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Abstract

Purpose: Pancreatic ductal adenocarcinoma (PDA) is a

deadly cancer that is broadly chemoresistant, due in part to

biophysical properties of tumor stroma, which serves as a

barrier to drug delivery for most classical chemotherapeutic

drugs. The goal of this work is to evaluate the preclinical

efficacy andmechanisms of PTC596, a novel agentwith potent

anticancer properties in vitro and desirable pharmacologic

properties in vivo.

Experimental Design: We assessed the pharmacology,

mechanism, and preclinical efficacy of PTC596 in combina-

tion with standards of care, using multiple preclinical models

of PDA.

Results:We found that PTC596 has pharmacologic prop-

erties that overcome the barrier to drug delivery in PDA,

including a long circulating half-life, lack of P-glycoprotein

substrate activity, and high systemic tolerability. We also

found that PTC596 combined synergistically with standard

clinical regimens to improve efficacy in multiple model

systems, including the chemoresistant genetically engi-

neered "KPC" model of PDA. Through mechanistic studies,

we learned that PTC596 functions as a direct microtubule

polymerization inhibitor, yet a prior clinical trial found that

it lacks peripheral neurotoxicity, in contrast to other

such agents. Strikingly, we found that PTC596 synergized

with the standard clinical backbone regimen gemcitabine/

nab-paclitaxel, yielding potent, durable regressions in a

PDX model. Moreover, similar efficacy was achieved in

combination with nab-paclitaxel alone, highlighting a spe-

cific synergistic interaction between two different microtu-

bule-targeted agents in the setting of pancreatic ductal

adenocarcinoma.

Conclusions: These data demonstrate clear rationale for the

development of PTC596 in combination with standard-of-

care chemotherapy for PDA.

Introduction

An estimated 56,770 Americans will be diagnosed with

pancreatic cancer in 2019 and this figure is predicted to rise over

the next decade (1, 2). Pancreatic ductal adenocarcinoma

accounts for approximately 93%of pancreatic tumors but, despite

some measurable progress in recent years, it remains a largely

intractable cancer, with a 5-year survival rate of 8.7% (3). Among

the most remarkable features of PDA is its broad primary resis-

tance to chemotherapy, which is conferred at least, in part, by

properties of the tumor stroma that limit drug delivery (4, 5). We

previously elucidated this concept using the KrasLSL.G12D/þ;

Tp53LSL.R172H/þ; PdxCretg/þ (KPC) mouse (6), a well-validated

genetically engineered model of PDA that recapitulates many of

the features of human pancreatic cancer, including stromal des-

moplasia and chemoresistance (4). Thus, the KPCmouse serves as

a highly stringent system inwhich to test the preclinical efficacy of

novel agents for PDA.

On the basis of our earlier findings, we proposed that drug

development efforts for PDA should focus on agents with a long

half-life and a large therapeutic index (the range of concentrations

between efficacy and toxicity) as a means of improving drug

exposure (4). Unfortunately, most traditional cytotoxic agents

are rapidly cleared from circulation, are acutely toxic to normal

proliferating tissues, are quickly metabolized, or are actively

exported from tumor cells. An informative counterexample is

nab-paclitaxel (Abraxane, Celgene), an albumin-bound form

of the microtubule-stabilizing agent paclitaxel that is FDA

approved in combination with gemcitabine (a deoxycytidine

analogue) for patients with metastatic PDA (7). Nab-paclitaxel

has a terminal half-life of 27 hours in circulation and is less

toxic than unmodified paclitaxel (8). The clinical success of the
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gemcitabine/nab-paclitaxel combination (which now serves as a

standard backbone regimen for new clinical trials) helped to

demonstrate the importance of pharmacology in pancreatic can-

cer drug development.

In the course of our work, we evaluated PTC596 (PTC

Therapeutics, Supplementary Fig. S1), a small-molecule anti-

cancer agent originally identified for its selective activity in cell

lines with high levels of BMI1 protein (9). We found that

PTC596 potently induces mitotic arrest and apoptosis in mul-

tiple PDA cell lines. More unusual, we found that PTC596 has

attractive pharmacologic properties, including a long circulat-

ing half-life, lack of P-glycoprotein (P-gp) substrate activity,

and effective biodistribution into autochthonous pancreatic

tumors. Through a combination of transcriptomic, cellular,

and biochemical studies, we determined that the mechanism

of action of PTC596 is through direct inhibition of tubulin

polymerization, although, in contradistinction to other micro-

tubule-targeted agents (MTA), PTC596 is very well tolerated in

vivo. Critically, intervention studies in multiple preclinical

models, including the genetically engineered KPC model, a

cell line–based xenograft, and a patient-derived xenograft,

demonstrated potent activity of PTC596 in combination with

common backbone regimens for PDA. In particular, combining

PTC596 with gemcitabine/nab-paclitaxel, or even just with

nab-paclitaxel alone, produced frank, durable regressions in

a patient-derived xenograft model of PDA, revealing a syner-

gistic interaction between two distinct MTAs, each possessing

strong pharmacologic properties.

Materials and Methods

Additional details are presented in SupplementaryMaterials for

all experiments.

Animal studies

All animal studies were carried out in accordance with

approved Institutional Care and Use Committee protocols for

Columbia University Medical Center (AC-AAAQ-1415), PTC

Therapeutics, or Champions Oncology (PDX Model).

Cell lines, cell culture, and viability assays

Authenticated human cell lines were purchased from

ATCC, utilized within 30 cumulative passages of initial pur-

chase. Murine KPC lines were generated previously by KPO and

used within 30 cumulative passages. J1002 cells were generated

by JAE from KPFBR mice and used within 15 cumulative

passages. All cell lines consistently tested negative for Myco-

plasma throughout the period of experimentation using the

MycoAlert Mycoplasma Detection Kit (Lonza). Cells were cul-

tured in DMEM þ 10% FBS with penicillin/streptomycin.

Proliferation and dose–response curves were performed in

96-well plates, with viability measured by AlamarBlue (Bio-

Rad) according to standard protocols. All assays were carried

out in at least triplicate with 4–8 technical replicates per

treatment group, per experiment. Colony formation assays

were performed according to standard protocols, with 3,000

cells per 6-well for murine cells and 5,000 cells per 6 wells for

human cells, in triplicate.

Flow cytometry

For cell-cycle analysis, log-growth phase cells were treated

with agents as indicated, harvested, fixed in cold 70% ethanol,

resuspended in PBS þ 2% FBS þ 3 mmol/L DAPI or 0.25 mg
7-AAD, and analyzed using a MACSQuant Analyzer 10 (Milte-

nyi Biotec) or BD LSRII. Data were analyzed using FlowJo

software. For intracellular proteins, experimental conditions

were similar, but cells were fixed/permeabilized using the

eBioscience Foxp3/Transcription Factor Staining Buffer Set

(Thermo Fisher Scientific, 00-5523-00), blocked with Fc Block

(BD Biosciences, 564220), and stained with anti-PH3 (BioLe-

gend, 650805), analyzed on a BD Fortessa, and analyzed by

FlowJo. Active caspase-3 was performed according to manu-

facturer's instructions (Abcam, ab65613).

Western blotting

Western blotting was performed according to standard proce-

dures using the following antibodies: Bmi1 (Cell Signaling Tech-

nology #5856, 1:1,000), Vinculin (Cell Signaling Technology

#4650S, 1:1,000), b-tubulin (Cell Signaling Technology

#2146S, 1:1,000), and anti-rabbit IgG,HRP-linked antibody (Cell

Signaling Technology, #7074, 1:5,000).

P-glycoprotein substrate activity experiment

MDCKII-mdr1 and MDCKII-wt cells were purchased from the

Netherlands Cancer Institute (NKI-AVL, Amsterdam, the Nether-

lands). Cells were cultivated in DMEM þ FBS þ 1% penicillin/

streptomycin, and used between passages 3 and 9. Cells were

plated for 4 hours, treated as indicated, and viability measured

using Cell Titer-Glo (Promega).

RNA sequencing

Illumina Tur-Seq RNA libraries were prepared from poly-A

enriched mRNA and sequenced on an Illumina HiSeq 4,000 to

30 million 100-bp single reads. Reads were mapped to (NCBI/

build 37.2) using the STAR aligner (version 2.4.2; ref. 10) and

were quantified at the gene level using the summarizeOverlaps

function from the R package "GenomicAlignments" (11) with

information on gene annotations from the R package "TxDb.

Hsapiens.UCSC.hg19.knownGene" (12). RNA-seq data were

deposited to GEO (ID: GSE118441).

Translational Relevance

Pancreatic ductal adenocarcinoma (PDA) is responsible for

more than 44,000 deaths per year in the United States. It is

characterized by broad primary chemoresistance conferred, in

part, by biophysical properties of the tumor stroma that

interfere with drug delivery. Here we present and characterize

PTC596, a novel microtubule polymerization inhibitor that

demonstrates unusually promising pharmacologic properties

that bypass this barrier to drug delivery. Using multiple

preclinical models, we demonstrate effective delivery of

PTC596 to pancreatic tumor tissues, excellent tolerability, and

significant preclinical efficacy in combination with standard

therapies. In particular, PTC596 synergized potently with the

nab-paclitaxel, a microtubule-stabilizing agent used in com-

bination with gemcitabine, providing strong evidence for

combining these two distinct classes of microtubule-

targeted agents in patients with PDA.

Microtubule Inhibition Synergizes in Pancreatic Cancer
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Expression analysis

Differential gene expression was performed using the voom-

limma framework (13). Single-sample GSEA: gene set variation

analysis was performed in R according to default parameters (14).

Cell-free tubulin polymerization assay

Assay was performed using the fluorescence-based tubulin

polymerization assay kit from Cytoskeleton (#BK011P), accord-

ing to instructions. Polymerization rates (fluorescence units/min-

ute) were determined by measuring the maximal slope (by linear

regression) of the linear portion of the growth phase of the

polymerization curve.

Analysis of free tubulin content

Free versus polymerized tubulin was measured using the

Microtubule/Tubulin In Vivo Assay Biochem Kit (Cytoskeleton,

#BK038).

Immunocytochemistry

Cells were seeded onto acid-washed, poly-L-lysine coated glass

coverslips in 12-well plates. At midconfluency, cells were then

treated as indicated for 24 hours, washed with TBS, and extracted

with Brinkley Buffer 1980 for 30 seconds. Cells were fixed for 20

minutes in 4% formaldehyde, 10 mmol/L MES pH 6.1, 138

mmol/L KCl, 3 mmol/L MgCl2, 2 mmol/L EGTA, 0.32 mol/L

sucrose. After fixation, cells were washed with TBS and then

blocked in TBS-T (0.1% Triton-X) þ 2% BSA þ 22.52 mg/mL

glycine for 30 minutes, followed by an overnight incubation in

primary antibody (Abcam179513, 1:1000) at 4�C and then

secondary antibody for 1 hour at room temperature (Life Tech-

nologies, A11012, 1:500). Cells were counterstained with DAPI

before mounting. Confocal imaging was performed using an A1

laser scanning confocal attachment on an Eclipse Ti microscope

stand using a 60�/1.49 ApoTIRF oil-immersion objective and

standard lasers and filter sets (Nikon Instruments).

Animal breeding and genotyping

Genetically engineeredmodels were generated by intercrossing

strains as listed in Supplementary Methods, with genotyping

performed by Transnetyx. Strains were of mixed genetic back-

ground. Studies utilized both male and female animals. Animals

were provided standard chow and housed under a 12-hour light/

dark cycle.

Capan1 xenograft intervention study

Seven-week-old NCr nu/nu athymic nudemice were inoculated

subcutaneously with 5� 106Capan-1 cells suspended inMatrigel

(N ¼ 10/group). When the mean tumor volume was approxi-

mately 212 mm3, mice were randomized to treatment with:

vehicle, PTC596 [12.5 mg/kg, twice per week (b.i.w.), orally],

gemcitabine (100mg/kg, b.i.w., i.p.), or full-dose combination of

PTC596þ gemcitabine. At day 45, dosingwas stopped. Length (L)

and width (W) diameters of tumors were measured using digital

calipers and mice were weighed twice per week. Tumor volume

was calculated as (L � W2)/2.

PDX model intervention study

Study was performed by Champions Oncology. Early-

passage tumor fragments from Champions model CTG-1462

were implanted subcutaneously in nu/nu mice and then ran-

domized to a treatment arm once tumors reached 150–300

mm3. Mice (n ¼ 5/group) were treated on one of seven arms:

vehicle, gemcitabine [50 mg/kg, once per week (q.w.), i.p.],

nab-paclitaxel (10 mg/kg, i.v., q.w.�3), PTC596 (12.5 mg/kg,

b.i.w.�4, p.o.), or full-dose combinations of the agents. End-

points were when a tumor reached 1,500 mm3 or after 90 days

on study. Length (L) and width (W) diameters of tumors were

measured using digital calipers and mice were weighed twice

per week. Tumor volume was calculated as (L � W2)/2.

KPC intervention/survival study

Tumor formation in KPC mice was monitored by weekly

palpation until the detection of a mass. Upon positive palpation,

the mass was monitored by twice weekly ultrasound (15) until

the tumor reached an enrollment size of 4–7 mm average diam-

eter. After enrollment, KPC mice were randomized to vehicle,

PTC596 (17mg/kg, orally, b.i.w.), gemcitabine alone (100mg/kg,

i.p., b.i.w.), or PTC596 þ gemcitabine.

Measurement of PTC596 levels in plasma and tissue samples

Concentrations of PTC596 in samples were quantified using

high-performance LC/MS-MS.

Survival data synergy analysis

To test for synergy between gemcitabine and 596 treatments in

the KPC intervention study, we generated a regression model for

logarithm-transformed survival times from mice treated with

vehicle, gemcitabine, PTC596, and an interaction term for gem-

citabine þ PTC596. The significance of the gemcitabine:PTC596

interaction term tests the single-tailed deviation of the combina-

tion arm from the additive effects of each agent alone.

IHC

Immunohistochemistry (IHC)was performed according to stan-

dardprotocols. Slideswere blocked for 1 hour at roomtemperature

in TBS-T (0.1% Tween20) þ 1.5% normal horse serum (Vector

Laboratories, S-2000) þ 2% Animal Free Blocker (Vector Labora-

tories, SP-5030). Primary antibodies were diluted in blocking

solution and incubated overnight at 4�C at the indicated concen-

trations and then developed using the ImmPRESS and ImmPACT

Kits (Vector Laboratories). PH3 (#9701, 1:100) and CC3 (#9664S,

1:100) were from Cell Signaling Technology;.

Results

PTC596 induces mitotic arrest and apoptosis in PDA cell lines

On the basis of our initial interest in the potential role of BMI1

in pancreatic cancer (16), we assessed the effects of PTC596 on the

viability of PDA cell lines. We treated three human PDA lines

(Aspc1, Mia PaCa-2, and Panc1) with PTC596 or vehicle and

found that the agent potently reduced cell viability over the course

of 96 hours in all cell lines (Fig. 1A; Supplementary Fig. S2A). The

cytotoxicity of PTC596was confirmed in colony formation assays

on the same lines (Supplementary Fig. S2B). Next, we performed

cell-cycle analysis using intracellular 7-AAD staining and found

that PTC596 induced a G2–M arrest, similar to the antimitotic

agent nocodazole (Fig. 1B and C; Supplementary Fig. S2C). Flow

cytometry for the M-phase marker phospho-histone H3 (PH3)

demonstrated an accumulation of PDA cells specifically inmitosis

following PTC596 treatment (Fig. 1D and E; Supplementary Fig.

S2D). These data demonstrate that PTC596 acts as a potent

inducer of mitotic arrest in multiple PDA cell lines.

Eberle-Singh et al.
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Figure 1.

PTC596 inhibits proliferation of PDA cell lines by inducing G2–M arrest, polyploidy, and ultimately cell death. A, Relative Aspc1 cell viability over 96 hours

following treatment with vehicle or indicated concentrations of PTC596. Asterisks indicate significance at final timepoint. B, Representative histograms of DNA

content, measured by flow cytometry for 7-AAD fluorescence, from Aspc1 cells treated for 24 hours with vehicle or PTC596. C, Percent of Aspc1 cells in G0–G1

phase, S-phase, and G2–M phase following 24 hours treatment with vehicle (DMSO), PTC596 (0.1 mmol/L, 1.0 mmol/L), 0.1 mmol/L nocodazole (NOC, positive

control). x2 test with multiple hypothesis correction for indicated comparisons, with P values integrated across the three experiments by Stouffer method.

D, Representative flow cytometry scatter plots of phosphorylated histone H3 (PH3) expression versus DNA content (DAPI) in Aspc1 cells treated with vehicle or

PTC596 for 24 hours. E, Percent of Aspc1 cells in mitosis (PH3þ/4N DNA content) after treatment for 24 hours with DMSO, PTC596, or 0.1 mmol/L nocodazole

(NOC). F, Representative histograms of DNA content measured by DAPI fluorescence in Aspc1 cells treated with vehicle or PTC596 at the indicated timepoints.

G, Percent of Aspc1 cells with DNA content >4N after treatment with DMSO or PTC596 at indicated timepoints. Two-way ANOVA, paired by experiment, with

Dunnett multiple comparisons test for treatment groups compared with control within each timepoint.H, Representative flow cytometry scatter plots showing

induction of apoptosis in Aspc1 cells following treatment with DMSO for 24 hours, or 1.0 mmol/L PTC596 at 24, 48, and 72 hours. Unfixed cells were stained for

active caspase-3 and DAPI to distinguish viable cells (bottom left) from early apoptosis (top left), late apoptosis (top right), and necrosis (bottom right). I, Total

apoptotic Aspc1 cells (active caspase 3þ) were quantified for DMSO or PTC596 at each timepoint. Unless otherwise noted, statistical comparisons used a one-

way ANOVA, paired by experiment, with Dunnett correction for multiple comparisons for treatment groups compared with control. Error bars depict SEM over n

¼ 3 biological replicates in each experiment (� , P < 0.05; ��, P < 0.005; ��� , P < 0.001; ���� , P < 0.0001).

Microtubule Inhibition Synergizes in Pancreatic Cancer
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The mitotic checkpoint exists to ensure that chromosomes are

appropriately attached tomicrotubules prior to cell division (17).

If the triggering stress is not resolved, prolongedmitotic arrestmay

result in apoptosis or, alternatively, progression into a pseudo-G1

phase in the absence of cytokinesis. Particularly, in the context of

p53 mutations, this can lead to cell-cycle reentry and eventual

polyploidization through the process of endoreduplica-

tion (18, 19). As p53 is mutated in approximately 78% of human

ductal adenocarcinomas (20), we examinedDNA content in three

p53-mutant human PDA lines following treatment with PTC596.

Over the course of 72 hours, we observed a progressive increase in

DNA content, eventually leading to >60% of cells bearing >4N
DNA content (Fig. 1F and G; Supplementary Fig. S3A and S3B).

This was accompanied by increased levels of apoptosis that

progressively increased over the same timeframe in all three lines,

as measured by the caspase-activated probe FITC-DEVD-FMK

(Fig. 1H and I). Thus, PTC596 induces responses in pancreatic

tumor cell lines consistent with prolonged mitotic checkpoint

activation, including polyploidization and cell death.

PTC596 has favorable pharmacologic properties

Many candidate anticancer agents demonstrate promising

activity in vitro, but are either too toxic or have poor pharmaco-

logic properties when administered in vivo–problems that are

compounded by the characteristic hypoperfusion of ductal pan-

creatic tumors (4). Prior work in xenograft models of acute

myeloid leukemia (AML) suggested that PTC596 is generally well

tolerated (21), but its delivery to solid tumor tissues has not been

assessed. In anticipation of studies in the KPC model, we treated

5 PC mice per timepoint (p53LSL.R172H/þ; Pdx1Cretg/þ – KPC

littermates that are phenotypically normal) with a single oral

dose of 10 mg/kg PTC596 and examined circulating drug levels

over a period of 48 hours (Fig. 2A). After 7 hours, plasma

concentrations of PTC596 peaked at 8.9 mg/mL and then dimin-

ished over the course of 2 days, yielding a terminal half-life of

approximately 15 hours, which compares favorably with the

pharmacokinetics of other traditional cytotoxic agents. Thus,

PTC596 persists in circulation for sufficient time to potentially

equilibrate within poorly perfused pancreatic tumors.

In addition to imposing biophysical constraints on drug deliv-

ery, tumor cells can actively pump out many chemotherapeutic

drugs via the multidrug transporter P-glycoprotein (P-gp). We

examined the impact of P-gp expression and inhibition on drug

sensitivity by using a congenic pair of cell lines (MDCK-WT and

MDCK-PGP) with or without overexpression of human ABCB1

(the gene encoding P-gp) and cotreating with the P-gp inhibitor

Valspodar. We measured the viability of these cell lines over

72 hours in response to increasing concentrations of PTC596 or

other agents, in the presence or absence of Valspodar (Fig. 2B and

C). For several chemotherapeutic agents known to be P-gp sub-

strates, including vinblastine and paclitaxel, overexpression of P-

gp increased the CC50 by 10–30 fold, an effect that was fully

reversed by cotreatmentwith Valspodar. In contrast, both PTC596

and its analogue PTC028 (22) were fully unaffected by P-gp

overexpression or inhibition, indicating that these agents are not

susceptible to this multidrug resistance mechanism.

To directly assess the delivery and accumulation of PTC596 to

pancreatic tumor tissues, we performed a short-term study in

pancreatic tumor-bearing KPCmice following administration of a

single dose of 17 mg/kg PTC596. After 24 hours, tissues were

harvested, frozen, extracted, and analyzed by mass spectrometry

(Fig. 2D). Prior studies have shown that pancreatic tumor stroma

limits the accumulation of other chemotherapeutic agents relative

to normal tissues (4, 23). In contradistinction, PTC596 was

effectively delivered to pancreatic tumor tissues, achieving levels

comparable with those observed in quadriceps muscle, spleen,

and brain tissues. Higher levels were detected in liver and kidney

tissues, the primary routes of clearance for PTC596. We next

examined whether cotreatment with gemcitabine altered the

delivery of PTC596 to tissues, using a similar study design in the

related KPfl/flC (KrasLSL.G12D/þ; p53fl/fl; Pdx1-Cretg/þ) model, and

found no effect of gemcitabine on the pharmacology of PTC596

(Fig. 2E). Together, these data demonstrate that PTC596 can be

effectively distributed into PDA tissues, alone and in combination

with gemcitabine, despite the unique biophysical constraints on

drug delivery to pancreatic tumors.

Having established the effective delivery of PTC596 to tumor

tissues, we next examined the pharmacodynamic response of

murine pancreatic tumors to PTC596. We began by confirming

that PDA cells derived from the KPC model behave similarly to

human PDA cells in response to treatment with PTC596 (Sup-

plementary Fig. S4). We then evaluated the impact of PTC596 on

mitotic arrest in vivo by measuring expression of the mitotic

protein Cyclin B1 in tumors from KPfl/flC mice. We performed

a second short-term intervention study in tumor-bearing KPfl/flC

mice (n ¼ 3), this time acquiring a pretreatment biopsy by

abdominal laparotomy (24) and then treating with 10 mg/kg

PTC596 on days 0, 2, 4. On day 5, the mice were euthanized and

tissues harvested, 24 hours after the final dose (Supplementary

Fig. S5A).Western blotting forCyclin B1was performedon lysates

from paired pre- and posttreated tumor samples (Fig. 2F). Cyclin

B1 protein levels were significantly increased in posttreatment

samples relative to pretreatment samples, indicating that the

delivery of PTC596 to tumor tissues was sufficient to induce a

pharmacodynamic response in vivo.

Finally, we assessed the tolerability of prolonged treatment

with PTC596 in combination with gemcitabine, using KC

mice (KrasLSL.G12D/þ; Pdx1-Cretg/þ) as surrogates for the KPC

model. We found that these mice tolerated up to 17 mg/kg

PTC596 (orally, q.w.) in combination with 100 mg/kg gemcita-

bine (i.p., b.i.w) for at least 1 month (Fig. 2G). Together, these

data demonstrate that PTC596 is a well-tolerated agent with a

prolonged half-life and effective biodistribution that induces an

acute pharmacodynamic response in pancreatic tumor tissues.

PTC596þ gemcitabine exhibit activity in preclinical models of

pancreatic cancer

To begin to assess the preclinical efficacy of PTC596, we

generated cell line–based xenografts from Capan-1 human PDA

cells implanted subcutaneously in nu/nu mice. One week after

implantation, when the implanted tumors had reached approx-

imately 200mm3,micewere randomized to oneof four treatment

arms: vehicle, PTC596 alone at a submaximal dose for this strain

(12.5 mg/kg, b.i.w., orally), gemcitabine (40 mg/kg, b.i.w., i.p.),

or both agents combined (N ¼ 10/group). Over the course of

45 days, we found that PTC596 slowed tumor growthmodestly as

a monotherapy (Fig. 3A), and induced transient regressions in

combination with gemcitabine. Both regimens were well tolerat-

ed as evidenced by longitudinal weight measurements (Fig. 3B).

Next, to evaluate the activity of PTC596 in a more physiolog-

ically accurate model, we carried out an intervention/survival

study in the KPC genetically engineered mouse model. Nascent

Eberle-Singh et al.
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Figure 2.

PTC596 has properties favorable for in vivo administration.A, Plasma levels of PTC596 as measured by mass spectrometry at baseline, or 2, 4, 7, 24, or 48 hours

follwing a single oral dose of PTC596 (10 mg/kg). Error bars, SD. n¼ 5mice per time point. B, Ratio of CC50 values for PTC596 treatment of MDCK-P-gp versus

MDCK-WT cells. C, Viability dose–response curves of the indicated drugs for MDCK-WT (red) and MDCK-P-gp (blue) cells, alone (solid lines) or cotreated with

the P-gp inhibitor Valspodar (dashed lines).D,Mass spectrometry measurements of PTC596 concentrations in tumor and normal tissues from six KPC, 24 hours

following a single oral dose of PTC596 (17 mg/kg). E, PTC596 concentrations in plasma (Plsm), quadriceps (Quad), and PDA tissues from KPf/fCmice, 24 hours

post a single oral dose of PTC596 (10 mg/kg), alone or in combination with gemcitabine (100 mg/kg). F, Left, Western blot analysis for CYCLIN B1 on tumors

from KPfl/flCmice treated with 10 mg/kg PTC596 alone (n¼ 3). Tumor biopsy samples (Bx) were acquired by abdominal laparotomy 48 hours prior to first dose,

and compared with samples acquired at necropsy (Nx) 24 hours after the third dose. Right, quantification of CYCLIN B1 (CycB1) from the left, normalized to

VINCULIN (Vinc). � , P < 0.05 by paired t test.G, Body weights of KCmice treated for 30 dayswith PTC596 (q.w., orally) in combination with gemcitabine

(100 mg/kg, b.i.w., i.p.). PTC596 was administered at 13 mg/kg, 15 mg/kg, or 17 mg/kg. Brn, brain; Kdny, kidney; Lvr, liver; Spln, spleen.

Microtubule Inhibition Synergizes in Pancreatic Cancer

www.aacrjournals.org Clin Cancer Res; 25(18) September 15, 2019 5553

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

5
/1

8
/5

5
4
8
/2

0
5
5
0
9
9
/5

5
4
8
.p

d
f b

y
 g

u
e

s
t o

n
 2

8
 A

u
g

u
s
t 2

0
2
2



autochthonous pancreatic tumors were identified and measured

by high-resolution 3D ultrasound (15) and the volume of each

tumor was tracked longitudinally during treatment (Supplemen-

tary Fig. S5B). Mice were randomized to one of four treatment

arms: vehicle, PTC596 alone (17 mg/kg, b.i.w., orally), gemcita-

bine (100mg/kg, b.i.w., i.p.), or PTC596þ gemcitabine (full-dose

combination); this regimen was well-tolerated in tumor-bearing

KPC mice (Fig. 3C). Strikingly, while neither PTC596 nor gemci-

Figure 3.

Combinatorial efficacy of PTC596 with gemcitabine in preclinical models of PDA. A, nu/nu mice bearing Capan-1 xenograft tumors were treated with vehicle,

PTC596 (12.5 mg/kg, b.i.w.), gemcitabine (40mg/kg, b.i.w.), or PTC596þ gemcitabine for 45 days. Tumor volumes were measured twice per week. Bars, SD.

N¼ 10 mice per treatment group. B, Body weights frommice in A are plotted as percent original body weight. Bars, SD. C, Body weights of KPCmice treated

with 596/gemcitabine shows the regimen is well tolerated until mice succumb to disease. D, Survival of KPCmice treated with vehicle (veh), gemcitabine

(gem, 100 mg/kg, b.i.w.), PTC596 (596, 17 mg/kg, b.i.w.), or PTC596þ gemcitabine (596/gem). Median overall survival of the 596/gemcitabine armwas

33.5 days versus 11, 12.5, and 12.5 for the remaining arms. N¼ 10 mice/treatment arm. Significant pairwise comparisons indicated (log-rank test). E, Tumor growth

rates calculated from longitudinal tumor volumes. Statistical comparisons show one-way ANOVAwith Sidak correction for the indicated pairs. F,Quantification

of IHC for phosphorylated Histone H3 (PH3) performed on KPC intervention study tumors following necropsy. Plots show average positive cells per 40� field

over 10 fields per tumor. Bars, SEM. One-way ANOVAwith Sidak correction. G,Quantification of IHC for cleaved caspase-3 (CC3) performed on KPC intervention

study tumors following necropsy. Plots show average positive cells per 40� field over 10 fields per tumor. Bars, SEM. One-way ANOVAwith Sidak correction

(� , P < 0.05; �� , P < 0.005; ��� , P < 0.001; ���� , P < 0.0001).

Eberle-Singh et al.

Clin Cancer Res; 25(18) September 15, 2019 Clinical Cancer Research5554

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

5
/1

8
/5

5
4
8
/2

0
5
5
0
9
9
/5

5
4
8
.p

d
f b

y
 g

u
e

s
t o

n
 2

8
 A

u
g

u
s
t 2

0
2
2



tabine alone impacted survival, we found that the two agents

synergistically increased overall survival bymore than 3-fold over

vehicle-treated animals (P ¼ 0.033 for interaction term of a Cox

proportional hazards model; Fig. 3D). Using longitudinal 3D

ultrasound data, we reconstructed growth curves for each tumor

over time and found that while PTC596 þ gemcitabine did not

induce tumor regressions, the combination durably reduced

tumor growth rate (Supplementary Fig. S5C and S5D). Using a

published algorithm (25), wemodeled the growth/decay kinetics

of each tumor and found that PTC596 reduced tumor growth rate

both in combination with gemcitabine, and also as a monother-

apy (Fig. 3E; Supplementary Fig. S5E). Examination of liver

sections revealed no significant difference in the fraction of

animals free of metastasis following treatment (Supplementary

Fig. S5F).

We next assessed whether PTC596 inducedmitotic arrest in the

KPC tumors using IHC for phospho-HistoneH3(PH3).We found

that PH3 was significantly elevated in the PTC596 monotherapy

group compared with vehicle (Fig. 3F), consistent with an

increasedmitotic fraction (Supplementary Fig. S6A–S6D). A trend

toward increased PH3 staining was also observed in the combi-

nation treatedmice;we speculate that the inductionofG1 arrest by

gemcitabine reduces the fraction of cells arrested in mitosis,

consistent with the overall lower growth rate of tumors treated

with PTC596 þ gemcitabine.

Finally, we performed IHC for the apoptotic marker cleaved

caspase-3 (CC3) on the same endpoint tumor samples. While

noneof the treatments significantly elevated theoverall fraction of

CC3-positive cells (Fig. 3G), half of the tumors in the PTC596/

gemcitabine group exhibited elevated levels of apoptosis relative

to vehicle-treated tumors (Supplementary Fig. S6E and S6F). This

finding is notable given that the samples were collected at end-

point when the tumors have largely escaped the initial effects of

drug treatment. Together, these findings demonstrate that

PTC596 can contribute to an effective anticancer response in

models of PDA, particularly as part of a combination regimen

with a standard-of-care agent.

PTC596 functions independent of Bmi1 in PDA cells

PTC596 was previously reported to be a BMI1 inhibitor (21).

However, the induction of mitotic arrest by PTC596 in multiple

cell lines (Fig. 1) contrastswith thefindings of several prior studies

in which silencing of Bmi1with shRNAs ormiRNAs was shown to

induce a G1 arrest (26–30). In both human PDA and AML (21)

cell lines, PTC596 treatment was associated with hyperphosphor-

ylation of BMI1 (Fig. 4A and B), suggesting the possibility that

modulation of BMI1 is a component of the mechanism of action

of PTC596. Incidentally, we noted that nocodazole, a chemical

that induces mitotic arrest through inhibition of tubulin poly-

merization, also induces BMI1 hyperphosphorylation (Fig. 4A).

Indeed, BMI1 was previously reported to be phosphorylated and

dissociated from chromatin during mitosis, indicating that BMI1

phosphorylation is cell-cycle–dependent (31). Thus, PTC596may

impact BMI1 as an indirect consequence of inducing mitotic

arrest; however, the functional role of BMI1 in the activity of

PTC596 is uncertain.

To directly assess the role of Bmi1 in PTC596 activity, we used a

dual recombinase strategy to generate KrasFSF.G12D/þ; Tp53R172H/

þ; Pdx1-FlpOtg/þ;Bmi1fl/fl;Rosa26CreERT2/þ (KPFBR)mice, inwhich

the Bmi1 gene can be acutely deleted in the context of Kras/p53–

mutant pancreatic tumors (see Materials and Methods). We

derived a PDA cell line (J1002) froman autochthonous pancreatic

tumor arising in a KPFBR mouse, and treated it in vitro with

4-hydroxy-tamoxifen or vehicle, yielding congenic lines that were

wild-type (J1002VEH) or null (J1002TAM) for Bmi1 (Fig. 4C and

D). We then treated each line with PTC596 and examined cell

viability over the course of 96 hours. Notably, Bmi1 deletion in

J1002 cells did not impact the ability of PTC596 to inhibit cell

proliferation (Fig. 4E and F) or induce mitotic arrest (Fig. 4G and

H). These studies indicate that the antiproliferative effects of

PTC596 in pancreatic tumor cells are not dependent on the

function of BMI1.

PTC596 inhibits microtubule polymerization

To learn more about the impact of PTC596 on PDA cells, we

performed RNA sequencing on Aspc1 cells treated with either

DMSO or 1.0 mmol/L PTC596 for 8, 16, and 24 hours. Integrating

the data from experimental and control samples across all three

timepoints, we found that genes differentially expressed between

PTC596 versus DMSO-treated cells were strongly enriched in

mitotic processes and depleted in processes associated with S-

phase or theG1–S transition (Supplementary Fig. S7A).Moreover,

PTC596 treatment led to significant downregulation of multiple

a- and b-tubulin genes (Fig. 5A). Indeed, tubulin genes accounted

for 8 of 10 of the most downregulated genes in response to

PTC596 treatment. Tubulin gene transcripts are subject to tight

autoregulation based on the abundance of free tubulinmonomer,

which increases following inhibition of tubulin polymeriza-

tion (32). Thesefindings led us to hypothesize that PTC596might

function as a microtubule polymerization inhibitor.

We first tested this hypothesis through ultracentrifugation of

protein lysates from vehicle or PTC596-treated Aspc-1, Mia PaCa-

2, and Panc1 cells. In this assay, large polymerized microtubules

pellet at low speeds (5,000� g), whereas free tubulin monomers

remain in the supernatant even following high-speed ultracen-

trifugation (100,000 � g). Visualization of tubulin fractions by

Western blotting demonstrated that PTC596 treatment led to a

near-complete loss of polymerized microtubules, similar to the

effects of colchicine, a well-known microtubule polymerization

inhibitor (Fig. 5B; Supplementary Fig. S7B). Consistent with this

finding, we observed a striking loss of polymerized microtubules

in three different human PDA lines following PTC596 treatment,

as visualized by b-tubulin immunofluorescence, with the few

remaining microtubules assuming an altered, irregular pattern

(Fig. 5C and D; Supplementary Fig. S7C).

Microtubule polymerization is facilitated and regulated by

numerous cellular proteins (33). To determine whether PTC596

directly affects microtubule polymerization, we carried out a

biochemical polymerization assay using >99% purified tubulin

andGTP in a reaction buffer.We assessed the impact of PTC596 in

this cell-free assay at multiple concentrations. Notably, we found

that PTC596 inhibited tubulin polymerization in a dose-

dependent manner, similar to colchicine, whereas paclitaxel, a

microtubule-stabilizing agent, accelerated polymerization kinet-

ics (Fig. 5E and F). These findings demonstrate that PTC596

functions as a direct inhibitor of microtubule polymerization.

The preclinical efficacy of PTC596 in PDA is synergistic with

gemcitabine/nab-paclitaxel

PTC596 and nab-paclitaxel appear to share several similarities.

Both are MTAs with attractive pharmacologic properties and both

combine effectively with gemcitabine in the treatment of PDA, at

Microtubule Inhibition Synergizes in Pancreatic Cancer
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Figure 4.

The activity of PTC596 is independent of BMI1 in PDA cells. A,Western blots showing BMI1 levels in Aspc1, MiaPaCa-2, and Panc1 cells treated for 24 hours with

vehicle (VEH), 0.1 mmol/L nocodazole (NOC), 0.1 mmol/L 596 (0.1), or 1.0 mmol/L 596 (1.0) relative to Vinculin (VINC) loading control. Both PTC596 and

nocodazole induce accumulation of a lower mobility band. B, Treatment of HT1080 protein lysates with l phosphatase demonstrates that the lower mobility

band induced by PTC596 is due to phosphorylation. C, PCR showing Bmi1 deletion in J1002 cells following treatment with tamoxifen. Top band represents floxed

allele. Bottom band represents recombined allele after treatment. VEH, cells treated with 0.02% ethanol for 72 hours; TAM, cells treated with 5 mmol/L tamoxifen

for 72 hours; NEG, no DNA. POS, DNA from kidney tissue of a KPFBRmouse treated with tamoxifen. D,Western blot showing loss of BMI1 protein expression in

J1002TAM cells. E, Relative viability of J1002VEH and J1002TAM cells treated with vehicle, 0.1 mmol/L 596, or 1.0 mmol/L 596 over 96 hours. Bars, SEM, N¼ 3

biological replicates, one-way ANOVAwith Dunnett correction comparing treatment groups with VEH. F, Dose–response curves for J1002VEH and J1002TAM

cells treated with PTC596 for 72 hours. Viable cells quantified at endpoint by AlamarBlue. Bars, SEM, N¼ 3 biological replicates. DNA content flow cytometry for

J1002VEH cells (G) and J1002TAM cells (H). Left, Representative DNA histograms for cells treated for 24 hours with vehicle (VEH) or 1.0 mmol/L PTC596. Right,

Percent of cells in G0–G1 phase, S-phase, G2–M phase for cells treated for 24 hours with vehicle (VEH) or 1.0 mmol/L PTC596 (596). Bars, SEM, N¼ 3 biological

replicates, t test withWelch correction. For all panels, � , P < 0.05; �� , P < 0.005; ���, P < 0.001; ���� , P < 0.0001.
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Figure 5.

PTC596 directly inhibits tubulin polymerization and synergizes with nab-paclitaxel in vivo.A, Plot of differentially expressed genes measured by RNA-seq on

ASPC1 cells treated with DMSO or 1 mmol/L PTC596, integrated over 8, 16, and 24 hour timepoints. Subsets of downregulated (green) and upregulated (orange)

genes in cells treated with PTC596 are indicated. B, RepresentativeWestern blot analysis from Aspc1 cells treated with vehicle (VEH), 3.0 mmol/L PTC596 (596),

1.0 mmol/L colchicine (COL), or 1.0 mmol/L paclitaxel (TAX) for 2 hours. After treatment, cell lysates were fractionated by centrifugation to separate free tubulin

frommicrotubules. LSP, low speed pellet (1,000� g, 5 minutes); HSP, high speed pellet (100,000� g, 1 hour); HSS, high speed supernatant (100,000� g, 1

hour). Representative immunofluorescence images of Aspc1 cells treated with vehicle (C) or PTC596 (D) for 24 hours. b-Tubulin is shown in black and DAPI in

blue. N¼ 3 biological replicates. Scale bar, 20 mm. E, Cell-free tubulin polymerization assay showing the ability of PTC596 to directly inhibit polymerization of

free tubulin. F,Maximal slope (fluorescence units/minute¼ polymerization rate) of three independent replicates of experiment in E shows that PTC596

significantly decreased the polymerization rate of tubulin, similar to colchicine (COL) and opposite of paclitaxel (TAX). Bars, SEM, one-way ANOVAwith Dunnett

correction for treatment groups compared with VEH. ��� , P < 0.001; ���� , P < 0.0001.G, Average tumor volumes over time of subcutaneous patient-derived

xenografts derived from a human PDA for the indicated treatment groups. Bars, SEM, N¼ 5 tumors per group. Selected two-way ANOVA comparisons indicated

(ns, not significant; ���� , P < 0.0001). H, Percent of initial body weight over time for the mice from G.
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least in a preclinical setting. However, nab-paclitaxel is already

clinically approved in combination with gemcitabine for the

treatment of metastatic PDA, and now serves as a prominent

backbone regimen for clinical trials of new investigational agents.

Given this clinical landscape, is there a rationale for adding a

microtubule polymerization inhibitor to a regimen that already

includes a microtubule-stabilizing agent?

Combinations of multiple MTAs have been explored clinically

in several cancers, particularly in breast cancer where the combi-

nation of vinorelbine þ paclitaxel was found to be tolerable and

have promising efficacy in a phase II trial of second-line patients

with advanced disease (34). However, multi-MTA regimens have

not been explored in the context of PDA. We therefore carried out

a 7-arm intervention study using a PDA patient-derived xenograft

model, evaluating all combinations of gemcitabine, nab-pacli-

taxel, and PTC596 (n ¼ 5 per arm). As expected, pairing gemci-

tabine with nab-paclitaxel slowed tumor growth to a greater

degree than either agent alone (Fig. 5G), and this was reflected

in growth constants derived from their respective tumor volume

curves (Supplementary Fig. S7D). In this model, PTC596 exhib-

ited similar anticancer activity to nab-paclitaxel, both as a mono-

therapy and in combination with gemcitabine. Strikingly, the

triple combination of gemcitabine/nab-paclitaxel/gemcitabine

had a remarkable effect on the viability of this PDX model,

producing sizeable and durable regressions in all 5 animals

evaluated, including one complete response (Supplementary Fig.

S7E and S7F). The induction of tumor regressions was evident in

our modeling of tumor volume kinetics, which produced a decay

term for all 5 animals, 3 of which had no associated growth term.

Moreover, the increased efficacy of this regimen was achieved

without a measurable impact on tolerability, as evidenced by

longitudinal weight measurements (Fig. 5H). Unexpectedly, we

noted that the two-drug combination of nab-paclitaxelþ PTC596

was nearly as active as the three-drug combination, yielding

regressions in 4 of 5 tumors. Thus, rather than functioning

through redundant mechanisms, we found that the combination

of a microtubule polymerization inhibitor with a microtubule

stabilizer yielded a potent synergistic effect on preclinical efficacy

in PDA without appreciable effects on tolerability.

Discussion

Over the course of 65 years,MTAshavebeen themost successful

class of anticancer agents, with approved applications in leuke-

mia, lymphoma, breast, non–small cell lung, and pancreatic

cancers, among others. First approved by the FDA in

1962 (35), vincristine (Oncovin) was initially isolated from the

periwinkle plant (Catharanthus roseus) and determined to be

myeloablative, with anticancer activity in models of lymphocytic

leukemia (36). Over the subsequent decades, more than half a

dozen additional MTAs received FDA approval, mostly for oncol-

ogy applications. Different subclasses of these agents are distin-

guished by their binding sites on tubulin, which determines their

ability to inhibit or stabilize microtubule polymerization. How-

ever, as a class, MTAs have been limited by broad toxicities, poor

pharmacologic properties, and anoverly simplistic understanding

of the cellular mechanism(s) through which they induce anti-

neoplastic activity. In the past few decades, two major advances

weremadewith the FDAapprovals of eribulin (Halavan) andnab-

paclitaxel (Abraxane), with each proving informative as to how

further advances may be realized.

Prior to the development of eribulin, all clinicalMTAsbound to

one of three sites on tubulin: the vinca and colchicine sites for

inhibitors of microtubule polymerization and the taxane site for

microtubule stabilizers. In contrast, eribulin inhibits microtubule

polymerization through noncompetitive binding to another site,

resulting in the formation of small globular aggregates of tubulin

(rather than releasing free tubulin, like prior polymerization

inhibitors) (37). This subtle mechanistic difference is associated

with reduced toxicity relative to vinca agents and has led to

approvals inmetastatic breast cancer and liposarcoma (38).Given

that colchicine, eribulin, vinca agents, and taxanes all effectively

reduce the normal function of tubulin and induce mitotic arrest,

why might their activity and toxicity profiles vary so broadly?

As microtubules play a critical role in the separation of chro-

mosomes during mitosis, resulting in mitotic arrest, it was long

assumed that the primary antineoplasticmechanism ofMTAswas

through mitotic checkpoint activation. On the basis of this logic,

inhibitors of severalmitotic checkpoint proteins, including aurora

kinases, polo-like kinases, and kinesin spindle protein, were

developed (39–41). However, across 46 clinical trials for 20

mitosis–specific inhibitors, the overall response rate was just

1.6% (42). Therefore, the most relevant antineoplastic effects of

MTAs may, in fact, be their impact on other microtubule-

associated processes. Indeed, one of themain side effects of MTAs

as a class is neurotoxicity, which is mediated by effects on post-

mitotic neurons. Microtubule dynamics play critical roles in the

functioning of HSPs, endosomal trafficking, cell migration, and

other key aspects of cell biology (43–45). Similarly, some MTAs

induce vascular remodeling in addition to tumor cell apoptosis,

through uncertain mechanisms (46, 47). These cellular functions

are mediated by distinct pools of microtubules with different

biochemical properties conferred by interactionswith varying sets

ofmicrotubule-associated proteins. Thus, subtle differences in the

binding of an MTA to tubulin will likely have diverse impacts on

various cellular functions.

The second recently approved MTA was nab-paclitaxel, a refor-

mulated variant of the microtubule-stabilizing agent paclitaxel.

The key advance of nab-paclitaxel is its improved pharmacology

over native paclitaxel, which is poorly soluble and rapidly cleared

from circulation. A carrier agent, Cremophor, is utilized for

solubilization of paclitaxel in the clinical formulation, but Cre-

mophor itself confers significant additional toxicity. In nab-pac-

litaxel, the parent drug is stabilized by binding to albumin,

increasing its solubility while lowering toxicity and maintaining

prolonged stability in circulation. Given that drug delivery is

compromised in PDA due to poor perfusion and diffusion within

the tumor parenchyma (4), prolonged circulation and low tox-

icity are desirable features for novel agents against this disease.

Indeed, in 2015, a positive phase III trial of nab-paclitaxel in

combination with gemcitabine led to its approval for use in

metastatic pancreatic cancer (7).

Together, these examples proffer a compelling case that novel

MTAs have the potential to play an important role in the future of

oncology, particularly those with novel biochemistry, attractive

pharmacology, and low toxicity. PTC596 provides a strong exam-

ple of such an agent, with a long circulating half-life and evidence

of the accumulation of efficacious concentrations of the agent in

genetically engineered pancreatic tumors. It is worth noting that

tubulin is among the most abundant proteins in a proliferating

cell, and thus may act as a sink for the stabilization and retention

of tubulin-binding drugs. Combined with the lack of drug efflux

Eberle-Singh et al.
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via P-glycoprotein, these features may serve to elevate intratu-

moral concentrations while limiting peripheral toxicity. Indeed,

in a multicenter phase I study in advanced solid tumors

(NCT02404480), PTC596 was generally well tolerated through

six dose levels and target plasma concentrations were achieved

well below the highest dose (48). Primary side effects were

manageable and generally gastrointestinal in nature. Critically,

no evidence of peripheral neuropathy was observed, distinguish-

ing PTC596 from nearly all other MTAs. A phase Ib study in

combination with paclitaxel and carboplatin for patients with

advanced ovarian cancer (NCT03206645) is ongoing.

Both in ovarian cancer and in PDA, current backbone regimens

include taxanes, raising the question of whether adding a micro-

tubule polymerization inhibitor is likely to confer additional

benefit. The principle rationale for combining such agents is that

they may each impact different subsets of microtubule functions

in different ways. Preclinical synergy between vinca agents and

taxanes has been reported both in vitro (49, 50) and in vivo (51)

and multiple early-phase clinical trials have been performed in

breast, non–small cell lung, and other cancers (34). For example,

in a clinical studyof paclitaxel and vinorelbine inmetastatic breast

cancer, 6 complete responses and 19 partial responses were

observed among 52 patients. While main toxicities were neutro-

penia and neurotoxicity, they were reported to be mild and well

tolerated (52). Thus, there is both rationale and precedent for

combiningmicrotubule polymerization inhibitors and stabilizers

in an oncology setting. In that context, the observation of durable

regressions in a pancreatic cancer PDX model exclusively among

tumors treated with both nab-paclitaxel and PTC596 is a highly

promising signal of preclinical efficacy. Ideally, this combination

would have also been evaluated in an autochthonous model

system such as KPC mice; however, the human albumin compo-

nent ofnab-paclitaxel induces anaphylaxis in immune-competent

animals after prolonged exposure (53, 54). Nonetheless, even the

two-drug combination of PTC596 þ gemcitabine produced a

3-fold extension of overall survival in the KPC model, matching

or exceeding the best responses reported to date for this highly

chemoresistant model. Taken together, we believe these data

provide strong rationale for the clinical development of PTC596

combination strategies in the context of pancreatic ductal

adenocarcinoma.
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