C/EBPb response element cloned upstream of a basal promot-
er), or negative control reporter construct that lacks the response
element (Active Motif Inc.). After 24 hours, the medium was
exchanged with 0.5% FBS medium containing indicated concentra-
tions of ST101. Luminescence was measured following 24 hours
exposure to ST101 using LightSwitch Luciferase Reporter Assay
reagents (Active Motif Inc.) and a SpectraMax i3x plate reader
(Molecular Devices). Statistical significance between groups was
determined using Student t test. For siRNA experiments, Peli1 (Cat-
alog No. AM16708) and negative control (Catalog No. AM4613)
siRNAoligonucleotides were purchased fromThermo Fisher Scientific
and 30 pmol siRNA was transfected into U251 cells with Lipofecta-
mine RNAiMAX reagent (Invitrogen, Catalog No. 13778030) accord-
ing to themanufacturer’s protocol. Forty-eight hours posttransfection,
cells were treated with 20 mmol/L ST101 for 24 hours, and the total cell
lysates were collected for immunoblot analysis.

To evaluate cell cycle, cells were seeded on six-well plates at a density
of 1 � 104 per well and cultured overnight for adhesion. Cells were
synchronized by double thymidine (2 mmol/L) block procedure, then
provided 150 mL of fresh media and 50 mL of ST101 diluted to the
appropriate concentration in 270 mmol/L trehalose for 24 hours.
Vehicle treated cells served as control. Cells were collected and fixed
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with cold 70% ethanol at 4�C overnight. The obtained cells were then
washed and resuspended in PBS solution and incubated at 37�C for 30
minutes with 10 mg/mL RNase and 1 mg/mL propidium iodide (PI;
BD Biosciences). DNA content analysis was performed by flow
cytometry using an Accuri C6 Plus (BD Biosciences), and analysis
was performed on BDCSampler Plus software (BD Biosciences). After
gating on live cells, single cells were selected via PI width and area
signals, and the area histogram for PI was used to determine the
percentage of cells in G1, S, and G2–M phases.

For viability experiments, cells at a concentration of 5 � 103 to
1 � 104 cells/mL were plated in 96-well tissue culture dishes (Thermo
Fisher Scientific) in 100 mL of complete medium and acclimated
overnight at 37�C and 5%CO2. Thereafter, cells were provided 150 mL
of fresh media and 50 mL of ST101 diluted to the appropriate
concentration in 270 mmol/L trehalose pH 4.5 � 0.5 for 48 hours.
Viability was determined following Annexin V and propidium iodide
staining as per manufacturer’s instructions (ab14085, Abcam) using
the CellInsight CX7 High-Content Screening Platform. Viable cells
were represented by the double-negative population. Alternatively,
flow cytometry sample acquisition was performed on an Accuri C6
Plus (BD Biosciences), and analysis was performed using BD CSam-
pler Plus software (BD Biosciences).

For patient-derived organoid studies, human breast tumor samples
were obtained from adult female patients after written informed
consent as part of a non-interventional clinical trial (BTBC study
REC no.: 13/LO/1248, IRAS ID 131133). This study had local research
ethics committee approval and was conducted adhering to the prin-
ciples of theDeclaration ofHelsinki.Ex vivo cultures of two dissociated
patient-derived breast cancer tumors were set to a cell concentration
corresponding to growth of 100 to 300 structures per well in 384-well
plates in Ocello PDX media (OcellO B.V.) and hydrogel. ST101 was
added to the cultures 24 hours after seeding, and impact on tumoroid
viability was performed after 7 days. ST101 impact on tumoroids was
quantified following Hoeschst and Rhodamine-Phalloidin staining
and imaging as 40 z-sections with a 50mmstep-size and a 4� objective.
Z-stack images were processed in OcellO’s Ominer image analysis
software.

Cycloheximide (Catalog No. C1988) and MG-132 (Catalog No.
M7449) were purchased from Sigma-Aldrich. Bortezomib (Catalog
No. S1013), TAK-243 (Catalog No. S8341), and MLN4924 (Catalog
No. S7109) were obtained from Selleck chemicals.

Immunofluorescence microscopy
U251 cells grown in standard culture were seeded at 10,000 cells/

well and incubated overnight at 37�C in 5%CO2. Cells were exposed to
ST101 (0.15–10 mmol/L) at 37�C for 5 or 60 minutes, washed, fixed
with 1% paraformaldehyde for 15 minutes, permeabilized with 0.1%
Triton-X 100 and ST101 uptakewas assessed byCellInsight CX7High-
Content Screening Platform using a 40�/0.60 air objective at room
temperature. Immunostaining protocol was as follows: overnight
incubation at 4�C with STPX-003 rabbit anti-ST101 polyclonal anti-
body (1:1,000 dilution), followed by Alexa Fluor 488 conjugated goat
anti-rabbit IgG (1:5,000 dilution; ab150077, Abcam) for 45 minutes
and 2 mg/mL DAPI for 15 minutes. Cells were individually plotted
based upon intensity of the fluorescent signal within the cell nucleus or
periphery versus intensity of the nuclear DAPI stain, and gates were
established to identify cells positive for ST101 within the nucleus or
cytoplasm. Alternatively, 300,000 U251-LS cells in 2 mL ofMEMwere
plated on poly-L-lysine (Sigma) coated cover slips and treated with
vehicle or ST101 (20 mmol/L) for 24 hours, fixed in 3.7% formaldehyde
for 15 minutes and permeabilized for 10 minutes in 0.25% Triton X-

100. Cell were blocked in 1% BSA and stained with anti-C/EBPb (1:50
dilution; Santa Cruz Biotechnology, Catalog No. sc-7962) overnight
followed byAlexaflour 488-conjugated goat anti-mouse (IgG; Thermo
Fisher Scientific, Catalog No. A-11001) for 2 hours. Coverslips were
mounted in anti-fade reagent (Thermo Fisher Scientific) containing
DAPI and imaged. ImageJ (RRID:SCR_003070) was used for quan-
tification of fluorescence intensity.

Western blot assay and antibodies
Cells were plated at a density of 1 � 107 per well of 6-well plate

in 2mLMEMand acclimated overnight at 37�Cand 5%CO2.U251-LS
cells were utilized for Western blot experiments unless otherwise
indicated. Cells were lysed with RIPA lysis buffer containing trypsin
inhibitor for protein extraction and protein concentrations were
measured by bicinchoninic acid (BCA) assay. Western blot analysis
was performed on cell lysate separated by SDS-PAGE (NuPAGE;
4%–12% Bis-Tris Gels; Thermo Fisher Scientific) and transferred
onto a polyvinylidene fluoride membrane. Membranes were blocked
with 5%BSA at room temperature for 1 hour prior to immunoblotting.
Antibodies against tubulin (ab6046), C/EBPb (ab32358), C/EBPg
(ab74045), CDK1 (ab133327), Survivin (ab76424, RRID:AB_1524459),
and goat Anti-rabbit IgG H&L (Alexa Fluor 488; ab150077) were
purchased from Abcam. Antibodies against C/EBPb (3087S), ID2
(3431S), ID3 (9837S), cyclin A2 (4646T), cyclin B1 (12231T), and
c-IAP2 (3130T) were purchased from Cell Signaling Technology.
Antibodies against ID1 (sc-133104, RRID:AB_2122863), Peli1
(sc-271065), and b-actin (sc-47778) were purchased from Santa
Cruz Biotechnology. Europium-labeled Goat anti-rabbit (R8209)
and anti-mouse (R8208) IgG secondary antibodies were obtained
fromMolecularDevices anddetectionwas performed using SpectraMax
i3x imaging system (Molecular Devices). Band intensities were deter-
mined using ImageJ (RRID:SCR_003070) and normalized to b-actin,
tubulin, or GAPDH as loading control.

For pull-down assays, U251-LS cells (3 � 106) were plated in 10 cm
culture dishes overnight and transiently transfected with Myc-tagged
C/EBPb overexpression vector (Origene, Catalog No. RC205882) for
24 hours using TransIT-LT1 transfection reagent (Mirus Bio).
pCMV6-AC empty vector (Origene, Catalog No. ps100020) was used
as a negative control. Cells were treated with indicated concentrations
of ST101 for 24 hours and Myc-tagged C/EBPb was pulled down
from the lysates using Pierce c-Myc-Tag IP/Co-IP Kit (Thermo
Fisher Scientific, Catalog No. 23620) according to the manufacturer’s
instruction. Lysate corresponding to 1 mg of total protein with 10 mL
anti-c-Myc agarose beads (5 mg anti-c-myc antibody) was incubated
overnight at 4�C. Beads were washed four times with TBS containing
0.05% Tween 20 and samples were boiled in 2� nonreducing sample
buffer at 100�C on a heat block for 5 minutes. Elutes were analyzed
by immunoblotting using anti-C/EBPb (Cell Signaling Technology,
Catalog No. 3087) and anti-ubiquitin (Cell Signaling Technology,
Catalog No. 3933, RRID:AB_2180538) antibodies.

RNA analysis
A549, MCF7, and U251 cells were treated with ST101 for 24 hours.

Cell pellets were resuspended in RNAlater (Thermo Fisher Scientific)
and total RNA was extracted using Qiagen RNeasy Protect Mini Kit
(Quiagen Inc.) according to manufacturer’s instructions and treated
withQiagenRNase-freeDNase to remove genomicDNA.RNAquality
and quantity weremeasured byNanodrop, agarose gel electrophoresis,
and Agilent 2100 Bioanalyzer. RNA libraries were constructed using
NEBNext UltraTM RNA Library Prep Kit. The quality of each library
was assessed by Qubit2.0 and insert size was detected by Agilent 2100.
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The libraries were sequenced on Illumina HiSeq system with paired
end 150. Original image data files from Illumina sequencer were
transformed into sequenced reads by CASAVA base recognition (Base
Calling), and raw data were stored in FASTQ (fq) files. For qPCR,
cDNA was synthesized from total RNA using SuperScript IV VILO
Master Mix with ezDNase enzyme (Thermo Fisher Scientific) per
manufacturer’s protocol. qPCR reactionswere set up on aQuantStudio
6 Flex real-time thermal cycler in quadruplicates using 10 ng cDNA,
gene-specific primers (0.15 mmol/L each), and Fast SYBR Green
Master Mix (Thermo Fisher Scientific). Control reactions without
reverse transcriptase were performed. Data were analyzed assuming
100% PCR efficiency. Log2 normalized expression (2�DDCt) and SEM
were used to determine fold change of expression in relation to b-actin
housekeeping gene and untreated samples (32). Statistical significance
between groups was determined using Student t test.

Bioinformatic analysis
Low-quality reads containing adaptors, uncertain nucleotides, and

Q scores of over 50% bases below 5 were filtered out. High-quality raw
reads were aligned to the human genome (GRCh38) using STAR
aligner (RRID:SCR_004463) and the number of mapped read-pairs
were counted based on the GENCODE v36 annotation (GENCODE,
RRID:SCR_014966). The data quality control was performed by
manually inspecting the density plot, MA plots, PCA plots, correlation
heatmap, and PCA association plots, as well as using automatic outlier
tests including Euclidean distance, Kolmogorov–Smirnov, Pearson
correlation, andHoeffding t test. Gene sets fromMSigDBwere used for
Gene set enrichment analysis (GSEA, RRID:SCR_003199). The
MSigDB gene set was compiled of all Hallmark gene sets (H), all
oncogenic structure gene sets (C6) and regulatory target gene sets (C3)
filtered by the list of terms. GSEA was implemented using the fgsea R
package. The statistical significance (nominal P-value) of the over-
representation was evaluated using a method based on an adaptive
multilevel split Monte Carlo scheme. Enrichment scores (ES) were
calculated using Kolmogorov–Smirnov-like statistics. FDR-adjusted
P value was calculated based on Benjamini–Hochberg procedure.

Animals and tumor models
All aspects of animal care were in accordance with the Guide for

Care and Use of Laboratory Animals and all experiments were
approved by the Institutional IACUC at New York Medical College
(NYMC). Female, 6 weeks old, nude Foxn1nu and NOD.CB17-
Prkdcscid and C57BL/6 mice obtained from The Jackson Laboratory
were housed in a pathogen-free facility at NYMC in sterilized micro-
isolator cages and received normal chow and autoclaved hyperchlori-
nated drinking water (pH 3.0). Cultured cells (2–5�106 cells) were
washed in PBS and resuspended 1:1 inMatrigel MembraneMatrix HC
and RPMI containing 10% FBS prior to inoculation in themouse flank
by SC injection. For the MCF7 (Her2neg/ERpos/PR pos) model, mice
were supplemented with a 0.5 mg 17b-estradiol 60-day release tablet
1 day prior to tumor inoculation. For the A375 model, tumors were
inoculated from cells as described, and serially passaged two times in
na€�ve mice prior to implant of tumor fragments approximately 2 mm3

into the dorsal flank of recipient mice. To eliminate concern for bias in
these experiments, mice were randomized based on tumor size. Mice
were treated with vehicle or ST101 at the indicated dose, schedule, and
route of administration. Tumor volumes were measured three times
per week in nonblinded fashion. Tumor growth inhibition was cal-
culated using the formula %TGI¼ [1 � (DVt)/(DVc)], where DVc and
DVt are the difference inmean volumes frombeginning of treatment to
end of study for control and treated groups, respectively.

Statistical analysis
All studies were performed at least in triplicate unless otherwise

stated. Error bars indicate SEM. Statistical analysis was carried out by
GraphPad Prism 7.02 software. Statistical analysis of viability assays
was performed using the nonparametric unpaired Mann–Whitney U
test. TheWilcoxonmatched-pairs signed rank test was used for tumor
volume data. The two-sided Student t test with 95% confidence
estimations was used for all other analyses. A value of P < 0.05 is
considered statistically significant, where all statistically significant
values shown in the figures are indicated as: �,P < 0.05; ��, P< 0.01; and
���, P < 0.005.

Data and materials availability
RNA sequencing (RNA-seq) data are publicly available at the

NCBI Gene Expression Omnibus by GEO accession number:
GSE213013. All other data associated with this study are present
in the paper or the Supplementary Materials and Methods. Rea-
sonable requests for collaboration involving materials used in the
research may be fulfilled provided that a written agreement is
executed in advance.

Results
ST101 binds C/EBPb and disrupts dimerization in solution

As C/EBPb dimerization is necessary for transcriptional activity,
we hypothesized that a novel peptide antagonist designed to bind
the C/EBPb leucine zipper domain and displace endogenous
binding partners would function as an onco-repressor of C/EBPb-
mediated gene transactivation. ST101 (H2N-vaeareelerlearlgqar-
gelkkwkmrrnqfwlklqr-OH) is a linear peptide comprised of D-amino
acids, with one region consisting of a leucine zipper optimized
to form a coiled-coil interaction with the leucine zipper domain of
C/EBPb, and a second region containing a modified Antennapedia
penetratin domain to promote cell and nuclear permeability (33, 34).
Analysis of ST101 by CD spectroscopy reveals peaks of 208 and
222 nm, characteristic of a populated a-helical structure (Fig. 1A).
ST101 generates the same post-melt helical signature following
heating to 20�C, indicating refolding after thermal denaturation.
Incubation of ST101 with pepsin or trypsin for 16 hours indicate
86.6% and 78.9% stability, respectively, whereas an L-enantiomer
analog was completely degraded within 5 minutes (Fig. 1B),
indicating that ST101 is a proteolytically stable a-helical molecule.

CD spectroscopy was utilized to demonstrate ST101 target engage-
ment with C/EBPb (leucine zipper domain of C/EBPb used in CD
assays shown in Supplementary Table S5). Equimolar concentrations
of ST101 with a peptide containing the bZIP domain of C/EBPb
yielded a significant increase in helical content (Fig. 1C, black spec-
trum) relative to the average of the two individual spectra (Fig. 1C, red
dashed line). The 222 nm/208 nm ratio for the interaction of ST101
and C/EBPb bZIP peptide was 1.15, providing evidence for an increase
in helical stability compared with the two individual components and
evidence for quaternary structure formation. A thermal melt moni-
toring at 222 nm was performed on the individual peptides as well as
the mixture. ST101 displayed an increase in the transition midpoint
when in complex with C/EBPb, indicating that the mixed solution
displayed increased thermal stability over the temperature range
relative to the mean spectra of the individualized components and
suggesting structural stabilization when ST101 interacts with C/EBPb
(Fig. 1D). A Tm of 59�C was observed, as determined by least-squares
fitting to the denaturation profile, with ST101 displaying an estimated
KD of 175 nmol/L with C/EBPb, as determined by van’t Hoff analysis
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following extraction from thermal denaturation curves and assuming
constant DH (35).

To evaluate binding specificity, experiments were performed inves-
tigating ST101 interactions with the leucine zipper domains of C/EBPg
and ATF5 (Supplementary Table S5). ST101 association with the
leucine zipper of C/EBPg resulted in a complex with increased helical
stability compared with the individual components and evidence for
quaternary structure formation, however the Tm of the interaction was
37�C, with an estimated KD of 555 mmol/L, indicating >3,000-fold
weaker interaction with C/EBPg than with C/EBPb (Supplementary
Figs. S2A and S2B). No change in the CD spectrum relative to the
average of the individual spectra was observed following analysis of
ST101 with leucine zipper of ATF5, indicating no stabilizing interac-
tion between these peptides (Supplementary Figs. S2C and S2D, red
dash theoretical average superimposes with the black observed spec-
trum). Overall, these data suggest that ST101 specifically interacts with
the leucine zipper region of C/EBPb.

Dimerization regulates DNA binding of bZIP transcription factors
including C/EBPb (9, 36). ST101 at an exposure of 200 nmol/L results
in 84% reduction of C/EBPb binding to an immobilized oligonucle-
otide containing the C/EBPb consensus binding site (50-GCAAT-30),
compared with untreated control (Fig. 1E). A negative control peptide
containing the cell penetrating domain of ST101 with a random

a-helical bZIP domain did not impact C/EBPb binding. These data
demonstrate that ST101 disruption of C/EBPb homodimerization
antagonizes DNA binding.

To evaluate the impact of ST101 on C/EBPb heterodimerization,
a competitive ELISA evaluating the association of ATF5 to plate-
bound C/EBPb was used. Addition of ST101 to a constant
concentration of 1 nmol/L ATF5 (Kd for C/EBPB-ATF5 PPI ¼
1.0 nmol/L; Supplementary Fig. S3) resulted in a dose-dependent
decrease in ATF5 immunodetection (Fig. 1F), with an IC50 for
ST101 inhibition of ATF5 association with C/EBPb of 24.6 � 0.9
nmol/L. Dimer exchange experiments performed by CD spectros-
copy confirmed these results. In these experiments, addition of the
ATF5 leucine zipper to a premixed solution of ST101 and C/EBPb
did not result in a change in molar ellipticity relative to that of the
theoretical summed signals (Fig. 1G), suggesting that ATF5 did not
disrupt the ST101 and C/EBPb dimer. In contrast, addition of C/
EBPb leucine zipper to a premixed solution of ST101 and ATF5
resulted in a significant change in ellipticity relative to the average of
the component signals (Fig 1H, black vs. red dash). The resultant
spectrum superimposed the spectra generated by a solution of
ST101 with C/EBPb (Supplementary Fig. S4), suggesting that the
same species became populated in both instances. These data
indicate that ST101 disrupts C/EBPb heterodimerization.

Figure 1.

ST101 binds C/EBPb anddisrupts its dimerization.A,CDspectra data of ST101 (150mmol/L)measured at 20�C, 5�C, or 20�Cafter cooling to 5�C.Data are presented as
mean residue ellipticity (MRE). All experiments were performed in 10 mmol/L potassium phosphate and 100 mmol/L potassium fluoride (pH 7.0). B, Stability of
ST101 vs. an L-amino acid variant (0.5 mmol/L) following incubation with 0.125% pepsin or trypsin. Peptide stability was measured at 220 nm using HPLC. Data
represents mean� SEM for a minimum of three replicates from two independent experiments for each data point. P < 0.05 for ST101 vs. L-aa with both pepsin and
trypsin.C,CD spectra data for the interaction of ST101 with C/EBPb.D, The thermal stability of peptide pairsmeasured demonstrated using temperature dependence
of the CD signal at 222 nm. Profiles of C/EBPb and ST101 homodimeric peptides and heterodimers were taken with 1�C increments and tracking the 222 nm signal.
Melting profiles for heterodimers are clearly distinct from averages of constituent homodimeric melts, with the cooperative nature of the heterodimeric
melting profiles suggesting an apparent two-state process (31). All data were fitted to the two-state model. E, C/EBPb DNA binding � ST101 or negative
control peptide (scrambled ST101 sequence with intact penetratin), as measured by TransAM C/EBPb ELISA Kit (Active Motif Inc.), following the manufacturer’s
instructions (� , P <0.05 vs. C/EBPb alone). F, ELISA detection of ST101-mediated disruption of the interaction of plate-bound C/EBPbwith ATF5 indicates and IC50 of
24.6 � 0.9 nmol/L. G, CD spectra of dimer exchange experiment in which ATF5 was added to a solution of ST101 and C/EBPb. H, CD spectra of dimer exchange
experiment in which C/EBPb was added to a solution of ST101 and ATF5.
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ST101 rapidly enters cells and antagonizes C/EBPb
ST101 contains a modified penetratin domain to enable cellular

uptake. To confirm ST101 cellular penetration, scanning immunoflu-
orescence microscopy was performed on U251-LS glioblastma cells
exposed to 0.15 to 20 mmol/L ST101 for 5 minutes. Immunostaining
was performed using a polyclonal antibody generated against the
leucine zipper domain of ST101 and counterstained with DAPI
(representative images in Fig. 2A) prior to imaging. Data indicates
uptake of the peptide into 100% of cells at peptide concentrations of
0.3 mmol/L or greater, with signal reaching saturation at 10 mmol/L.
Detection within the nuclear compartment indicates that peak signal
was achieved at a concentration of 1.25 mmol/L. Similar results were
obtained after 1 hour incubation with ST101.

To examine the functional consequence of C/EBPb antagonism,
the impact of ST101 on C/EBP reporter activity was evaluated. A549
lung carcinoma cells were transiently transfected with a plasmid
containing the Renilla luciferase gene with a C/EBP response element
cloned upstream of a basal promoter, or a negative control vector that
contains a random sequence instead of the C/EBP response element.
ST101 resulted in dose-dependent and statistically significant decrease
in C/EBP reporter luciferase signal (Fig. 2B, P < 0.05 for 5 mmol/L and

P < 0.01 for 40 mmol/L), indicating antagonism of C/EBPb-mediated
gene transactivation. In contrast, ST101 had no impact on luciferase
reporter systems containing a random response element or one that
carries the promoter of the C/EBPb gene (Supplementary Fig. S5).

ST101 induces targeted degradation of C/EBPb
Dimerization provides structural stability to C/EBPb and protects

the protein from degradation by the proteosome (29). To evaluate the
impact of ST101 on C/EBPb protein expression, immunofluorescence
microscopy and Western blot analysis were performed. U251-LS cells
treated with 20 mmol/L ST101 for 24 hours demonstrated a 34 � 6%
decrease in C/EBPb expression (Fig. 2C; P ¼ 0.006 vs. untreated
controls). Western blot analysis of total cell extracts from ST101
treated cells confirmed a dose-dependent and statistically significant
reduction in C/EBPb protein levels in U251-LS and HCT116 cell lines
24 hours posttreatment (Fig. 2D; Supplementary Fig. S6A), with
20 mmol/L ST101 resulting in 44 � 1% (P ¼ 0.0005) and 40 � 0.4%
(P ¼ 0.006) reduction in C/EBPb protein expression in U251-LS and
HCT116 cell lines, respectively. Similar results were observed in U251
cells at ST101 levels consistent with onset of cell death (Supplementary
Fig. S1). In contrast, no reduction in C/EBPg protein levels were

Figure 2.

ST101 enters cells and reduces C/EBPb protein expression.A, Immunofluorescence detection of ST101 uptake into U251-LS cells exposed to 0.15 to 20mmol/L peptide
for 5minutes. Representative images for cells exposed to 0.3 mmol/L ST101 are shown.B,Renilla luciferase genewas transiently expressed fromaC/EBPb responsive
element in the presence and absence of ST101. ST101 induces a dose-dependent reduction in the expression of the luciferase gene (� , P < 0.05; �� , P < 0.01).
C, Immunofluorescence analysis of C/EBPb expression in U251-LS cells treated� 20 mmol/L ST101 for 24 hours. ImageJ was used for quantification of fluorescence
intensity in each image. Each value is the mean � SD of three images per condition (�� , P < 0.01 vs. control). Scale bar represents 50 mm. D, Immunoblot of U251-LS
total cell extracts treated with the indicated concentrations of ST101 for 24 hours, probed with antibodies against C/EBPb and b-Actin. Note that the b-actin
loading control in 2D is identical to that for Fig. 5A, as this membrane was stripped and re-probed to produce both figures. E, Immunoblot as in D, probed with
antibodies against C/EBPg and b-actin. F, Cycloheximide (CHX) chase analysis of C/EBPb degradation in U251-LS cells. Representative western blots and
graph of C/EBPb protein levels after CHX (100 mg/mL) treatment � 20 mmol/L ST101 in U251-LS cells. Results are the mean � SD pooled from three
independent experiments (� , P < 0.05; �� , P < 0.01 vs. untreated control). C/EBPb protein levels normalized to b-actin. G, Real-time RT-PCR of the transcript
levels of C/EBPb. Gene expression was normalized to b-actin (ns, not significant).
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observed following treatment with ST101 in either cell line (Fig. 2E;
Supplementary Fig. S6B), indicating that ST101 specifically targets C/
EBPb for degradation.

To investigate the impact of ST101 on the rate of C/EBPb degra-
dation, U251-LS cells were treated with 100 mg/mL cycloheximide to
inhibit protein synthesis in the presence and absence of 20 mmol/L
ST101. A significant reduction of 66 � 4% (P ¼ 0.01) in C/EBPb
protein level was observed after 8 hours of cycloheximide treatment in
the absence of ST101 (Fig. 2F). Addition of ST101 accelerated C/EBPb
degradation in U251-LS cells, resulting in a 65 � 10% reduction (P¼
0.04) in C/EBPb protein levels after 2 hours. The observed reduction in
C/EBPb protein expression was not due to transcriptional down-
regulation, as ST101 did not impact C/EBPb transcript levels in U251-
LS (Fig. 2G) or HCT116 (Supplementary Fig. S6C) cells exposed to 10
or 20 mmol/L ST101 for 24 hours.

ST101-induced proteasomal degradation of C/EBPb is
ubiquitin-dependent

To study the molecular mechanism of ST101-induced C/EBPb
downregulation, we investigated the impact of the proteasome inhib-
itor MG-132 on cells treated with 20 mmol/L ST101 for 24 hours.

ST101 for 24 hours. MG-132 increased baseline C/EBPb expression
(Supplementary Fig. S7A), consistent with published data (29). In cells
exposed to ST101, MG-132 (2, 5, and 10 mmol/L) rescued C/EBPb
protein levels (U251-LS, HCT116, and A549 cell responses displayed
in Fig. 3A, Supplementary Figs. S7B and S7C, respectively), indicating
that ST101 targets C/EBPb to the proteasome for degradation. The

proteasome inhibitor Bortezomib (10, 50, and 100 nmol/L) similarly
rescued ST101-induced C/EBPb degradation in a concentration-
dependent manner (Fig. 3B). To determine whether C/EBPb degra-
dation is mediated by ubiquitination, U251-LS cells were transiently
transfected with myc-tagged C/EBPb and exposed to ST101 for
24 hours. C/EBPb ubiquitination was assessed by Western blot
analysis following immunoprecipitation. As shown in Fig. 3C, a
marked increase in myc-tagged C/EBPb ubiquitination levels were
observed after ST101 exposure. Similarly, Western blot analysis of
endogenous C/EBPb pulled down from lysates prepared from U251-
LS cells 24 hours after ST101 treatment revealed a dose-dependent
increase in ubiquitinated C/EBPb compared with the untreated con-
trol (Fig. 3D). TAK-243, a small molecule inhibitor of ubiquitin-
activating enzyme (UAE), reduced mono- and poly-ubiquitination of
global cellular proteins in U251-LS cells in a concentration-dependent
manner (Supplementary Fig. S7D), and similarly resulted in dose-
dependent increase in C/EBPb expression, suggesting that ubiquitina-
tion is required for ST101-induced C/EBPb degradation (Fig. 3E).
Densitometry of the impact of MG-132, Bortezomib, and TAK-243
on C/EBPb expression after ST101 exposure are shown in Fig. 3F.
Further, MLN4924-mediated inhibition of cullin-RING ligases (CRL),
the largest class of ubiquitin E3 ligases (37), resulted in dose-dependent
inhibition of C/EBPb degradation (Supplementary Fig. S7E). Given
the direct role of Peli1 E3 ubiquitin ligase in promoting degradation of
C/EBPb (38), we next investigated the impact of Peli1 knockdown on
C/EBPb expression post ST101 exposure. As shown in Fig. 3G, Peli1
knockdown, likeMG132, increased C/EBPb expression in control cells

Figure 3.

ST101 targets C/EBPb for ubiquitin-mediated proteasomal degradation. Immunoblot analysis of C/EBPb protein level in U251-LS cells treatedwith ST101 (20 mmol/L)
for 24 � (A) MG-132 (2, 5, and 10 mmol/L) or (B) Bortezomib (10, 50, and 100 nmol/L). C, C/EBPb ubiquitination post ST101 treatment in U251-LS cells transiently
transfected with the indicated expression vectors following anti-Myc ip (top). Levels of input proteins in lysates without immunoprecipitation (below).
D, Endogenous C/EBPb ubiquitination post treatment with or without indicated concentrations of ST101 for 24 hours following i.p. pulldown of C/EBPb (top).
Levels of input proteins in lysateswithout immunoprecipitation (below).E,C/EBPbprotein levels inU251-LS cells treatedwith ST101 (20mmol/L) for 24�TAK-243 (5,
10, and 50 nmol/L). F, Densitometry of results from A, B, and E. Graphs represent the ratio of total C/EBPb to b-actin. G, Immunoblot and densitometry of C/EBPb,
Peli1, and b-actin (loading control) in control and Peli1-knockdown U251 cells � 24 hours ST101 exposure (20 mmol/L).
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and prevented ST101-induced C/EBPb degradation, whereas control
siRNA had no impact. Of note, 20 mmol/L ST101 resulted in 21 �
3% reduction in C/EBPb protein level in control siRNA treated cells,
less than what is observed in nontransfected cells, likely a result of
reduced ST101 cell penetration in the presence of positively charged
liposomes used for transfection. Together, these data indicate that
ST101-induced C/EBPb degradation is mediated by the ubiquitin–
proteasome pathway.

Transcriptomic analysis indicates ST101 impacts C/EBPb target
gene expression and signaling pathways

RNA-seqwas performed onU251, A549, andMCF7 tumor cell lines
after 24 hours ST101 exposure to assess the impact of C/EBPb
antagonism on global gene expression. Principal component (PC)
analysis revealed consistency among biological replicates, as clusters of
each cell line were observed with distinct pretreatment and posttreat-
ment transcriptional profiles (Fig. 4A). ST101 resulted in 2,454, 1,443,
and 116 differentially expressed transcripts (P < 0.05 and fold change
≥2) in U251, A549, and MCF7 cell lines, respectively (Fig. 4B). GSEA
revealed that the gene sets most significantly enriched among the three
contrasts were related to cell cycle and transcription factor networks
(E2F, RUNX1, and MYC targets) that impact tumor cell survival and
proliferation (Fig. 4C). In addition, downregulation of greater than
200 C/EBPb target genes having at least one occurrence of the C/EBPb
binding site in regions spanning up to 4 kb around their transcription

starting site was observed (Fig. 4D; Supplementary Table S6). The
impact of ST101 on a select set of C/EBPb target gene expression in
U251, MCF7, and A549 cells by qPCR is shown in Fig. 4E. ST101
exposure (2.5–10 mmol/L) for 24 hours resulted in significant dose-
dependent reductions in mRNA expression of prosurvival factors
BCL2, BIRC3, and BIRC5, cell-cycle factors CCNB1 and CCNA2 and
cyclin-dependent kinase CDK1 and ID family genes, ID1, ID2, and
ID3 (Fig. 4E). A549 cells additionally displayed decreased mRNA
expression of CCND3 and CDK2 (Supplementary Fig. S8).

Western blot analysis of U251-LS cells confirmed reductions in
protein expression of C/EBPb target genes (Fig. 5A), demonstrating
that antagonism of C/EBPb results in significant impact on gene
expression of factors involved in cell survival, differentiation, and
proliferation. The impact of MG-132 on C/EBPb target gene expres-
sion was evaluated in U251-LS cells exposed to 20 mmol/L ST101 for
24 hours (Fig. 5B). MG-132 increased expression of ID1, ID3 and
BIRC5 protein levels, indicating that ST101 impacts C/EBPb target
gene expression, at least in part, by enhancing C/EBPb proteasomal
degradation.

ST101 selectively induces cancer cell death
To evaluate whether ST101 impact on tumor cell gene expression is

biologically relevant, assessment of ST101 on in vitro cell-cycle pro-
gression and cytotoxicity was performed. U251 and A549 cells were
exposed to 1 and 5 mmol/L ST101 for 24 hours, and DNA content

Figure 4.

ST101modifies transcriptional profiles and subverts oncogenic pathways in cancer cells.A, Principal component (PC) analysis plot showing gene expression diversity
across cell lines and treatment condition. B, Volcano plots showing the effect of ST101 on gene expression in A549, MCF7, and U251 cells. Significantly differentially
expressed genes represented as red (upregulated) or blue (downregulated) dots. A representative subsample of nonsignificant genes (black) is displayed. Vertical
green and horizontal red lines represent the fold change and P value thresholds applied, respectively. C, Functional GSEA analysis of DEGs in A549
demonstrates examples of pathways impacted by ST101. D, Volcano plots showing the effect of ST101 on CEBPb target gene expression in A549 cells, analyzed
as in B. E, qRT-PCR analysis of CEBPb target genes after ST101 exposure in U251, MCF7, and A54 cells (2.5–10 mmol/L) compared with vehicle. Data represents
log2 normalized expression (2�DDCt) and SEM. Error bars are means � SD for assays performed in quadruplicate (�, P < 0.05; �� , P < 0.01; ns, not significant as
determined by Student t test).
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quantification and distribution was assessed by flow cytometry anal-
ysis following propidium iodide (PI) staining. ST101 exposure caused a
dose-dependent increase in cells in G1 phase, suggesting that ST101
causes cell-cycle arrest by blocking G1 progression to S phase (Fig. 6A
and B, respectively; representative histograms provided in Supple-

mentary Fig. S9). After 24 hours exposure to 5 mmol/L ST101, the
percentage of cells in G1 increased in U251 cells from 35.1% to 57.8%,
and in A549 cells increased from 54.5% to 75.3% (P < 0.05). These data
suggest that ST101 induces cell-cycle arrest in cancer cells, indicating
that ST101 possesses anti-proliferative activity.

Figure 5.

Inhibition of the proteasome rescues C/EBPb target gene expression after ST101 exposure.A, Immunoblot analysis of C/EBPb target genes inU251 cells 24 hours after
ST101 exposure (5–20mmol/L ST101). Note that the b-actin loading control inA is identical to that for D, as the samemembranewas stripped and reprobed to produce
both figures. B, ID1, ID3, BIRC5, and b-actin expression in U251 cells following treatment with 20 mmol/L ST101� the indicated concentration of MG-132. Note that the
b-actin loading controls for ID1 and BIRC5 are identical, as the same membrane was stripped and reprobed to produce both panels. Densitometric analysis was
performed and total protein levels normalized to b-actin. Results represent the mean� SD pooled from three independent experiments (� , P < 0.05; �� , P < 0.01 vs.
ST101 alone).

Figure 6.

ST101 inhibits proliferation and selectively induces cancer cell cytotoxicity. Cell-cycle analysis of (A) U251 and (B) A549 cells synchronized by thymidine block and
exposed to ST101 for 24 hours. Data represents the percentage of cells displaying representative staining of G1, S, or G2–M phase from one of three representative
experiments, n¼ 3/experiment. C, Cell viability of A375, A549, DU145, LNCap, MCF7, T98G, U251, and U87 tumor cell lines exposed to 2.5 to 40 mmol/L ST101, HMEC
exposed to 2.5 to 100 mmol/L ST101, and human peripheral blood and bone marrow-derived mononuclear cells exposed to 1.25 to 80 mmol/L ST101 for 48 hours.
Viability is presented as percent of vehicle-treated control. Data represents mean� SEM for a minimum of three replicates from three independent experiments for
each data point [� , P < 0.05; �� , P < 0.01 vs. control, unpaired t test, and multiple-comparison correction using Bonferroni–Dunn correction (a ¼ 0.01)]. D, Patient-
derived breast cancer tumoroid viability following 7-day exposure to ST101 (0–100 mmol/L). Each data point represents mean � SEM for four replicates.
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The impact of ST101 on tumor cell death was evaluated across a
panel of cell lines. High-content imaging indicated near complete
cytotoxic activity at concentrations equal to or exceeding 10 mmol/L in
sensitive cell lines, as indicated by greater than 95% of cells staining
annexin Vhigh and PIhigh. A mean EC50 value of 2.1 � 0.4 mmol/L was
observed following 48 hours exposure (Fig. 6C). In contrast, flow
cytometric analysis indicated that normal PBMCs andBMMCs are not
sensitive to ST101 and did not reach an EC50 value at 80 mmol/L, the
highest concentration of ST101 tested (Fig. 6C). Similarly, normal
humanmammary epithelial cells (HMEC) did not reach an EC50 value
at 100 mmol/L, the highest concentration of ST101 tested (Fig. 6C).
These data indicate that ST101 exerts selective cytolytic activity against
tumor cell lines compared with normal cells. Evaluation in patient-
derived breast cancer organoids indicated ST101 exposure resulted in a
dose-dependent reduction in proliferation and viability (Fig. 6D).
Tumor organoids grown in 3-dimensional culture demonstrated EC50

values of 18.56 and 15.32 mmol/L, respectively, in KCL008 (Her2þ/
ER�/PR�) and KCL012 (Her2�/ER�/PR�) breast cancer cells.

ST101 displays broad antitumor activity in vivo
Initial in vivo studies evaluated the pharmacokinetic parameters

of ST101 following a single 25 mg/kg intravenous or subcutaneous
ST101 injection. IV dosing resulted in a Cmax value of 27,100 ng/mL
and an AUClast of 16,400 hr�ng/mL. Bioavailability following SC
dosing was approximately 66%, resulting in a Cmax of 1,750 ng/mL

and an observed AUClast of 10,900 hr�ng/mL (Fig. 7A). Calculated
plasma half-life of ST101 after IV and SC dosing was 12.8 and 8.3 hrs,
respectively.

Administration of ST101 to mice bearing U251 GBM subcuta-
neous xenograft resulted in potent tumor growth inhibition
(%DTGI). Tumor-bearing NOD scid mice (average tumor volume
of 220 mm3) treated with 50 mg/kg ST101 three times per week
for three weeks by subcutaneous (SC) injection resulted in
durable tumor regressions and a 97.1% tumor growth inhibition
(Fig. 7B; P < 0.0001 vs. control). Gross evaluation at the end of the
90-day study indicated that 50% (3/6) of treated animals were
tumor-free. No impact of ST101 on body weight was observed
(Supplementary Fig. S10A). Quantitative PCR analysis of U251
tumor samples (mean volume of 180 mm3) collected from
mice 6 hours after treatment with ST101 (25 mg/kg once (QDx1)
or three consecutive days (QDx3) indicated a significant decrease in
BIRC3 and ID2 expression compared to vehicle treated control
tumors (72.1% and 26.3% decreased ID2 and BIRC3 expression,
respectively; Fig. 7C; P < 0.05 for each vs. control).

Following surgical resection, the DNA methylating agent temozo-
lomide (TMZ) along with radiotherapy is standard of care for newly
diagnosed GBM, with a clinically meaningful survival benefit com-
pared to radiotherapy alone, however 2-year survival remains less than
20% (39). As C/EBPb expression has been implicated in resistance of
GBM to TMZ by impacting cell cycle and DNA replication (40), and

Figure 7.

ST101 displays potent anti-tumor activity in mouse subcutaneous xenograft models. A, Plasma concentration of ST101 in C57BL/6 mice at the indicated times
following 25 mg/kg SC or IV injection. B, ST101 administration (50 mg/kg administered three days per week for three weeks by SC injection) to mice bearing
U251 glioblastoma xenografts was initiated on tumors with an average volume of 220mm3.Wilcoxonmatched-pairs signed rank test indicated significant difference
in tumor growth between ST101 and vehicle (P < 0.0001; n ¼ 7 mice/group). C, qPCR analysis of U251 tumors collected and processed 6 hours following 1 or 3
consecutive days administration of 25mg/kg ST101 on day 14.D,U251 tumorswere grown as inA, and subtherapeutic ST101 (10mg/kg administered 3 days per week
for 3weeks), temozolomide (100mg/kg administered 3 days per week for 1 week by oral gavage) or combination of ST101 and temozolomide were administered. P <
0.001 for combination group vs. vehicle or single-agents;n¼ 5–6mice/group.E,Nudemice bearingMCF7 xenograftswere administered ST101 (25mg/kg three times
per week for 3 weeks) starting on day 2 posttumor inoculation (P < 0.001 for ST101 vs. vehicle; n ¼ 8 mice in vehicle and n ¼ 4 mice in ST101 group). F, Nude mice
bearing A375 melanoma xenografts were administered ST101 (25 mg/kg 5 days per week for 3 weeks) starting on day 2 posttumor implant (P < 0.05 for ST101 vs.
vehicle; n¼ 6–7mice/group).G,Nudemice receiving DU145 prostate cancer xenograftswere administered ST101 (50mg/kg 3 days per week for 3weeks starting on
day7posttumor inoculation;P<0.01 for ST101 vs. vehicle;n¼6mice/group).H,Nudemice receivingA549 lungadenocarcinomaxenograftswere administered ST101
(25 mg/kg 5 days per week for 3 weeks) starting on day 2 posttumor inoculation (P < 0.001 for ST101 vs. vehicle; n ¼ 8 mice/group).
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ST101 is shown to impact gene expression profiles that impact these
pathways (Fig. 4), ST101 was evaluated in combination with TMZ
in GBM subcutaneous xenograft models. In the U251 model, a
subtherapeutic dose of 10 mg/kg ST101 administered three times
per week for three weeks in combination with 100 mg/kg TMZ
administered orally three times per week for 1 week (Fig. 7D)
resulted in 74.6% TGI on day 49 (P < 0.001 for ST101 þ TMZ
combination vs. either single agent or control). Neither subthera-
peutic ST101 nor TMZ alone significantly impacted tumor
growth compared to control animals. No impact of ST101 on body
weight was observed (Supplementary Fig. S10B). Similar results
were observed in a T98G (O6-methylguanine methyltransferase
(MGMT)þ/p53þ) xenograft model (Supplementary Fig. S11). To
support potential development of ST101 for glioblastoma, immu-
nohistochemistry studies were performed on brain sections from
na€�ve C57BL/6 mice two hours following IV administration of
ST101. Data indicates uptake in microvasculature and glial cells,
demonstrating ST101 penetration past an intact blood brain barrier
in mice (Supplementary Fig. S12). These data indicate that ST101
displays anti-GBM activity both as a single agent and in combi-
nation with TMZ.

ST101 antitumor activity was similarly evaluated in subcutaneous
xenograft models of MCF7 breast adenocarcinoma, A375 melano-
ma, DU145 prostate cancer, and A549 lung adenocarcinoma. MCF7
xenograft tumors treated with 25 mg/kg ST101 three times per week
for 3 weeks resulted in 61.8% TGI (Fig. 7E, P < 0.001 for ST101 vs.
control tumors). A375 melanoma tumor fragment xenografts trea-
ted with 25 mg/kg ST101 five times per week, resulting in 46.3%
TGI on day 35 posttumor inoculation (Fig. 7F, P < 0.05 for
ST101 vs. control tumors). DU145 xenograft tumors treated
with 50 mg/kg ST101 three times per week by SC injection resulted
in 69.5% TGI (Fig. 7G, P < 0.01 for ST101 vs. vehicle control-treated
tumors), and A549 lung carcinoma xenografts treated with 25mg/kg
ST101 five times per week resulted in durable and sustained tumor
regression throughout the 70-day study (Fig. 7H, P < 0.001
for ST101 vs. vehicle control-treated tumors). These data indicate
that ST101 displays antitumor activity across a panel of diverse
xenograft models. In all studies, no significant impact on
body weight was observed (Supplementary Figs. S10C–S10F). As
human and mouse C/EBPb leucine zipper domain have 100%
homology, lack of weight loss in mice suggests that ST101 does
not induce on-target toxicity. Further, ELISA detection of anti-
ST101 antibodies indicate that ST101 is non-immunogenic.
In C57BL/6 mice immunized once weekly with 10 mg/kg ST101
by intravenous injection, no ST101-specific antibody titer was
observed (Supplementary Fig. S13).

Discussion
C/EBPb is an emerging and attractive target that contributes to

tumor cell survival and proliferation. Aberrant expression is reported
in several epithelial tumors such as glioblastoma, where patients with
highest C/EBPb expression are associated with worse outcomes (P ¼
0.011; ref. 14). Various reports indicate that C/EBPb expression is
prognostic of clinical responses inbreast cancer (P¼0.005; refs. 10, 23),
prostate cancer (P < 0.001; ref. 22), ovarian cancer (P ¼ 0.0099), and
renal cell carcinoma (P < 2.4e�12; ref. 17). Here, we describe the C/
EBPb antagonist, ST101, which inhibits C/EBPb DNA binding and
results in targeted C/EBPb proteasomal degradation. ST101 displays
robust in vitro and in vivo antitumor activity in multiple human
xenograft tumor models.

Self-association to form dimers and higher-order oligomers is a
common property of proteins and represents a recurring theme in
biological systems. Several structural and biophysical studies show that
protein dimerization is a key factor in the regulation of enzymes, ion
channels, receptors, and transcription factors (41). Transcription
factors containing bZIP, basic helix-loop-helix (bHLH), MADS box,
or Rel homology domains require noncovalent dimerization to bring
adjacent basic regions that bind DNA together to confer specificity.
Once the dimer is lost, these transcription factors lose the ability to
recognize and bind specific sequences of nucleic acids (41, 42). ST101
was designed based on this premise. Our initial experiments indicate
that ST101 disruption of C/EBPb dimerization impacts C/EBPbDNA
binding. Analytical data confirmed that ST101 disrupts C/EBPb
dimerization and inhibited its activity, as measured by DNA-
binding ELISA. Subsequent RNA-seq analysis confirmed that ST101
significantly impacts gene expression in epithelial tumor cells. GSEAof
these datasets revealed that ST101 exposure impacted genes involved
in cell cycle, transcription factor networks, cell death pathways, and
cancer signaling networks, suggesting the potential of ST101 as a
targeted therapeutic for C/EBPb-driven cancers.

In addition to functionality, dimerization has a fundamental role in
protein stabilization.Monod and colleagues demonstrated that homo-
dimeric protein associations result in closed structures, with an
intrinsic symmetry and enhanced stability (43). Self-association of
nitric oxide synthase provides an example of homodimerization
preventing ubiquitin�proteasomal degradation (44). Similarly, C/EBP
family transcription factors evade ubiquitin–proteasome-mediated
degradation by forming dimers via leucine zipper domain interac-
tions. Deletion of the C/EBPb leucine zipper domain has been
shown to prevent dimerization and enhance degradation (29),
suggesting that the proteasome represents a mechanism for regu-
lating the basal level of intracellular C/EBP proteins. Our experi-
ments investigating ST101 impact on C/EBPb stability revealed that
ST101 accelerated C/EBPb degradation via a ubiquitin-dependent
process. Cycloheximide chase experiments indicate that whereas C/
EBPb protein expression is reduced by greater than 50% after
8 hours in cells where protein synthesis is inhibited, a similar loss
of C/EBPb protein expression is observed after 1 hour in cells
exposed to ST101, and degradation could be attenuated by inhibi-
tion of the proteasome. Despite structural similarity between C/EBP
family members, ST101 binding to C/EBPb appears to be exqui-
sitely specific, as the measured ST101 KD for C/EBPb is approx-
imately 3,000-fold lower than that for C/EBPg . Furthermore, ST101
does not result in proteasomal degradation of C/EBPg at biolog-
ically relevant levels. Thus, antagonists of transcription factor
dimerization present a unique opportunity to specifically degrade
previously undruggable targets such as C/EBPb.

Targeted protein degradation is an alternative to conventional
chemotherapeutics and small molecule-based targeted therapeutics.
Proteolysis-targeting chimera (PROTAC) is a prominent approach,
where a ligand (mostly small-molecule inhibitors) of the protein of
interest is covalently linked to a ligand of an E3 ubiquitin ligase.
Advantages of targeted protein degradation over conventional drugs
include the ability to impact targets harboring mutations leading to its
overexpression, which result in decreased small molecule binding, or
that introduce bypass resistance mechanisms (45). ST101 offers the
unique therapeutic opportunity to induce targeted degradation of C/
EBPb as well as specifically antagonize its interaction with DNA,
suggesting activity even in the absence of the proteasome. Further, as
C/EBPb expression decreases, local ST101 concentration remains
relatively unchanged due to its resistance to proteolytic degradation.
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Thus, we hypothesize that the ratio of ST101 to C/EBPb increases over
time, increasing the rate of ST101 binding to remaining C/EBPb,
further enhancing C/EBPb degradation and allowing for potent ST101
activity even at low concentrations.

Functionally, ST101 displays potent and selective antitumor activity
in vitro and in vivo. ST101 induced dose-dependent cell death across a
panel of tumor cell lines in standard 2-dimensional culture conditions,
with a mean EC50 value of 2.1 � 0.43 mmol/L. In contrast, ST101 did
not significantly impact viability of normal HMECs or PBMCs,
demonstrating tumor cell-specific cytotoxicity. Similar observations
were reported in a Ras-driven skin tumor model, where genetic
inactivation of C/EBPb resulted in synthetic lethality of tumor cells,
whereas normal neighboring cells were not impacted (46). These data
suggest that non-tumor cells that do not rely on C/EBPb-mediated
signals for proliferation and survival are not sensitive to ST101.
Supporting this hypothesis, repeat-dose administration of ST101
resulted in significant antitumor activity in vivo without impacting
body weight or inducing organ toxicity.

With cures remaining scarce in patients with advanced solid
tumors, there is an unmet medical need for more effective and less
toxic therapies. This study provides the First Disclosure of ST101, an
antagonist of the oncogenic transcription factor C/EBPb with signif-
icant and selective antitumor activity. Data presented herein validate
C/EBPb as a bona fide drug target for cancer therapy and demonstrate
that targeted antagonism of C/EBPb with a cell-penetrating peptide
represents a powerful strategy with potential to broadly impact
patients with advanced solid tumors. These data also provide
proof-of-concept support for cell-penetrating peptide approaches to
target previously “undruggable” cancer targets. Based on its significant
preclinical activity, ST101 has advanced into a Phase I/II clinical study
designed to determine the safety, tolerability, PK, PD, and proof-of-
concept efficacy of ST101 in patients with advanced unresectable and
metastatic solid tumors.
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