
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 3

:4
9:

49
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A poly-ADP-ribo
aDepartment of Pharmacology and Pharm

University of Southern California, Los Angel
bTitus Family Department of Clinical Phar

Southern California, Los Angeles, CA 90089
cDepartment of Chemistry, Dornsife College

Southern California, Los Angeles, CA 90089
dNorris Comprehensive Cancer Center, Unive

CA 90089, USA
eResearch Center for Liver Diseases, Universi

90089, USA. E-mail: yongz@usc.edu

† Electronic supplementary informa
10.1039/d0sc01795g

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2020, 11, 9303

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 28th March 2020
Accepted 13th August 2020

DOI: 10.1039/d0sc01795g

rsc.li/chemical-science

This journal is © The Royal Society o
se polymer-based antibody-drug
conjugate†

Xiaojing Shi,‡a Xiao-Nan Zhang, ‡a Jingwen Chen,‡a Qinqin Cheng,a Hua Pei,b

Stan G. Louieb and Yong Zhang *acde

Protein poly-ADP-ribosylation (PARylation) plays vital roles in many aspects of physiology and

pathophysiology. This posttranslational modification is catalyzed by poly-ADP-ribose polymerases

(PARPs) through additions of ADP-ribose from nicotinamide adenine dinucleotide (NAD+) to protein

residues, forming linear or branched poly-ADP-ribose (PAR) polymers. In this study, we explored a new

concept of utilizing functionalized PAR polymers for targeted drug delivery. This was achieved by rapid

and efficient generation of auto-PARylated PARP1 with 30-azido ADP-riboses and subsequent

conjugations of anti-human epidermal growth factor receptor 2 (HER2) antibodies and monomethyl

auristatin F (MMAF) payloads. This designed PARylated PARP1-antibody-MMAF conjugate could potently

kill HER2-expressing cancer cells in high specificity. This proof-of-principle work demonstrates the

feasibility of production of PAR polymer-based antibody-drug conjugate and its application in targeted

delivery. The PAR polymer-based conjugates may lead to new types of therapeutics with potentially

improved physicochemical and pharmacological properties.
Introduction

Poly-ADP-ribose polymerases (PARPs) catalyze protein poly-ADP-
ribosylation (PARylation). This enzymatic posttranslational modi-
cation requires nicotinamide adenine dinucleotide (NAD+) as
a donor of ADP-ribose. Upon covalent attachments of ADP-riboses
to side chains of various types of amino acid residues, PARPs can
continue adding ADP-ribose sequentially at ribosyl 20-OH posi-
tions, resulting in linear or branched poly-ADP-ribose (PAR) poly-
mers with up to 300 ADP-ribose units in length.1,2 As the founding
member of the PARP family, PARP1 accounts for 75–95% cellular
PARylation activities under genotoxic conditions.3–5 In addition to
PARylating many protein substrates, PARP1 undergoes robust
auto-PARylation. By adding PAR polymers to itself and other
proteins, PARP1-mediated PARylation plays important roles in
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regulating genome stability, gene expression, protein homeostasis,
cell proliferation, differentiation and apoptosis.6–10

Antibody-drug conjugates (ADCs) are one of the fast-growing
classes of therapeutics that exploit monoclonal antibodies for
cell- and tissue-specic drug delivery. The average drug-to-
antibody ratios (DARs) of most ADCs currently in clinic are
3.5–4, resulted from a compromise between potency and phys-
icochemical properties.11 Although a higher DAR is oen asso-
ciated with increased in vitro potency, it may unfavorably affect
ADC properties. As many payloads used in ADCs are very
hydrophobic, an increased DAR could decrease stability, induce
aggregation, and paradoxically reduce therapeutic effective-
ness.12,13 The choice of drug payloads for ADCs is thus usually
limited to highly potent agents.

In comparison, polymer–drug conjugates allow to carry
a signicant number of payloads. Attachments of small-
molecule drugs to synthetic hydrophilic polymers could
enhance drug loading capacity and solubility,14 which may
translate into improved pharmacological properties. However,
due to potential biocompatibility issues, this type of conjugates
with unnatural polymer backbones may cause slow drug release
and/or incomplete biodegradation, raising concerns on their
efficacy and safety proles.15–17

PAR is a natural form of hydrophilic polymer composed of
ADP-ribose units connected in a linear or branched fashion. As
the products of PARP-catalyzed reactions, PAR polymers vary
signicantly in length and branching pattern,18 resulting in
high degree of heterogeneity. Auto-PARylation of PARP1 could
generate PARs ranging from 6-unit oligomers to heterogeneous
Chem. Sci., 2020, 11, 9303–9308 | 9303
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polymers with an average size of 200 units of ADP-ribose and
approximately ve branches per polymer in average.19 Cellular
PAR could be efficiently degraded by various enzymes. For
example, poly(ADP-ribose) glycohydrolase (PARG) can hydrolyze
the glycosidic bond between ADP-ribose units to generate free
ADP-ribose.20,21 NUDT9, NUDT16, and ENPP1 can cleave the
pyrophosphate bond within the ADP-ribose and release
phosphoribosyl-AMP from PAR chains.22

We recently developed a ribose-functionalized NAD+ with
nicotinamide riboside (NR) 30-azido group.23 Its substrate
activity for PARP1-catalyzed PARylation is comparable to that of
NAD+, making it possible to rapidly incorporate 30-azido ADP-
ribose units into PAR polymers in high efficiency. This result
raises the question of whether azido-functionalized PAR poly-
mers could serve as carriers of targeting moieties and small-
molecule drugs for targeted delivery. Derived from NAD+-
dependent enzymatic PARylation, PAR is a hydrophilic and
biocompatible polymer. Covalent attachments of small-
molecule drugs to functionalized PAR polymers can increase
overall drug loading and solubilization, possibly expanding the
spectrum of payloads for targeted delivery. Similar to ADCs with
pyrophosphate diester-derived linkers,24,25 PAR polymer–drug
conjugates may allow to stably carry payloads in plasma and
rapidly release drugs upon internalization into target cells.
Collectively, PAR polymer-based ADCs may provide improved
physicochemical properties, therapeutic efficacy, and safety
proles. To begin to explore this concept, we generated a PAR
polymer-based ADC through clicking anti-human epidermal
growth factor receptor 2 (HER2) antibody trastuzumab and
monomethyl auristatin F (MMAF) with auto-PARylated PARP1
by the 30-azido NAD+ (Fig. 1). The resulting PARylated PARP1-
Fab-MMAF conjugate revealed excellent and specic
Fig. 1 Schematic of the design and generation of a poly-ADP-ribose po

9304 | Chem. Sci., 2020, 11, 9303–9308
cytotoxicity for HER2-expressing breast cancer cells, demon-
strating the feasibility of applying functionalized PAR polymers
to targeted drug delivery.

Results and discussion

To generate PAR polymers conjugated with targeting moieties
and small-molecule drugs, we chose auto-PARylated human
PARP1 as model PAR polymers given its strong automodica-
tion activity. Anti-HER2 antibody trastuzumab is an approved
drug to treat HER2-positive breast cancer.26–29 MMAF is
a tubulin inhibitor broadly used in ADCs.30–32 Conjugation of
MMAF with several antibodies resulted in ADCs with potent
anti-tumor activities.33–36 The free carboxyl group of MMAF also
facilitates synthesis of drug-linker conjugates with high
potency.37 Trastuzumab and MMAF were selected as a model
targeting antibody and cytotoxic payload for synthesizing the
PAR polymer-based ADC.

First, full-length human PARP1 and the antigen-binding
fragment (Fab) of trastuzumab were expressed and puried
from Escherichia coli (Fig. S1A†). In addition to the full-length
PARP1, two fragments with molecular weights approximately
over 95 kDa were co-puried (Fig. 2A and S1A†). Auto-
PARylated PARP1 by 30-azido NAD+ was then prepared
(Fig. 1). As revealed by immunoblotting using an anti-PAR
antibody, PARP1 could be modied by 30-azido NAD+-
derived PAR polymers (Fig. 2A). SDS-PAGE analysis by Coo-
massie stain showed cleaved fragments generated during
auto-PARylation (Fig. 2A). PARP1 is sensitive to various
proteases, which can result in the production of different
PARP1 signature fragments.38,39 Weaker signals were also
seen for heterogenous auto-PARylated PARP1 as shown in
a smearing pattern at upper positions (Fig. 2A). To prepare
lymer-based antibody-drug conjugate.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Generation and characterization of PARylated PARP1 conju-
gates. (A) Unmodified PARP1 and reaction mixture of PARylated PARP1
by 30-azido NAD+ as revealed through Coomassie stain (left) and
immunoblotting (right) using an anti-PAR antibody. (B) Conjugation of
Cy3 with PARylated PARP1 by 30-azido NAD+ as revealed by Coo-
massie stain (left) and in-gel fluorescence (right). Auto-modified
PARP1 by NAD+ or 30-azido NAD+ was incubated with DBCO-Cy3
overnight at room temperature, followed by SDS-PAGE in-gel fluo-
rescence and Coomassie stain. (C) Coomassie stain of PARylated
PARP1-Fab-MMAF conjugate. (D) Flow cytometric analysis of binding
of PARylated PARP1-Fab-Cy3 conjugate to HER2-positive HCC 1954
and HER2-negative MDA-MB-468 cells. PARylated PARP1-Cy3
conjugate (20 mg mL�1) was used as a control. (E) Confocal micro-
scopic imaging of internalization of PARylated PARP1-Fab-Cy3
conjugate. HCC 1954 cells (HER2+) were incubated with PARylated
PARP1-Fab-Cy3 conjugate (16 mg mL�1) in the absence (left) or pres-
ence (right) of trastuzumab Fab (800 nM) for 4 hours at 37 �C, followed
by PBS washes, fixation, DAPI staining, and confocal imaging. Scale
bars: 20 mm.
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auto-PARylated PARP1, we tested different temperature,
reaction time, and concentrations of PARP1 and 30-azido
NAD+ and chose to incubate 5 mM of PARP1 with 250 mM of 30-
azido NAD+ at 30 �C for 12 hours to ensure efficient auto-
PARylation at a relatively high level. To verify the genera-
tion of azido-functionalized PAR polymers, dibenzocy-
clooctyne (DBCO)-Cy3 uorescent dye was incubated with
NAD+- or 30-azido NAD+-PARylated PARP1. Consistent with
the design, in-gel uorescence imaging revealed
This journal is © The Royal Society of Chemistry 2020
uorescently labeled PAR polymers only for the reaction
mixture with PARP1 automodied by 30-azido NAD+ (Fig. 2B).

To synthesize PARylated PARP1-Fab conjugates, trastuzu-
mab Fab functionalized with bicyclo[6.1.0]nonyne (BCN) was
incubated with 30-azido NAD+-PARylated PARP1, followed by
conjugation with DBCO-Cy3 or DBCO-MMAF (Fig. S2†). The
generated PARylated PARP1-Fab-Cy3 and PARylated PARP1-Fab-
MMAF conjugates were puried by size-exclusion chromatog-
raphy (Fig. S1B† and 2C). In addition, a DBCO-MMAF conjugate
with a disulde bond in the linker region (denoted by DBCO-S-
S-MMAF) was synthesized (Fig. S3†). By replacing DBCO-MMAF
with DBCO-S-S-MMAF, PARylated PARP1-Fab-S-S-MMAF conju-
gate was generated under the same conditions (Fig. S1C†),
which facilitated the release of conjugated MMAF payloads by
reducing reagents for quantication.

Next, the binding of PARylated PARP1-Fab-Cy3 conjugate to
cell-surface HER2 receptor was analyzed by ow cytometry
using HER2-positive HCC 1954 and HER2-negative MDA-MB-
468 cells (Fig. 2D and S4†). PARylated PARP1-Fab-Cy3 conju-
gate could bind to HCC 1954 cells in a dose-dependent manner
but showed no binding to MDA-MB-468 cells, demonstrating
that the conjugated trastuzumab Fab allows to target PAR
polymer-based conjugates to HER2-expressing cells. Following
ow cytometric analysis, cellular uptake of PARylated PARP1-
Fab-Cy3 conjugate was evaluated by confocal microscopy
(Fig. 2E). HCC 1954 cells were incubated with PARylated PARP1-
Fab-Cy3 conjugate in the absence or presence of trastuzumab
Fab at 37 �C. The addition of trastuzumab Fab was to compete
with the PARylated PARP1-Fab-Cy3 conjugate for the binding to
cell surface HER2 receptors. Confocal imaging revealed red
uorescent puncta indicating internalized PARylated PARP1-
Fab-Cy3 conjugates in the absence of trastuzumab Fab
(Fig. 2E). The internalization of PARylated PARP1-Fab-Cy3
conjugate was found to be sensitive to binding competition by
added trastuzumab Fab. These results suggest that PAR
polymer-Fab conjugates could be internalized through HER2
receptor-mediated endocytosis, potentially enabling delivery of
conjugated drugs to target cells and tissues.

The stability of the generated PARylated PARP1-Fab-Cy3
conjugate in cell culture media was then assessed (Fig. 3).
PARylated PARP1-Fab-Cy3 conjugate diluted in RPMI 1640
medium with 10% fetal bovine serum (FBS) was incubated for
0–72 hours at 37 �C. In-gel uorescence analysis indicated no
signicant changes in the pattern and uorescence intensity for
the PARylated PARP1-Fab-Cy3 conjugate across various time
points. These data suggest that PAR polymer-based conjugates
are stable in cell culture media and may allow to stably attach
drugs for targeted delivery.

To quantify the total amount of payloads on PARylated
PARP1-Fab conjugates, PARylated PARP1-Fab-Cy3 and PARy-
lated PARP1-Fab-S-S-MMAF were treated by phosphodiesterase I
(PDE I) and dithiothreitol (DTT), respectively, to release the
conjugated Cy3 and MMAF molecules for quantication
(Fig. S5†). Based on measured uorescence intensities of PDE I-
treated PARylated PARP1-Fab-Cy3 conjugate, PARylated PARP1-
Fab-Cy3 was calculated to carry 45.64� 2.45 mmol of Cy3 dye per
gram of protein. Through HPLC analysis of released MMAF-SH,
Chem. Sci., 2020, 11, 9303–9308 | 9305
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Fig. 3 Stability of PARylated PARP1-Fab-Cy3 conjugate in culture
media. PARylated PARP1-Fab-Cy3 conjugate was diluted with RPMI
1640 mediumwith 10% FBS, incubated at 37 �C for various amounts of
hours, and then analyzed for in-gel fluorescence intensity. (A) Coo-
massie stain and in-gel fluorescence of PARylated PARP1-Fab-Cy3
conjugate. Lanes 1–4: PARylated PARP1-Fab-Cy3 conjugate incu-
bated in culture media for 0, 24, 48, and 72 h. (B) Quantitative analysis
of relative fluorescence intensities of PARylated PARP1-Fab-Cy3
conjugate incubated in culture media for 0–72 h. Data are shown as
mean � SD (n ¼ 6).

Fig. 4 In vitro cytotoxicity of PARylated PARP1-Fab-MMAF conjugate.
HCC 1954 (HER2+) and MDA-MB-468 (HER2�) cells were incubated
for 72 hours at 37 �C with 5% CO2 in the presence of various
concentrations of PARylated PARP1-Fab-MMAF conjugate or DBCO-
MMAF (A) and (B) or PARylated PARP1 or PARylated PARP1-Fab
conjugate (C) and (D). Cell viability was then measured by MTT assays.
Data are shown as mean � SD of duplicates.
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each gram of protein for PARylated PARP1-Fab-S-S-MMAF was
determined to contain 9.94 � 0.73 mmol of MMAF molecules,
slightly lower than but consistent with amount of conjugated
Cy3 dye. Based on the determined number of MMAF payload for
PARylated PARP1-Fab-S-S-MMAF, the amounts of conjugated
MMAF were calculated for PARylated PARP1-Fab-MMAF conju-
gate and used for potency determination in comparison with
free DBCO-MMAF.

In vitro cytotoxicity assays were then performed using both
HCC 1954 and MDA-MB-468 cells (Fig. 4). PARylated PARP1-Fab-
MMAF conjugate showed potent cytotoxicity (EC50 ¼ 8.42 � 1.05
nM) for HER2-expressing HCC 1954 cells, comparable to that of
free DBCO-MMAF. In contrast to DBCO-MMAF with an EC50 of
23.17 nM for MDA-MB-468 cells, the PARylated PARP1-Fab-MMAF
conjugate revealed signicantly decreased cytotoxicity for this
HER2-negative cell line (EC50 ¼ 431.52 � 54.99 nM). As controls,
PARylated PARP1 and PARylated PARP1-Fab conjugates have
minimal cytotoxicity for both cell lines. Assays with several non-
breast cancer cell lines also indicated low cytotoxicity for PARy-
lated PARP1 (Fig. S6†). Additionally, PARylated PARP1-Fab-MMAF
conjugates prepared from four different batches display consistent
in vitro cytotoxicity for HCC 1954 cells in a range of 504–820 ng
mL�1 (Fig. S7†). These results demonstrate the potency and
specicity of PARylated PARP1-Fab-MMAF conjugate in killing
HER2-expressing breast cancer cells.

Our previous study suggested that payload stably attached to an
antibody via an NAD+ analogue-based linker could be rapidly
released upon cellular internalization.25 The payload release of the
9306 | Chem. Sci., 2020, 11, 9303–9308
PAR polymer-based ADC in cellular environment will be investi-
gated. In addition to mechanistic studies of the degradation of
functionalized PAR polymer and the drug release, future studies
include systematic evaluation of pharmacokinetics, therapeutic
efficacy, and toxicity of the PARylated PARP1-Fab-MMAF conjugate
in comparison to established ADCs and polymer–drug conjugates.
Extension of this approach to other disease targets and cytotoxic
and non-cytotoxic agents will also be explored. In addition, PAR
polymers with two distinct functional groups could be developed to
enable orthogonal conjugations of targeting moiety and payload.

Conclusions

In summary, this is the rst report of utilizing functionalized PAR
polymer–drug conjugates for targeted drug delivery. Using the
model anti-HER2 trastuzumab Fab and MMAF payload, PARy-
lated PARP1-Fab-MMAF conjugate could be successfully gener-
ated and exhibits potent and specic cytotoxicity toward HER2-
expressing cancer cells. In comparison to established systems
for targeted drug delivery, the PAR polymer-based ADC represents
a novel platform for generating therapeutics with potentially
enhanced physicochemical and pharmacological properties.
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