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Abstract: Inspired by the success of dual targeting drugs, especially bispecific antibodies, we propose to
combine the concept of protac and dual targeting to design and synthesize dual protac molecules with the
function of degrading two completely different types of targets simultaneously. A library of novel dual
targeting protac molecules have been rationally designed and prepared. A convergent synthetic strategy
has been utilized to achieve high synthetic efficiency. These dual protac structures are characterized by
using trifunctional natural amino acids as star-type core linkers to connect two independent inhibitors and
E3 ligands together. In this study, gefitinib, olaparib, and CRBN or VHL E3 ligand were used as substrates
to synthesize novel dual protacs. They successfully degraded both EGFR and PARP simultaneously in
cancer cells. Being the first successful example of dual protacs, this technique will greatly widen the range

of application of the protac method and open up a new field for drug discovery.

In cancer, tumor cells often up-regulate different growth promoting factors, which can act
independently or interfere with each other through a signal network.™ It is easy for tumor cells to
acquire drug resistance by resorting to the compensatory factors or switching the signal pathway
that promotes proliferation.[Z] Therefore, the treatment with drugs targeting only one single target
inevitably exhibits limitations. In addition to drug resistance, the side effects and the tissue toxicity of
single target drugs often lead to reduced efficacy and decreased life quality of patients.[3] In order to
overcome these shortcomings of single target drugs, drug combination targeting two or more
different signal pathways of tumor has become a well-recognized effective method.” Due to
thesynergy effects of drug combination, a smaller dose of each single drug is needed, thus reducing

the side effects.

Another approach to improve therapeutic efficacy is to design a single hybrid molecule merged
by two or more pharmacophores to target two or more anti-tumor epitopes or targets
simultaneously.[a] Regulating multiple targets or pathways at the same time, these hybrid molecules
usually exhibit better efficacy while causing fewer side effects. In past decades, these hybrid
molecules, including bispecific antibodies and other small molecule drugs with double or multiple
targets,[3’ *I have attracted great interest and achieved considerable success due to their superiority
in the treatment of complex diseases. They have gradually become an alternative to combination
therapy or the use of mixtures.®”

Proteolysis targeting chimera (protac) is a kind of bifunctional small molecule, in which the target
protein ligand and E3 ubiquitin ligase ligand are linked together through a linker to form a triplet
compound.lg] Compared with traditional small molecule inhibitors, protac has several advantages. It

no more needs to bind to the active site of the target protein to exert effects, while it is capable of

the degradation of “non-druggable” targets. There exists event driven mechanism rendering its



catalytic properties, and it works at lower doses, while providing great opportunities for the
development of anticancer drugs.lg] However, the majority of reported protac molecules only
connect one inhibitor with one E3 ligand, which often degrades only a single target protein and not
exceeding the limit of two or more similar proteins.

Inspired by the great success of dual targeting drugs, especially bispecific antibodies, we envisage
that by combining the concept of protac and dual targeting, a dual protac molecule with two
independent inhibitor units and one E3 ligase ligand can be designed for degrading two targets
simultaneously in completely different pathways (Figure 1). Dual protac can not only degrade two
targets at the same time, but also imbibe merits of both protacs and double targeting drugs,
achieving similar efficacy as bispecific antibodies, and still relatively conserving the advantages of
small molecule drugs. To the best of our knowledge, there has been no report yet on this audacious
and innovative idea. Therefore, it will be very interesting to design and synthesize such a novel dual

protac molecule for proof of the concept.
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Figure 1. Novel star shape dual protacs and dual-targeting degradation.



COOH COOH
mB mB Olaparib Olaparib
oc oc .
Olaparib
HO . Br% ///\ O p . Tyr N Tyr
N-Boc Tyrosine Gefitinib E3 3
— or ——— 0 e — ~ o Td
Or etherification Zmldef T HN click reaction E3""""’N\N:N Ser |
COOH COOH condensation
HO z oY Gefitinib Gefitinib
NHBoc NHBoc
N-Boc Serine intermediate A intermediate B Dual protacs
HN-N
\ o
o ) woE3 - /\é/ NH o o

DP-C-3:E3=CRBN.x=1,m=3,n=3
DP-C-1: E3 = CRBN. x =1 DP-C-2: E3=CRBN.x =1 DP-C-4:E3=CRBN.x=2,m=5n=5
DP-V-1: E3 = VHL DP-V-2: E3 = VHL DP-V-3:E3=VHL,m=5n=1

DP-V-4:E3=VHL,m=5,n=5

Scheme 1. Synthetic route for dual protacs and the structures of DP-C 1-4 and DP-V 1-4.

To verify our hypothesis shown above, the rational design of the novel star type linker should
function as the most pivotal elements for dual protacs. Taking biocompatibility into consideration,
natural amino acids will be a good choice. More importantly, some amino acids, such as tyrosine and
serine, bearing a third reactive site besides normal amine and acid functional groups, are ideal star
type linkers to connect three different small molecules (two inhibitors and one E3 ligand) together
(Scheme 1). In addition, the three potential reactive sites display different reactivity, which makes
them very suitable for sequential organic synthesis manipulation according to our rational design.

Drug resistance in advanced cancers has been reported to be mediated by different factors, such
as epidermal growth factor receptor (EGFR) over-expression and DNA repair enzymes. Poly ADP-
ribose polymerase (PARP) is one such protein that is known to be a key player in base excision repair
(BER)”O] and cellular signaling pathways.[n'lz] The inhibition of EGFR leads to the down-regulation of
key players in BER and sensitizes cell response to alkylating agents and ionizing radiation.**
Receptor tyrosine kinase inhibitors (TKIs), just like EGFR inhibitors (e.g. Gefitinib), are widely used in

clinic and have shown excellent therapeutic efficacy.>™®

However, the emergence of drug
resistance, such as that due to T790M mutation, greatly reduces their efficacy.[m EGFR mutant

cancer cells have been shown to be sensitive to Olaparib both in vivo and in vitro."™® Therefore,




inhibition of both EGFR and PARP may produce a synergistic effect.®! In order to verify the concept of
dual protac shown above, we designed the first round of dual protac molecules by merging EGFR
inhibitors and PARP inhibitors with E3 ligase ligand in one novel star shape molecule, and evaluated
their capability to degrade two independent targets at the cellular level.

As illustrated in Scheme 1, a convergent synthetic strategy was rationally designed based on our
synthetic experience. The first etherification of the free hydroxyl group of tyrosine and serine with
propargyl bromide provided the protected amino acid A. Subsequently, a sequential amide
condensation reaction was utilized as a practical operation to induce Gefitinib and Olaparib to the
star type linker, generating the key intermediate B. Eventually, the classical copper-promoted click
reaction of azide and alkene was used to connect E3 ligands, CRBN and VHL, respectively. Based on
this concise synthetic route, a small library of 8 dual protacs, including four CRBD ligand based
protacs (DP-C-1-4, Figure S1), four VHL ligand based protacs (DP-V-1-4, Figure S2), and the
corresponding four mono protacs in which one single inhibitor was linked (MP-GC, MP-GV, MP-0OC,
MP-0V, Figure S3) was efficiently constructed (For detailed synthetic procedures and structures, see
the SI).

Due to drug resistance shown in pancreatic cancer and non-small cell lung cancer, as well as the
high expression of EGFR and PARP,™2* SW1990 and H1299 cell lines were used in the experiments.
Intracellularly, the degradation of EGFR in the SW1990 cell line was induced by the CRBN based
mono protac of Gefitinib (MP-GC) (Figure 2A). and the CRBN based mono protac of Olaparib (MP-OC)
also exhibited a PARP degradation effect in the SW1900 cell line (Figure 2B). While neither Gefitinib
or Olaparib itself could induce the degradation of two targets in SW1990 (Figure S4, S5).
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Figure 2. DP-C-1 degraded EGFR and PARP simultaneously in a dose- and time-dependent manner through the ubiquitin-proteasome system

in SW1990 cells. A: Changes in associated proteins 24 h after addition of MP-GC. B: Changes in associated proteins 24 h after addition of MP-

OC. C: The effect of four dual protac compounds (DP-C 1-4) on the related proteins after 24 h. D: The effect of 5 yM DP-C-1 on related proteins
at different time points. E: Effect of DP-C-1 on related proteins after introduction of 700 nM MG132.



Further experiments revealed that all four CRBN based dual protacs (DP-C-1-4) had degradation
effects on EGFR and PARP simultaneously in SW1990 cells. As shown in Figure 2C, compound DP-C-1
showed the best degradation effect on both EGFR and PARP. The remaining compounds showed
lower degradation ability on both targets compared to DP-C-1. These results also indicate that the
degradation of EGFR and PARP by DP-C-1-4 was enhanced by increasing concentrations. The
simultaneous degradation of EGFR and PARP by single dual protac molecule successfully proves the
concept of dual targeting degradation.

To further demonstrate the degradation kinetics of DP-C-1, time-dependent experiments were
carried out. Results showed that DP-C-1 began to degrade EGFR and PARP at 6 h. At first,
degradation rate increased with time going, but it started to decrease at 48 h (Figure 2D). Therefore,
DP-C-1 degrades EGFR and PARP in SW1990 cell line in a time-dependent manner within 48 h and
the optimal degradation rate was around 24 and 36 h.

Protacs exert their degradation effect on target proteins through the ubiquitin-proteasome
system. Therefore, MG132, a proteasome inhibitor, is widely used as a tool to verify the mechanism
of such an action.”>?” To further verify that the degradation of proteins by DP-C-1 functions via the
ubiquitination pathway, the effect of DP-C-1 was assayed by introducing the proteasome inhibitor
MG 132. It can be seen from Figure 2E that due to the inhibitory effect of MG 132 itself on the
SW1990 cells, the group with MG132 alone had a slightly lower expression level of both EGFR and
PARP compared to that of the negative control (NC) group. However, the addition of DP-C-1 in
various concentrations ceases to further decrease the expression levels of both targets, and they
maintain approximately the same level. This shows that the degradation of DP-C-1 is inhibited by
MG132. These results suggest that the degradation of the target protein induced by DP-C-1 functions
via the proteasome pathway.

To further verify the concept of dual protac, another E3 ligase ligand (VHL-L) was chosen to
develop new dual protacs. First, the corresponding mono protacs, MP-GV and MP-OV, were
synthesized based on Gefitinib, Olaparib, and VHL ligand. In the H1299 cell line, MP-GV and MP-OV
could induce EGFR and PARP degradation respectively, while exhibiting no effect on the other target
protein (Figure 3A, 3B). According to this result, four dual protacs based on VHL ligand were further
developed and designated as DP-V 1-4, respectively. To evaluate their degradation ability of EGFR
and PARP, H1299 cells were treated with these four compounds under six different concentrations
for 36 h. Among the different compounds, DP-V-4 exhibited the best degradation ability for both
EGFR and PARP (Figure 3C, 3D), and was selected for further investigation. Meanwhile, further
experiments revealed that DP-V-4 could also degrade EGFR and PARP in human epidermal carcinoma

A431 cells simultaneously (Figure S6).



In H1299 cells, DP-V-4 degraded EGFR and PARP simultaneously in a dose-dependent manner
(Figure 3D). At the concentration of 0.47 uM, DP-V-4 could induce about 50% of PARP degradation,
and as concentration increased, it induced PARP degradation to a greater level. For EGFR, DP-V-4
also induced degradation at higher levels when the compound concentration gradually increased.
Moreover, DP-V-4 could significantly induce EGFR and PARP degradation at 15 uM. Apart from EGFR
and PARP, p-EGFR concentrations decreased visibly when treated with DP-V-4, which could be the
result of its degradation by DP-V-4, or reduced supply from EGFR.

To further explore the mode of action, different time points were set in H1299 cells after treated
with 4 uM of DP-V-4. At 6 h, DP-V-4 showed the best degradation effect, and EGFR and PARP
recovered as time went on (Figure 3E), which might be explained by the accumulation of newly
synthesized proteins in cells.

To further verify that the degradation of proteins in cells by DP-V-4 functions via the
ubiquitination pathway, the effect of DP-V-4 was assayed by introducing the proteasome inhibitor
MG 132. In H1299 cells, when pre-treated with 1 uM MG132 for 4 h, the degradation of EGFR and
PARP by DP-V-4 completely terminated (Figure 3F). These results proved that DP-V-4 degrades EGFR
and PARP through the ubiquitin-proteasome system.

(MP-GV) 047 094 1588 3.75 7.50 1500 CON (M) B (MP-OV) 047 094 188 3.75 750 1500 CON (M) D (DP-V-4) 047 0.94 188 3.75 7.50 1500 CON (M)
EGFR gy 0 5 88 &8 o0 EGER 0 S o e DEGFR gy g & Rl
PARP N W . 48 &N - parp RN SN EGFR 0 o e o e

[Bractin  e———— —— [actin  SEGE—_-—_G—_-—-————— PARP - .~ = e

[-actin  W—-— -

C (DP-V-1) 047 094 1588 3.75 7.50 1500 CON (uM) (DP-V-2) 0.47 094 1588 3.75 7.50 1500 CON (uM) (DP-V-3) 047 094 188 375 7.50 1500 CON (uM)
EGFR e S 0 8 8% & EGFR S 0 0 S B . EGFR 4 4 S S S o o
PARP W S s i PARD T T B e PARP (N S .
[-OCHD  a—————— [B-ACHN  S_—————— B-actin - - -
H1299 - G (ICgo= 6.56 £ 1.07 uM)
E (DP-V-4) 6h 12h 24h 36h 48h con (3.75puM) 7 DRV 047090 LSS 375 750 1500 0 120 = P (ICs;= 35.93 £ 1.05 uM)
MG132 + + 4+ + + 4+ +  CON (1 uM) 5 ¥ 1C<.= 19.92 + 1.08 uM
EGFR it 4 4 8 48 8 e = g -4~ DP-V-4 (IC50= 19.92 + 1.08 M)
EGFR ™ - - - S s
s
PARD o v g PARP e i e o o o £
2 40
, 3
f-actin oo s - — [-actin  w—_c w——————— 5
= L
3 0+ - - "
O i 0 1 2
log[compound] / uM

Figure 3. DP-V-4 degraded EGFR and PARP simultaneously in a dose- and time-dependent manner through the ubiquitin-proteasome system in
H1299 cells. A: Changes in associated proteins 36 h after addition of MP-GV. B: Changes in associated proteins 36 h after addition of MP-OV. C:
The effect of three dual protac compounds (DP-V 1-3) on related proteins after 36 h. D: The effect of DP-V-4 on related proteins with different
concentration at 36 h. E: The effect of 4 uM DP-V-4 on related proteins at different times. F: Effect of DP-V-4 on related proteins after introduction of
1 uM MG132. G: The anti-proliferative activity of Gefitinib, Olaparib and DP-V-4 was identified by CCK8 assay. IC50 was expressed as mean * SD.



Besides degradation ability, we attempted to identify the anti-proliferative activity of dual protacs
in H1299 tumor cells. CCK8 assay determined Gefitinib, Olaparib and DP-V-4 with IC50s of 6.56 +
1.07 uM, 35.93 + 1.05 uM and 19.92 + 1.08 uM, respectively (Figure 3G). The relatively weaker anti-
proliferative activity of DP-V-4 might be explained by its poorer solubility and cell penetrability,

owing to its higher molecular weight.
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Figure 4. The binding affinity of DP-C-1 and DP-V-4 with EGFR and PARP. A-C: Measurement of affinity of DP-C-1, DP-V-4, and Gefitinib to
EGFR by MST with Kd values of 2.74 + 0.13, 5.47 £ 0.67, and 0.47 + 0.05 uM, respectively. D-F: Measurement of affinity of DP-C-1, DP-V-4,
and Olaparib to PARP by MST with Kd values of 7.89 + 0.96, 12.80 + 2.16, and 5.31 £ 1.11 uM, respectively.

In order to further confirm the target engagement of these dual protacs, MST was employed to
assay the binding affinity between the two targets and two representative dual protacs, DP-C-1
(CRBN based) and DP-V-4 (VHL based). As shown in Figure 4, although a little weaker binding was
observed for both DP-C-1 and DP-V-4 compared to Gefitinib with EGFR (Kd 0.47 + 0.05 uM) and
Olaparib with PARP (Kd 5.31 + 1.11 uM), they still kept strong binding with EGFR and PARP, with the
disassociation constants for DP-C-1 at 2.74 + 0.13 uM and 7.89 + 0.96 uM with EGFR and PARP,



respectively, and for DP-V-4 at 5.47 + 0.67 uM and 12.80 * 2.16 uM with EGFR and PARP,
respectively.

In this study, we proposed the new concept of dual targeting protac. Inspired by bispecific
antibodies,” we creatively proposed the idea of designing a dual targeting protac molecule with two
different warheads, in which an E3 ligand was linked to two inhibitors with different types/pathways
of targets, and was capable of simultaneously degrading two completely different target proteins in
tumor cells. In order to verify this concept, we used Gefitinib (an existing EGFR inhibitor) and
olaparib (a PARP inhibitor)B] as substrates to synthesize dual targeting degradation chimeric
molecules (dual protac) of EGFR and PARP proteins with different linker length and different E3
ligand (CRBN or VHL), which successfully degraded EGFR and PARP simultaneously in cancer cells.
This is the first successful example of dual protacs.

In addition, we used biocompatible natural amino acids as a linker to achieve the rapid synthesis
of star type dual targeting protacs. The technique and method established in this study can be easily
adapted for the synthesis of more dual targeting protac molecules just like building blocks, and it will
greatly expand the application of protac technology while opening up a new avenue for drug
discovery. In present clinical practice, the combination therapy of two different inhibitors, or even
the treatment of some bispecific antibodies, could be substituted by the strategy shown in this study
through designing a corresponding single dual protac molecule for double targeting degradation,
with the same or even better therapeutic effects.

It is easy to recognize that in the field of combination therapy of cancer, dual protacs can be
quickly applied to replace many current combinations. For example, we could design and synthesize
the dual protacs targeting two kinases which are synthetically lethal, or targeting a tumor immune
target plus an adjuvant immune target, kinase, or energy metabolism target, or targeting an
epigenetic target plus an anti-apoptotic target, etc. Of course, in addition to the obvious advantages
listed above, the increased molecular weight of dual protacs will give rise to some issues in the
aspect of drug properties and pharmacokinetics. The approach to solving these problems lies in two
directions. One is to employ a nanodrug delivery system to improve drug absorption, and the other is
to simplify the inhibitor part while retaining the minimum pharmacophore. We are currently working
on realizing these approaches.

In conclusion, we have designed and synthesized the first dual targeting protac molecules with
two different warheads, and realized the simultaneous degradation of two completely different
types of target proteins by one small molecule in tumor cells. We believe that this technique will

greatly expand the application of protac technology and open up a new field of drug discovery.
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