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Abstract

Protein tyrosine phosphatase 1B (PTP1B) and T-cell protein tyrosine phosphatase (TC-PTP) play
non-redundant negative regulatory roles in T-cell activation, tumor antigen presentation, insulin
and leptin signaling, and are potential targets for several therapeutic applications. Here, we report
the development of a highly potent and selective small molecule degrader DU-14 for both PTP1B
and TC-PTP. DU-14 mediated PTP1B and TC-PTP degradation requires both target protein(s)
and VHL E3 ligase engagement and is also ubiquitination- and proteasome-dependent. DU-14
enhances IFN-vy induced JAK1/2-STAT1 pathway activation and promotes MHC-I expression in
tumor cells. DU-14 also activates CD8* T-cells and augments STAT1 and STATS5 phosphorylation.
Importantly, DU-14 induces PTP1B and TC-PTP degradation /in vivo and suppresses MC38
syngeneic tumor growth. The results indicate that DU-14, as the first PTP1B and TC-PTP dual
degrader, merits further development for treating cancer and other indications.

Graphical Abstract

An inhibitor for protein tyrosine phosphatase 1B (PTP1B) and T-cell protein tyrosine phosphatase
(TC-PTP) was discovered and transformed into a first-in-class, potent, and selective dual PROTAC
degrader for both targets. The degrader promotes antigen presentation of tumor cells and activates
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CD8+ T cells. Importantly, the degrader is effective /n vivoand suppresses syngeneic tumor

growth.
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Introduction

Protein tyrosine phosphorylation is controlled by protein tyrosine kinases (PTKs) and
protein tyrosine phosphatases (PTPs) and plays a key role in regulating essential cellular
functions. Given that numerous human diseases are associated with aberrant protein tyrosine
phosphorylation, it is not surprising that PTKs and PTPs are highly sought-after targets for
drug discovery. Tremendous success has been achieved in modulating PTKs for therapeutic
applications!!], although the PTPs still remain underexplored as a target classl?l. Among
members of the PTP family, protein tyrosine phosphatase 1B (PTP1B, also called PTPN1)
and T-cell protein tyrosine phosphatase (TC-PTP, also called PTPN2) are the two most
closely related PTPs sharing over 72% amino acid sequence identity between their catalytic
domains [34]. Despite their structural similarity, PTP1B and TC-PTP are known to play
non-redundant and synergistic roles in coordinating several important signal pathways.

PTP1B and TC-PTP have long been known to function in concert in regulating both insulin
and leptin mediated cellular processesl®l. PTP1B negatively regulates the amplitude of
insulin action by dephosphorylating the insulin receptor and insulin receptor substrate 1[6],
while TC-PTP catalyzes insulin receptor dephosphorylation to limit the duration of insulin
signalingl”]. PTP1B and TC-PTP also attenuate leptin signaling by bringing about the
dephosphorylation of JAK2!8] and STAT3[, respectively. Indeed, mice lacking PTP1B[10]
or deficient in TC-PTP [11-15] in peripheral tissues and/or the brain exhibit significantly

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al.

Page 3

enhanced insulin sensitivity and are resistant to weight gain, lending support to them as
therapeutic targets for Type Il diabetes and obesity. Notably, recent studies have shown that
the combined intranasal targeting of PTP1B and TC-PTP in the hypothalamus of obese mice
can increase energy expenditure and repress feeding to promote weight loss and improve
glucose homeostasis!®].

Recent studies also reveal that PTP1B and TC-PTP play non-redundant roles in attenuating
IFN-v signaling[16]. Elimination of PTP1B increases JAK2 phosphorylation and enhances
IFN-y mediated STAT1 activation[8], while TC-PTP removal from tumor cells augments
IFN-vy signaling and antigen presentation as a result of increased phosphorylation of
JAK1 and its downstream effector STAT1[17.18]  Interestingly, PTP1B and TC-PTP also
serve distinct functions as negative regulators of T cell activation [1920]. To this end,
PTP1B deletion in T cells promotes antigen-induced expansion and cytotoxicity of CD8*
T cells against solid tumors through increased JAK2/STATS5 phosphorylation[20l. Genetic
ablation of TC-PTP in T cells increases the expansion and survival of CD8* T cells[21-23]
and promotes the activation of CD8" T cells through amplifying LCK and STAT5
phosphorylationl18.24],

In light of our current understanding of the roles of PTP1B and TC-PTP in cellular
signaling, there is compelling rationale for concomitant blockage of PTP1B and TC-PTP
to produce synergistic effects for a number of therapeutic applications including Type

Il diabetes, obesity, and anti-cancer immunotherapies. Several small molecule inhibitors
for PTP1B and TC-PTP have been described[2%]. Theoretically, co-administration of

a PTP1B inhibitor with a TC-PTP-inhibiting agent could be employed to test these
therapeutic hypotheses. However, combination therapies are prone to elicit complex
pharmacokinetics/pharmacodynamics, unanticipated drug-drug interactions, toxicity and/or
patient compliance problems. Known as polypharmacology, the design or use of multi-
targeting compounds that act on two or more selected targets have gained considerable
interest in drug discovery owing to the increasing appreciation of the complexity of
multifactorial human diseases[26-27]. Compared to single-targeting drugs or a combination
of multiple drugs, a polypharmacological agent or multi-targeted ligand offers a valuable
alternative with several advantages, such as superior therapeutic effects, reduced risk of
drug—drug interactions, more predictable pharmacokinetic/pharmacodynamic profiles, and
simplification of treatment regimenl26].

To begin to assess the therapeutic potential of PTP1B and TC-PTP dual-targeting, we
describe the discovery of an active site-directed ligand that inhibits both PTP1B and TC-PTP
with low nM affinity. To further enhance the potency and selectivity of the dual-targeting
agent, we leverage the PROteolysis TArgeting Chimeras (PROTAC) approach[28.2% to
transform the PTP1B/TC-PTP inhibitor into a series of highly efficacious and selective

small molecule degraders for both PTP1B and TC-PTP. The lead dual PROTAC molecule
DU-14 degrades both PTP1B and TC-PTP with low nanomolar efficacies in a number of
cell lines, increases IFN-+y signaling and antigen presentation in tumor cells, and promotes
CD8™" T-cell activation. Importantly, DU-14 exhibits excellent pharmacokinetic properties
and blocks tumor growth in a syngeneic mouse model. Collectively, these results provide
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a proof-of-concept for polypharmacological targeting of both PTP1B and TC-PTP as a
therapeutic approach for cancer immunotherapy.

Results and Discussion

Discovery of a potent and selective dual targeting inhibitor for PTP1B and TC-PTP

Given the critical requirement of phosphotyrosine (pTyr) for PTP substrate
recognition[39:31] an effective strategy for PTP inhibitor discovery is through a fragment-
based approach by tethering appropriate diversity molecules to a nonhydrolyzable pTyr
mimetic in order to engage both the active site and nearby distinct peripheral pockets[2°:32],
These types of inhibitors are expected to possess enhanced potency and selectivity due to
the additivity of free energy of binding and the lack of structural similarity for nonactive site
interactions in different PTPs. Among nonhydrolyzable pTyr mimetics that can efficiently
engage the PTP active site pocket, phosphonodifluoromethyl phenylalanine (F2Pmp) is
widely utilized for PTP inhibitor design [33]. To that end, we have previously developed
potent and selective F2Pmp-based competitive inhibitors for PTP1B, TC-PTP, and PTP-
Meg?2 [34-36] To identify F2Pmp-based inhibitors targeting both PTP1B and TC-PTP, a
stepwise combinatorial synthesis and screening strategy (Scheme 1) was deployed [35.36],
We started from a fluorescein labeled F2Pmp-Lysine dipeptide (DP-01), which contains
the active site-directed F2Pmp, a free amine on the side chain of Lysine that can be used
for library construction, and a fluorescein tag connected through an Ala-Lys linker. The
fluorescein serves as an integral part of all library members, which furnishes a mechanism
for the identification of high affinity binders via a competitive homogeneous fluorescence
polarization (FP) displacement assay[3%:3¢].

Through three iterative rounds of fluorescein-tagged library synthesis and affinity-based
screening (for details see Supplemental Information and Tables S1, S2, and S3), we
identified compound DI-03, which inhibited PTP1B and TC-PTP with ICgq values of 4.7
+0.3and 7.1 £ 0.4 nM, respectively. As expected, DI-03 behaved as a reversible and
competitive inhibitor for both PTP1B and TC-PTP with K; values of 2.4 + 0.1 and 3.6

+ 0.2 nM, respectively (Figure 1A and B). Importantly, DI-03 displayed 2 to 3 orders of
magnitude of selectivity for PTP1B and TC-PTP over a panel of 12 representative PTPs,
including PTP Meg2, SHP2, LYP, HePTP, Laforin, STEP, LMW-PTP, Cdc14A, CD45,
FAP1, VHR, and PTPa (Figure 1C).

Design and synthesis of DI-03 based dual PROTAC degraders for PTP1B and TC-PTP

Acquisition of target selectivity is vital in the development and use of a chemical probe

for functional interrogation and testing therapeutic hypothesis. Given the conceptual novelty
of PTP1B and TC-PTP dual-targeting, we sought to further enhance the selectivity of

DI-03 for PTP1B and TC-PTP through application of the PROTAC technology. PROTACs
are bifunctional molecules consisting of a ligand for the protein of interest, a linker, and

an E3 ligase binding moiety that exploit the cell’s ubiquitin—proteasome machinery to
achieve selective target protein degradation[28:2%]. Compared to the traditional occupancy-
based inhibitors, the event-driven PROTACS exhibit several notable advantages including
prolonged efficacy as a result of target elimination, sub-stoichiometric concentrations
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needed due to the catalytic nature, and higher selectivity, which is dictated by the obligatory
ternary complex formation that brings the targe protein into proximity of the E3 ligase

for efficient target protein ubiquitination and subsequent proteasome-mediated degradation.
Indeed, the observation that PROTAC-mediated target protein degradation selectivity can
greatly exceed the binding selectivity of the corresponding ligand for the target protein(37]
spurred our interest in pursuing PROTAC molecules that can simultaneously degrade both
PTP1B and TC-PTP.

To develop DI-03 based PTP1B and TC-PTP dual PROTAC degraders, we needed to identify
a suitable tethering site for linker installment. Although there are no crystal structures

of PTP1B or TC-PTP in complex with DI-03 that can be used to guide tethering site
selection, the combinatorial synthesis and screening strategy used for PTP1B and TC-PTP
dual-inhibitor discovery revealed a potential linker attachment site in DI-03 (Scheme 1).
The FP displacement results showed that the fluorescein tagged DP-04 exhibited high
binding affinity for both PTP1B and TC-PTP, indicating that modifications on the primary
amide moiety (circled in Scheme 1) are tolerable. To further ascertain the suitability of

the DI-03 primary amide for linker attachment, we performed molecular docking studies.
Since PTP1B and TC-PTP are highly homologous, our docking experiments were solely
performed with a previously described PTP1B-ligand co-crystal structure [38]. The docking
poses of the cognate ligand agreed to the ligand bound crystal structure (Figure S1), which
validated the computational model. As expected, molecular docking results indicated that
the DI-03 primary amide was solvent exposed and did not interact with PTP1B (Figure 2A),
suggesting that linker attachment at this functionality will not perturb PTP1B binding.

Figure 2B depicts our strategy to create PROTAC degraders for PTP1B and TC-PTP. The
dual ligand (DL) for the two PTPs with a free carboxylic acid at the tethering site was
synthesized from the three fragments F1, F2, and F3 (see Supporting Information). The
von Hippel-Lindau (VHL) E3 ligase ligands (S,R,S)-AHPC and (S,R,S)-AHPC-Me [39-41]
were employed to construct the dual PROTACSs. Given the importance of linker length

in influencing PROTAC-mediated target protein degradation potency, we synthesized an
initial series of bivalent compounds (DU-01 to DU-06) with a linear alkyl chain of various
lengths (Table 1). As expected, all of these candidate PROTAC molecules exhibited low
nanomolar ICsq values comparable to those of DI-03 when tested against PTP1B and
TC-PTP in biochemical phosphatase assays (Table S4), indicating that the linker installment
did not affect the ligand binding affinity to the target proteins. We then assessed the effects
of these compounds on reducing PTP1B and TC-PTP abundance in HEK293 cells at 1

UM concentration using Western blotting (Table 1, Figure S2A and S2B). Among this
series, DU-02 with an n-pentane linker displayed the highest degradation potency. After

16 hours treatment, 1 uM of DU-02 induced the depletion of 81% PTP1B and 83%
TC-PTP. Increasing or decreasing the linker length in DU-02 by one additional methylene
(DU-01, DU-03) significantly diminished the degradation potency on both PTP1B and
TC-PTP. Further increase in linker length generated PROTACSs with even lower degradation
efficacy. Therefore, the n-pentane chain appeared to represent the optimal linker length for
D1-03 based VHL recruiting PTP1B/TC-PCP degraders. Lower degradation efficiency was
observed at 0.1 uM compound concentration (Table S5, Figure S2A and S2B), indicating no
obvious hook effect!4? in this concentration range.
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The chemical nature and flexibility of linkers are also known to affect the formation

and stability of the target protein - PROTAC - E3 ligase ternary complex and, thus can
influence the degradative efficiency. Accordingly, to further improve the potency of the
PTP1B and TC-PTP dual PROTAC degraders, we sought to modify the linker composition
while keeping the linker length similar to that of DU-02 (DU-07 to DU-13, Table 2, and
Figure S2C and S2D). We first synthesized DU-07 by replacing the n-pentane linker with the
corresponding polyethylene glycol to assess the potential influence of linker hydrophaobicity
on the degradation potency. Treatment of HEK293 cell with 0.2 uM of DU-07 for 16 hours
led to the depletion of 45% PTP1B and 47% TC-PTP respectively, which are significantly
lower than those induced by DU-02 under the same conditions. We then investigated the
effect of linker conformational constraint on PTP1B and TC-PTP degradation by inserting
a rigid benzene, piperidine, or piperazine ring into the flexible linear alkyl chain (DU-09 to
DU-13). Compared to DU-02, DU-10 with a m-xylene linker exhibited markedly improved
degradation potency, while DU-09 with an o-xylene and DU-11 with a p-xylene linker
showed lower degradation potencies. On the other hand, PTP1B and TC-PTP were less
robustly degraded by DU-12 and DU-13 when compared to DU-02, indicating that the
piperidine or piperazine linker is less effective. Finally, we ascertained whether replacement
of (S§,R,S)-AHPC with (S,R,S)-AHPC-Me, a VHL ligand that was reported to possess higher
binding affinity for the E3 ligase [43], in DU-07 and DU-10. To our delight, DU-08 and
DU-14 were significantly more potent than their (S,R,S)-AHPC counterparts. In particular,
treatment of HEK293 cells for 16 hours with 0.2 pM DU-14 induced 95% and 92%
depletion of PTP1B and TC-PTP, respectively, making DU-14 the most potent PTP1B and
TC-PTP dual PROTAC degrader in this study. Again, significantly decreased PTP1B and
TC-PTP degradation was observed at 0.05 uM degrader concentration (Table S6, Figure
S2C and S2D). Indeed, our most potent dual PROTAC DU-14 showed no Hook effect at
concentrations up to 6.25 uM (Figure S3).

DU-14 is a potent, selective, and bona fide PROTAC degrader for PTP1B and TC-PTP

To further establish DU-14 as a genuine dual PROTAC degrader for PTP1B and TC-PTP,
we determined its degradation efficacy at a wide range of concentrations in HEK293 and

9 additional cell lines (Figure 3A, 3B, and Figure S4). The DCgy (compound concentration
needed to induce target protein degradation by 50%) values for DU-14 mediated PTP1B
and TC-PTP degradation were 4.3 and 4.8 nM, respectively, in HEK293 cells after 16 hours
treatment. Equipotent low-nanomolar DCgqs for PTP1B and TC-PTP degradation were also
observed with DU-14 in Jurkat T cells, mouse embryonic fibroblast (MEF) cells, U20S
human bone osteosarcoma epithelial cells, and 6 other cancer cell lines (Figure 3C). Next,
we determined the time course of PTP1B and TC-PTP degradation by treating HEK293 cells
with 100 nM DU-14 for 1, 3, 6, 8, 16, and 24 hours. We observed a nearly complete loss

of PTP1B and TC-PTP within 6 hours, with an estimated ty/, (the time required to reduce
the target protein to half of its initial amount) of 3.1 £ 0.2 and 2.5 + 0.1 hours for PTP1B

or TC-PTP, respectively (Fig. 3D&E). To investigate the binding selectivity of DU-14 for
the targeted proteins of interest, we determined that DU-14 inhibits the phosphatase activity
of PTP1B and TC-PTP with I1Cgq values of 24.2 £ 1.7 nM and 30.1 = 2.3 nM respectively,
and exhibits >88-fold selectivity for PTP1B and TC-PTP over a representative list of 12
PTPs, consisting of receptor-like, nonreceptor-like, and dual specific phosphatases (Figure
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3F). The biochemical binding selectivity of DU-14 for PTP1B and TC PTP is slightly lower
than that of DI-03, as measured by the ability of the compounds to inhibit the phosphatase
activity of purified recombinant PTP proteins. This might be due to linker and E3 ligase
ligand attachment on DI-03 which may perturb it’s binding to the PTPs. We next evaluated
the selectivity of DU-14 as a degrader for PTP1B and TC-PTP. We found that treatment

of HEK?293 cells with 0.5 uM DU-14 for 16 hours led to complete removal of PTP1B

and TC-PTP, whereas none of the other PTP members including SHP2, PTP-Meg2, LYP
and PRL2 were affected (Figure 3G). Moreover, no appreciable degradation of PTP-Meg

2 and SHP2 was observed in HEK?293 cells treated with up to 6.25 uM DU-14 for 6

hours (Figure S3), indicating that DU-14 exhibits at least 600-fold degradation selectivity
for PTP1B and TC-PTP over these two PTPs. Thus, the DU-14 mediated PTP1B and
TC-PTP degradation selectivity way exceeded the inhibition/binding selectivity of DI-03
for PTP1B and TC-PTP over PTP-Meg?2 (155-fold) and SHP2. We also noted that under
the same conditions, DU-14 did not cause any appreciable degradation of other signaling
proteins including STAT1, STAT5, AKT, GSK3a and p70S6K (Figure 3G). To further
assess the proteome-wide degradation selectivity of DU-14, we performed quantitative mass
spectrometry-based proteomic experiments to determine the range of targets degraded by
DU-14 in HEK293 cells. As shown in Figure 3H, PTP1B was the only protein whose levels
was significantly reduced by 100 nM of DU-14. Unfortunately, TC-PTP was not detected by
the mass spectrometry measurements under the given conditions. Taken together, the above
results indicate that DU-14 is a potent PTP1B and TC-PTP dual degrader with remarkably
high selectivity.

PROTAC-mediated protein degradation requires the obligatory formation of a functional
ternary complex of target protein-PROTAC-E3 ligase in order to enable target protein
ubiquitination by the E3 ligase, followed by proteasomal degradation[28]l. The PTP1B

and TC-PTP inhibition data (Figure 3F) indicate that DU-14 can selectively engage the
intended target proteins. To confirm the VHL E3 ligase dependency for DU-14 induced
PTP1B and TC-PTP degradation, we prepared cis-DU-14 in which the VHL E3 ligand was
replaced with (S,S,S)-AHPC-Me, a epimer of (S,R,S)-AHPC-Me with diminished affinity
for VHLI44. We established that the 1Csq values of cis-DU-14 for PTP1B and TC-PTP
(25.1 £ 1.6 and 29.7 + 2.1 nM) are similar to those of DU-14 (Figure 3F). Consistent

with the impaired binding of (S,S,S)-AHPC-Me to VHL, cis-DU-14 failed to degrade
either PTP1B or TC-PTP in HEK293 cells (Figure 4A). Moreover, addition of the VHL
ligand (S,R,S)-AHPC-Me reduced the DU-14 mediated degradation of the two proteins
(Figure 4A). In contrast, pretreatment of the cell with Lenalidomide, a ligand for Cereblon
(another E3 ligase commonly employed for PROTAC development), had no effect on
DU-14-mediated PTP1B and TC-PTP degradation (Figure 4A). These observations suggest
that DU-14 induced PTP1B and TC-PTP degradation is VHL-dependent. To demonstrate
the ubiquitination- and proteasome-dependency of the DU-14 induced PTP1B and TC-PTP
degradation, we determined the effect of MLN-4924, an inhibitor of the E1 ubiquitin-
activating enzyme, and the proteasome inhibitor MG-132. As expected, pretreatment of
the cells for 30 minutes with these inhibitors markedly reduced the extent of PTP1B and
TC-PTP degradation by DU-14, indicating that the E1 ubiquitin-activating enzyme and 26S
proteasome were indeed required for the DU-14 induced PTP1B and TC-PTP degradation
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(Figure 4A). Finally, the DU-14 mediated PTP1B and TC-PTP degradation and proteasome
dependency were also verified by immunofluorescent imaging (Figure 4B and 4C). Taken
together, our data demonstrated that DU-14 is a genuine PTP1B and TC-PTP dual-PROTAC
degrader with high potency and selectivity.

DU-14 amplifies INF-y signaling and promotes T cell activation

We next proceeded to ascertain target engagement by DU-14 inside the cell. As negative
regulators of IFN-vy signaling, PTP1B and TC-PTP dephosphorylate JAK2 at Y1007/
Y1008!8] and JAK1 at Y1034/Y1035[1745]  respectively. In addition, TC-PTP can also
directly dephosphorylate STAT family members, including STAT1[46] and STAT3[4] in

the nucleus to comprehensively attenuate IFN signaling. As expected, treatment of MEF
cells with 500 nM DU-14 for 16 hours let to the complete removal of both PTP1B and
TC-PTP and augmented IFN-vy stimulated JAK2 Y1007/Y1008 and JAK1 Y1034/Y1035
phosphorylation (Figure 5A). To demonstrate that the increase in pJAK1/Y1034/Y 1035 and
pJAK2/Y1007/Y1008 was indeed caused by PTP1B/TC-PTP degradation, we utilized MEF
cells that either lack PTP1B or TC-PTP as negative controls. As shown in Figure 5A, DU-14
treatment of TC-PTP~/~ MEF cells further elevated IFN-y mediated PTP1B substrate JAK2/
Y1007/Y 1008 phosphorylation with no effect on the level of TC-PTP substrate pJAK1/
Y1034/Y1035. In contrast, addition of DU-14 to PTP1B™~ MEF cells further increased the
IFN-y mediated TC-PTP substrate pJAK1/Y1034/Y 1035 level with no alteration of PTP1B
substrate JAK2/Y1007/Y1008 phosphorylation. These results indicate that DU-14 can block
both PTP1B and TC-PTP catalyzed substrates dephosphorylation.

IFN-vy signaling enhances tumor cell recognition and elimination by recruiting cytotoxic

T lymphocytes to tumor cells(7). This is achieved by the INF-y induced JAK1/2-STAT1
pathway activation, resulting in the upregulation of interferon response genes, including
genes for T cell chemoattractants, such as CXCL9 and antigen presentation, such as MHC-I
complex components[48]. Importantly, previous studies have shown that the deletion of TC-
PTP in tumor cells can enhance IFN-y induced JAK/STAT1 signaling to facilitate antigen
presentation, T cell recruitment, and anti-tumor immunity[1718], To further investigate

the impact of DU-14 on IFN-+y signaling in tumor cells, we measured pSTAT1/Y701

as a readout for pathway activation. As shown in Figure 5B, treatment of MC38 cells

with DU-14 led to a dose dependent degradation of PTP1B/TC-PTP and increase in
pSTAT1/Y701. Immunofluorescent imaging also showed enhanced IFN-y induced STAT1
phosphorylation (Green) and nuclear translocation in U20S cells upon DU-14 treatment,
which is required for the initiation of STAT1 mediated transcription (Figure 5C). A

positive correlation between the DU-14 induced increase in pSTAT1/Y701 and the extent of
PTP1B/TC-PTP degradation was also observed in a number of different cell lines including
HEK293, Jurkat, MiaPaca2, H116, H358, HepG2, U20S, MC38, MEF and B16F10 (Figure
S4). Consistent with the enhanced upstream INF-y signaling activation, we observed over
80% higher cell surface MHC-I expression in MC38 cells in the presence of DU-14 as
result of IFN-y stimulation (Figure 5D). Finally, we have compared the efficacy of PTP1B
and TC-PTP dual degradation to dual inhibition. As shown in Figure S5, DU-14 treatment
amplified IFN-y induced pSTAT1/Y 701 with significantly higher efficiency (ECsq of 76.2
+ 12.3 nM) than that effected by the DI-03 (ECgg > 2.5 uM). The results further confirmed
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that bifunctional PROTAC molecules possess improved biological activity compared to their
corresponding ligands. Collectively, we demonstrated that DU-14 efficiently amplified IFN-
v signaling through inhibition of PTP1B and TC-PTP catalyzed tyrosine dephosphorylation
of JAK2/Y1007/Y1008, JAK1/Y1034/Y1035 and/or STAT1/Y701, leading to increased cell
surface MHC-I expression, which is required for efficient T-cell mediated killing of tumor
cells.

Beyond attenuating JAK/STAT signaling in tumor cells, PTP1B and TC-PTP also have
fundamental roles in T cells and the deletion of either TC-PTP or PTP1B in T cells

can markedly enhance anti-tumor immunity[20.22.24]. TC-PTP attenuates T cell receptor
(TCR) signaling by dephosphorylating and inactivating the Src family kinase LCK[1],
TC-PTP also attenuates JAK/STAT1/5 signaling in response to cytokines such as IFNs and
IL-2[19.22.24] that are required for the activation, clonal expansion and differentiation of T
cells. The deletion of TC-PTP in T cells enhances immunosurveillance and inhibits the
growth of syngeneic tumors in mice and the anti-tumor efficacy of adoptively transferred

T cells[?4]. PTP1B also negatively regulates IL-2-induced JAK/STATS signaling in T cells,
and its deletion or inhibition in vivo can enhance the anti-tumor activity of T cells[20],
Accordingly, we sought to assess the impact of targeting PTP1B and TC-PTP with DU-14
on JAK/STAT signaling and the activation of T cells after crosslinking the TCR. The

effects of DU-14 were compared with the genetic deletion of TC-PTP (encoded by Ptpn2)
in T cells (Lck-Cre; Ptpn2f/). First, we assessed the impact of DU-14 on TC-PTP and
PTP1B protein levels by flow cytometry using validated antibodies!19.20.241 After 48 hr

of treatment TC-PTP and PTP1B were effectively degraded in T cells (Figure 6A). The
degradation of TC-PTP and PTP1B was accompanied by a more than 3-fold increase in
STAT1 Y701 phosphorylation and 2-fold increase in STAT5 Y694 phosphorylation detected
after crosslinking the TCR with a-CD3/a-CD28 to activate T cells (Figure 6B). Importantly,
the promotion of pSTAT1/Y701 and pSTAT5/Y 694 by DU-14 treatment exceeded that
achieved by the genetic deletion of TC-PTP, consistent with DU-14 targeting both TC-PTP
and PTP1B to enhance signaling. Furthermore, DU-14 treatment also enhanced the TCR-
induced activation of T cells, as assessed by monitoring for cell size and the expression

of cell surface activation markers, including CD44, CD25 (IL-2 receptor a) and CD69
(Figure 6C). In this instance, DU-14 only moderately, albeit not significantly, increased T
cell activation beyond that achieved by the deletion of TC-PTP. This was not necessarily

a surprise, since TC-PTP but not PTP1B, attenuates TCR signaling in naive CD8* T
cells[19.20] Nonetheless, these results demonstrate that the combinatorial targeting of PTP1B
and TC-PTP with DU-14 can enhance JAK/STAT signaling and the activation of CD8+ T
cells that are instrumental in anti-viral and anti-tumor immunity.

DU-14 suppresses syngeneic tumor growth in immunocompetent mice

Previous studies have shown that the genetic deletion of PTP1B or TC-PTP promotes
anti-tumor immunity in both cell-autonomous and non-autonomous manners [17:18,20,22,24]
To explore the therapeutic potential of dual targeting of PTP1B and TC-PTP, we investigated
whether systemic administration of DU-14 could repress the growth of syngeneic tumors

in mice. Pharmacokinetics (PK) analyses of DU-14 in C57BL/6 mice showed that a single
intraperitoneal injection of DU-14 at 25 and 50 mg/kg achieved a peak plasma concentration
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(Crnax) of 1.6 £ 0.3 and 4.3 £ 0.3 uM with half-lives of 3.0 £ 1.1 and 3.3 = 0.8 hours,
respectively (Figure 7A). At both doses the plasma concentration of DU-14 was maintained
above its cellular EC5g for STAT1 activation (34.2 + 2.2 nM in MC38 cells, Figure S2)

for at least 12 hours. Based on the PK profiles, we assessed the anti-tumor activity of
DU-14 in C57BL/6 mice bearing MC38 colorectal tumors in the flanks. Mice bearing
established tumors (200 mm3) were injected once daily with either saline or 25 or 50 mg/kg
DU-14. Compared with the control group, 25 mg/kg DU-14 treatment effectively repressed
MC38 tumor growth while 50 mg/kg DU-14 resulted in static tumor growth (Figure

7B). No obvious toxicity was observed based on body weight measurement (Figure 7C).
Importantly, nearly complete PTP1B and TC-PTP degradation was observed in whole tumor
homogenates after treatment with DU-14 treatment (Figure 7D). Immunohistochemical
analyses revealed that the repression of tumor growth was accompanied by a marked
increase in CD8* T cell infiltrates (brown a-CD8a staining) in MC38 tumors (Figure 7E
and 7F). These results are consistent with our cell-based studies, which point towards the
combined targeting of PTP1B and TC-PTP with DU-14 in tumor cells and T cells promoting
both tumor antigen presentation and T cell activation. Together, these data suggest that
DU-14 is a promising lead for further development and that dual degradation of PTP1B and
TC-PTP could represent a novel and effective immunotherapy strategy.

Conclusion

Immunotherapies aimed at boosting the ability of T cells to locate, infiltrate, and destroy
tumors have revolutionized cancer treatment[4%]. However, only a small population of
patients have benefited from current options, highlighting the need to identify new
approaches to improve cancer immunotherapy. Recent studies reveal that PTP1B and TC-
PTP play non-redundant negative regulatory roles in T-cell activation as well as in tumor
cell antigen presentationl17-20.22.24] Consequently, targeting both enzymes concurrently
may produce synergistic effects on upregulating T-cell mediated anti-tumor immunity.
Unfortunately, PTP1B and TC-PTP are among the most difficult-to-drug intracellular targets
due to difficulties in developing inhibitors with sufficient selectivity and robust in vivo
activity[2]. Here we applied fragment-based methods to discover a highly potent (low nM)
and selective (>150 fold over 12 PTPs) active site directed inhibitor DI-03 for PTP1B and
TC-PTP. To further enhance the potency and selectivity of the dual-targeting agent, we
utilized the PROTAC strategy to transform DI-03 into a highly efficacious and selective
PTP1B and TC-PTP dual degrader DU-14. Despite having an unmasked F2Pmp, DU-14
promotes efficient PTP1B and TC-PTP degradation with low nanomolar potencies in a
target(s), E3 ligase, ubiquitination and proteasome dependent manner. Notably, DU-14
enhances IFN-y mediated JAK1/2-STAT1 signaling and antigen presentation in tumor cells.
DU-14 also upregulates TCR and IL-2 signaling and enhances CD8* T cell activation.
Importantly, DU-14 exhibits excellent pharmacokinetic properties and inhibits the growth
of syngeneic tumors in immunocompetent mice; this is accompanied by the increased
infiltration of CD8* T cells. Given the high molecular weight and negative changes
associated with DU-14, it is remarkable that it exhibits robust /n vivo efficacy. Although
DU-14 is in non-compliance with the Lipinski rule of fivel59, it has been increasingly
recognized the existence of bioavailable drugs that exceed the proposed constraints[®2],
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To this end, we note that the molecular attributes of DU-14 are similar to the published
PROTACSs with biological activities[>2] and to those currently in clinical trials(>3l. Similar
F2Pmp containing PTP-Meg 2 inhibitor 7[36] also possesses highly efficacious cellular
activity and is capable of augmenting insulin signaling and improving insulin sensitivity
and glucose homeostasis in diet-induced obese mice. Finally, the catalytic feature of the
PROTAC mediated degradation may also boost the biological activity of degraders with less
than ideal cell permeability. Collectively, our study highlights the translational potential of
systemic and concomitant targeting of both PTP1B and TC-PTP as a novel and promising
therapeutic approach for cancer immunotherapy. DU-14 is the first small molecule degrader
developed from a nonhydrolyzable pTyr mimetic that specifically and efficiently induces
PTP1B and TC-PTP degradation in both cells and whole animals. We anticipate that the
PROTAC approach will help resuscitate drug discovery efforts targeting the active sites of
PTPs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DI-03 is a potent and selective PTP1B/TC-PTP dual competitive inhibitor. (A) Effect of
DI1-03 on PTP1B catalyzed pNPP hydrolysis. (B) Effect of DI-03 on TC-PTP catalyzed
pNPP hydrolysis. The Lineweaver-Burk plot displayed the characteristic intersecting line
pattern, consistent with competitive inhibition. DI-03 concentrations were 0 (@), 5 (H), and
10 nM (A), respectively. DI-03 inhibit PTP1B and TC-PTP with Ki values of 2.4 £ 0.1 and
3.6 £ 0.2 nM, respectively. (C) Selectivity of DI-03 over a panel of 12 mammalian PTPs.
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Figure2.
Molecular docking results suggest the primary amide moiety of DI-03 is solvent exposing

and guide the PROTACS design. (A) Binding pose of DI-03 (green stick) to PTP1B shown
in transparent surface representation. The solvent-exposing primary amide moiety is circled
in red. Hydrogen bonds and ionic bonds are represented by yellow dashes. - stacking
and cation-mt interactions are shown with orange and purple dashes, respectively. Interaction
distances are shown in Angstroms. (B) General synthetic route for dual PTP1B and TC-PTP
ligand and PROTACS.
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Figure 3.

DU-14 is a potent and selective PTP1B/TC-PTP dual degrader. (A-B) Immunoblots of
cell lysates from HEK293 (A) and MC38 (B) cells treated with DU-14 at indicated
concentrations for 16 hours showing dose-dependent degradation of PTP1B and TC-PTP
achieved by low nanomolar concentration of DU-14. (C) DC50 values of DU-14 in 10
cell lines. Cells were treated with a series concentration of DU-14 for 16 hours then lysed
for immunoblot. PTP1B and TC-PTP degradation were quantified by densitometry and
normalized to GAPDH. (D-E) Degradation kinetics of DU-14 in the HEK293 cell lines.
Cells were treated with 100 nM of DU-14 for 1,3,6,8,16 and 24 hours. PTP1B (@) and
TC-PTP (M) protein was examined by immunoblot and normalized to GAPDH to determine
the degradation. (F) Biochemical IC50 of DU-14 on a panel of 12 PTPs. (G) Degradation
selectivity of DU-14. Immunoblots of cell lysates from HEK293 cells treated with vehicle
(DMSO0), 0.5 uM DU-14, or 0.5 uM DU-14 along with 2 uM MLN4924 for 16 hours. (H)
Proteomic analysis showing specificity of DU-14 for PTP1B degradation by using 4 hours
DMSO or 100 nM DU-14 treated HEK293 cells

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al.

Page 17

A
DMSO cis-DU-14 MLN4924 MG132 Lenalidomide (S,R,S)-AHPC-Me
DU-14 100 nM 2 uM 10 uM 10 uM 10 uM
100 nM - + - - + - + = & - +
PTP1B | M - e @ R ) E e,
TC-PTP | - o ow — - .
GAPDH | Wl e wnes G e @l wmmw ol s — =
B DU-14 (1uM) Cc DU-14 (1uM)
DMSO  g; 24h DMSO 3 24h
+ MG132 + MG132

PTP1B

Figure 4.

24h
..

24h
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DU-14 is a bona fide PTP1B/TC-PTP dual PROTAC. (A) Mechanistic investigation

of PTP1B/TC-PTP degradation induced by DU-14 in HEK293 cells. Cells were pre-
treated with indicated concentration of MLN4924 (prevents ubiquitination), MG132
(blocks proteasome activity), Lenalidomide (prevents CRBN binding) or (S,R,S)AHPC-Me
(prevents VHL binding) followed by 4 h treatment with DU-14 at 100 nM showing DU-14
mediated PTP1B/TC-PTP degradation depends on the ubiquitination-proteasome pathway.
Cells were also treated with 100 nM cis-DU-14 (inactivated degrader) for 4 h and no
degradation observed. (B-C) Immunofluorescences of PTP1B (Green) and TC-PTP (Red)
with U20S cells treated with DMSO, and 1 uM DU-14 for 3 and 24 hours showing DU-14
degrades cytoplasm localized PTP1B and both nucleus and cytoplasm localized TC-PTP. 20
UM MG132 was used along with DU-14 to block PTP1B and TC-PTP degradation.
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Figure5.
DU-14 efficiently amplifies cellular IFN-vy signaling by degrading PTP1B and TC-PTP.

(A) Immunoblots of whole cell lysates from wild-type, PTP1B deleted or TC-PTP deleted
MEF cells that treated with 0.5 uM DU-14 for 16 hours and stimulated with 20 ng/ml
mouse IFN-y for 15 mins. Deletion of TC-PTP or PTP1B abolished the DU-14 induced
phosphorylation level increase of the TC-PTP substrate JAK1 or the PTP1B substrate JAK2.
(B) Immunoblots of whole cell lysates from MC38 cells that treated with DU-14 for 16
hours at indicated concentration and stimulated with 20 ng/ml mouse IFN-y for 15 mins
showing DU-14 dose-dependently elevates IFN-y mediated STAT1 activation (C) U20S
cells were treated with DMSO or 0.2 uM DU-14 for 16 hours and stimulated with 20

ng/ml IFN-y for 30 minutes. Immunofluorescence showing DU-14 dramatically enhanced
IFN-y mediated STAT1 phosphorylation (Green) and nucleus translocation. DAPI was used
to stain cell nucleus. (D) MC38 cells were treated with DMSO (Blue Peak) or 500 nM
DU-14 (Red Peak) for 16 hours for PTP1B and TC-PTP degradation then stimulated with
20 ng/ml mouse IFN-vy for 48 hours to induce MHC-I expression. Mouse MHC-I complex
was stained with mouse H2K(b)/H2D(b) antibody and measured by flow cytometry. DU-14
treated MC38 cells exhibited elevated expression of MHC-I.
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Figure 6.
DU-14 induces PTP1B and TC-PTP degradation in CD8+ naive T cells, enhances STAT1

and STAT5 phosphorylation, and promotes CD8+ T cell activation. (A) Purified CD8+ naive
T cells from control (Ptpn2fl/fl) and Lck-Cre; Ptpn2fl/fl mice (n=3/genotype/condition)
were incubated for 48 h with IL-7 in the presence or absence of DU-14 as indicated and
TC-PTP and PTP1B protein levels monitored by flow cytometry. (B-C) Vehicle-treated
control, TCPTP-deficient Lck-Cre; Ptpn2fl/fl and DU-14-treated control naive CD8* T cells
were stimulated with plate-bound a-CD3/a-CD28 for 48 h to promote T cell activation.

(B) Basal STAT-1 (p(Y701) STAT-1) and STAT-5 (p(Y694) STAT-5) phosphorylation were
assessed by flow cytometry. (C) Cell size (FSC-A) and the T cell activation markers CD25,
CD69 and CD44 (MFI; mean fluorescence intensities) were measured by flow cytometry. (@
Ptpn2fl/fl + Vehicle, B Lck-Cre; Ptpn2fl/fl + Vehicle, A Ptpn2fl/fl + DU-14).
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Figure7.
Targeting PTP1B and TC-PTP with DU-14 represses MC38 tumor in mice. (A) Mice blood

concentration of DU-14 overtime after single dose administration of 25 (M) or 50 (@) mg/kg
DU-14 i.p. injection. (B) MC38 tumor growth after daily treatment with saline (@) versus
25 (W) or 50 mg/kg (A) DU-14 (n=8) (C) Body weights of MC38 tumor bearing mice (n=4)
treated with DU-14 for 10 days. (D) PTP1B and TC-PTP immunoblots of MC38 whole
tumor homogenates (n=4) from mice treated with saline versus 25 or 50 mg/kg DU-14.
(E-F) Immunohistochemistry (IHC) analysis of MC38 tumors staining for CD8* T cells.
Representative images and the quantified results from 6 sections are shown.
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Scheme 1.

Page 21
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Development of PTP1B/TC-PTP dual-inhibitor DI-03 through a combinatorial synthesis and

screening strategy.
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Table 1.

Page 22

Structure and degradation results of the initial set of degraders. Degradation assay was conducted in HEK293
cells with 1 uM degrader and 16 hours incubation.
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Table 2.

Page 23

Structure and degradation results of the second set of degraders. Degradation assay was conducted in HEK293

cells with 0.2 uM degrader and 16 hours incubation.
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