ACSMedicinal

hemistry Letters)

pubs.acs.org/acsmedchemlett

Development of a Hematopoietic Prostaglandin D Synthase-
Degradation Inducer

Hidetomo Yokoo, Norihito Shibata, Miyako Naganuma, Yuki Murakami, Kiyonaga Fujii, Takahito Ito,
Kosuke Aritake,® Mikihiko Naito,* and Yosuke Demizu*

I: I Read Online

Article Recommendations |

Cite This: ACS Med. Chem. Lett. 2021, 12, 236-241

ACCESS |

ABSTRACT: Although hematopoietic prostaglandin D synthase (H-
PGDS) is an attractive target for treatment of a variety of diseases,
including allergic diseases and Duchenne muscular dystrophy, no H-
PGDS inhibitors have yet been approved for treatment of these diseases.
Therefore, the development of novel agents having other modes of
action to modulate the activity of H-PGDS is required. In this study, a
chimeric small molecule that degrades H-PGDS via the ubiquitin-
proteasome system, PROTAC(H-PGDS)-1, was developed. PROTAC- e - specific degradation
(H-PGDS)-1 is composed of two ligands, TFC-007 (that binds to H- 5 H-PCDS ot H-PGDS

PGDS) and pomalidomide (that binds to cereblon). PROTAC(H- 75 CRBN i .
PGDS)-1 showed potent activity in the degradation of H-PGDS protein 50 * SPectlic suppression
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via the ubiquitin-proteasome system and in the suppression of
prostaglandin D, (PGD,) production. Notably, PROTAC(H-PGDS)-1
showed sustained suppression of PGD, production after the drug
removal, whereas PGD, production recovered following removal of TFC-007. Thus, the H-PGDS degrader—PROTAC(H-PGDS)-
1—is expected to be useful in biological research and clinical therapies.
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Figure 1. (a) Chemical structures of the H-PGDS inhibitors F092 and
TFC-007. (b) X-ray crystal structure of H-PGDS with F092 (PDB:
SYWX). (c¢) Chemical structures of PROTAC(H-PGDS)-1,
PROTAC(H-PGDS)-2, and SNIPER(H-PGDS)-1.
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Duchenne muscular dystrophy.” H-PGDS is one of the
enzymes involved in PGD, synthesis; therefore, H-PGDS is a
potential therapeutic target for such diseases, for example, in
the nasal mucosa of patients with allergic rhinitis.” In vivo
studies have demonstrated that H-PGDS inhibition is effective
in the treatment of allergic inflammation.®™® To date, several
types of H-PGDS inhibitors have been developed as therapies
for allergic and inflammatory responses.” However, the
advancement of these inhibitors into clinical studies has not
been satisfactory, probably due to the differences of
pharmacokinetics and pharmacodynamics between preclinical
animals and humans. Thus, the development of novel agents
for clinical investigation with modes of action other than H-
PGDS inhibition is required.

In recent years, innovative chimeric drugs, PROTACs
(proteolysis targeting chimeras), and SNIPERs (specific and
non-genetic inhibitor of apoptosis protein [IAP]-dependent
protein erasers), which enable the degradation of target
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Figure 2. PROTAC(H-PGDS)-1 is a degrader for H-PGDS protein. (a) KU812 cells were incubated with the indicated concentration of
PROTAC(H-PGDS)-1 for the indicated time. The H-PGDS/f-actin ratio was normalized by the vehicle control as 100. The data in the bar graph
are means = SD (n = 3). (b) Turnover of H-PGDS protein in KU812 cells after treatment with 10 pg/mL cycloheximide (CHX) in the presence or
absence of 100 nM PROTAC(H-PGDS)-1 for the indicated periods. The H-PGDS/f-actin and cyclin B1/f-actin ratios were normalized by the
time O control as 100. The data in the graphs are means + SD (n = 3). (c) Expression of H-PGDS mRNA in KU812 cells. Cells were incubated
with the indicated concentration of PROTAC(H-PGDS)-1 for 6 h. Expression levels are relative to vehicle treatment, which was arbitrarily set to 1.
The data in the bar graph are means + SD (n = 3). *P < 0.01 compared with vehicle-treated control in a two-tailed Student’s ¢ test.

proteins via the ubiquitin-proteasome system (UPS), have which recruit a target protein in proximity to an E3 ligase to
been developed. These drugs are chimeric molecules, induce protein degradation.'’”"* SNIPERs recruit IAP
composed of target protein ligands and E3 ligase ligands, ubiquitin ligase, while PROTACs recruit other E3 ligases,
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Figure 3. Involvement of the ubiqutin-proteasome system in the PROTAC(H-PGDS)-1-induced degradation of H-PGDS protein. (a) KU812 cells
were incubated with 1 M PROTAC(H-PGDS)-1 or the ligand mixture (TFC-007 and pomalidomide, 1 #M each) for 6 h. (b) Competition assay
using an excess amount of pomalidomide with PROTAC(H-PGDS)-1 in KU812 cells. Cells were incubated with 100 nM PROTAC(H-PGDS)-1
and/or 10 yM pomalidomide for 6 h. (c) Effect of MG132 and MLN7243 on the protein knockdown activity of PROTAC(H-PGDS)-1 in KU812
cells. Cells were incubated with 100 nM PROTAC(H-PGDS)-1 in the presence or absence of 10 uM MG132 or 10 uM MLN?7243 for 6 h. The H-
PGDS/f-actin ratio was normalized by the vehicle control as 100. The data in the bar graphs are means = SD (n = 3). *P < 0.01 compared to

vehicle-treated control in a two-tailed Student’s ¢ test.

such as cereblon (CRBN) and von Hippel—Lindau ubiquitin
ligase. Notably, PROTACs and SNIPERs against the same
target protein show different activities of degradation,'*
suggesting that the appropriate combination of target protein
and E3 ligase is important for development of potent
degraders. Some degraders have been reported to show more
durable suppression of the cellular responses caused by the
target protein than small molecule inhibitors."*~'® A variety of
PROTACs and SNIPERs have been developed for the
treatment of cancer that targeted related proteins, such as
transcriptional regulators, nuclear receptors, and protein
kinases. ”'”'® As a new mechanism of action for regulating
the activity of H-PGDS, the development of degraders
targeting the H-PGDS protein is an attractive approach for
the treatment of chronic allergic diseases. In the present study,
we developed the chimeric small molecule PROTAC(H-
PGDS)-1, which had potent activity for the degradation of H-
PGDS protein via the UPS and in the suppression of PGD,
production.

Among the representative H-PGDS selective inhibitors,
HQL-79,"’ F092,” BSPT,*' TAS-204,” and TFC-007,° TAS-
204, and TFC-007 show high inhibitory activity against H-
PGDS enzyme (with ICq, values of 23 nM (in vitro) and 83
nM (in vitro), respectively, Figure 1a).”® The binding mode
between H-PGDS and F092 (and HQL-79) has been revealed
by X-ray diffraction.'””” From the above information, we
focused on the chemical structures of F092 and TFC-007,
which contain the same N-phenyl-S-pyrimidinecarboxamide
moiety, to design a chimeric molecule. In the X-ray crystal
structure of the ligand binding domain of H-PGDS and F092
(PDB: SYWX), the N-phenyl-S-pyrimidinecarboxamide moiety
faces to the inside and the 2-pyrrolidone moiety is orientated
to the outside of the protein (Figure 1b). We hypothesized
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that the elongated structure of TFC-007, similar to F092,
would be suitable as a target protein ligand and the morpholine
moiety of TFC-007 would face the surface of the protein.
Thus, we designed a TFC-007-based PROTAC by the
replacement of the morpholine moiety with a piperazine
moiety for linking with the E3 ligase ligand. As the E3 ligase
ligand, pomalidomide was selected, which binds to CRBN.
CRBN is a broadly expressed protein and forms part of the
cullin-4-containing E3 ubiquitin ligase complex. The structures
of PROTAC(H-PGDS)-1 and the negative control PROTAC-
(H-PGDS)-2 with N-methylated pomalidomide, which is
considered to have considerably reduced binding affinity to
CRBN," are shown in Figure lc. The synthetic routes for
PROTAC(H-PGDS)-1 and PROTAC(H-PGDS)-2 are given
in the Supporting Information (Schemes S1 and S2,
respectively).

To examine the effect of PROTAC(H-PGDS)-1 on H-
PGDS protein levels, human KU812 cells expressing H-PGDS
protein were treated with graded concentrations of PROTAC-
(H-PGDS)-1 for 3 h (Figure 2a). Effective reduction of H-
PGDS protein by PROTAC(H-PGDS)-1 was observed at
concentrations >10 nM, and the maximum activity was
observed at 100—1000 nM. Additionall, PROTAC(H-
PGDS)-1, at concentrations >10 nM, showed more potent
activity in the reduction of the H-PGDS protein when the cells
were incubated with PROTAC(H-PGDS)-1 for 6 or 24 h
(Figure 2a). Similar protein reduction activity for PROTAC-
(H-PGDS)-1 was also observed in MEG-01s cells expressing
H-PGDS protein (Figure S9). This reduction activity was not
observed for SNIPER(H-PGDS)-1, in which TFC-007 is
conjugated to an IAP ligand LCL161 derivative to recruit IAPs
as E3 ligase13 (Figure lc, Figure S10). While PROTAC(H-
PGDS)-1 showed potent activity in H-PGDS protein
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Figure 4. Comparison of the degradation and inhibition of H-PGDS. (a) Fluorescence polarization assays of the binding affinity between H-PGDS
and TFC-007, PROTAC(H-PGDS)-1, and PROTAC(H-PGDS)-2. (b, ¢) KU812 cells were incubated with the indicated concentration of the
compounds for 24 h (b) and then washed four times to remove the compounds and incubated in compound-free medium for 6 h (c). The H-
PGDS/f-actin ratio was normalized by the vehicle control as 100. The data in the bar graph are means + SD (n = 3). *P < 0.01 compared to
vehicle-treated control in a two-tailed Student’s ¢ test. (d, ) KU812 cells were incubated with the indicated concentration of the compounds for 24
h. Then, the cells were incubated with S M A23187 in the presence of each compound for 30 min (d), or the cells were washed four times to
remove the compounds, incubated in compound-free medium for 6 h, and incubated with S M A23187 for 30 min (e). PGD, levels in the
medium were measured. The data in the bar graph are means + SD (n = 3). *P < 0.0S in a two-tailed Student’s ¢ test.

reduction, PROTAC(H-PGDS)-1 had little effect on the
protein levels of mPGES-1 (a major enzyme for PGE,
synthesis)*” and AKR-1B1 (a major enzyme for PGF,,
synthesis)z‘?”24 (Figure S11), suggesting that PROTAC(H-
GDS)-1 may specifically reduce H-PGDS and not other
prostaglandin synthases.

To understand the mechanism for the reduction of H-PGDS
protein by PROTAC(H-PGDS)-1, we examined the turnover
of H-PGDS protein after PROTAC(H-PGDS)-1 treatment.
When KUS812 cells were treated with the protein synthesis
inhibitor cycloheximide in KU812 cells, the levels of H-PGDS
protein were dramatically decreased within 6 h in the
PROTAC(H-PGDS)-1-treated cells but were retained in the
control cells (Figure 2b). In contrast, the turnover rate of
cyclin Bl was not affected by PROTAC(H-PGDS)-1 treat-
ment. These results indicated that PROTAC(H-PGDS)-1
induces a reduction in H-PGDS protein levels. Furthermore,
the levels of H-PGDS mRNA in KU812 cells were not affected
by PROTAC(H-PGDS)-1 (Figure 2c). These results indicated

239

that PROTAC(H-PGDS)-1 induces the degradation of H-
PGDS protein.

To explore the mechanism of PROTAC(H-PGDS)-1-
induced degradation of the H-PGDS protein, we first examined
the effect of TFC-007 and pomalidomide on the H-PGDS
protein. While addition of PROTAC(H-PGDS)-1 resulted in
dramatic degradation of H-PGDS protein, the combination of
TFC-007 and pomalidomide (1 uM each) did not effectively
decrease the amount of H-PGDS protein (Figure 3a),
indicating that linking the two ligands into a single molecule
is critically important for the degradation of the H-PGDS
protein. PROTAC(H-PGDS)-1 was designed to recruit
CRBN for the degradation of H-PGDS protein. A competition
assay using an excess amount of pomalidomide diminished the
protein degradation activity of PROTAC(H-PGDS)-1 (Figure
3b), indicating that CRBN binding was required for the
protein degradation.

To investigate the involvement of the UPS in the
degradation of H-PGDS protein by PROTAC(H-PGDS)-1,

https://dx.doi.org/10.1021/acsmedchemlett.0c00605
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we used the proteasome inhibitor MG132 and the ubiquitin-
activating enzyme inhibitor MLN7243. The PROTAC(H-
PGDS)-1-induced degradation of H-PGDS protein was
suppressed by the inhibitors (Figure 3c), suggesting that the
degradation of H-PGDS protein requires the UPS.

As discussed above, PROTAC(H-PGDS)-1 is a potent H-
PGDS protein degrader that is dependent on the UPS. In
addition to the degradation, PROTAC(H-PGDS)-1 may also
inhibit the enzymatic activity of H-PGDS; this is because it
contains the TFC-007 moiety, which inhibits H-PGDS
enzymatic activity. To investigate the importance of H-
PGDS degradation for the effect of PGD, production, we
developed an inactive form of PROTAC(H-PGDS)-1 as a
control compound. PROTAC(H-PGDS)-2 is composed of
TFC-007 and N-methylated pomalidomide, which is unable to
recruit CRBN.'” Using competitive binding assay with a
fluorescence probe, we investigated the binding affinity to H-
PGDS. TFC-007, PROTAC(H-PGDS)-1, and PROTAC(H-
PGDS)-2 showed a similar affinity toward H-PGDS with ICs,
values of 0.32, 0.32, and 0.30 uM, respectively (Figure 4a). We
also investigated the inhibitory activity of the compounds
against the H-PGDS enzyme in vitro. PROTAC(H-PGDS)-1
and PROTAC(H-PGDS)-2 had slightly higher ICs, values,
266 nM for PROTAC(H-PGDS)-1 and 320 nM for
PROTAC(H-PGDS)-2, than TFC-007 (71 nM, Figure S12).
Then, we examined the degradation activity of the compounds
against H-PGDS protein. KU812 cells were treated with
PROTAC(H-PGDS)-1, PROTAC(H-PGDS)-2, or TEC-007
for 24 h and then washed and incubated with compound-free
medium. PROTAC(H-PGDS)-1 resulted in a significant H-
PGDS degradation (Figure 4b) and maintained the H-PGDS
degradation for up to 6 h (Figure 4c), suggesting that
PROTAC(H-PGDS)-1 was a potent degrader and inhibitor of
H-PGDS and that the degradation activity of PROTAC(H-
PGDS)-1 was prolonged after its removal. In contrast, neither
PROTAC(H-PGDS)-2 nor TFC-007 affected H-PGDS
protein levels (Figure 4b,c), suggesting that PROTAC(H-
PGDS)-2 and TFC-007 inhibited enzymatic activity but did
not degrade H-PGDS. Finally, we investigated the effect of
PROTAC(H-PGDS)-1, PROTAC(H-PGDS)-2, and TFC-
007 on the production of PGD, in KU812 cells. In line with
the inhibition of the H-PGDS enzyme activity (Figure 4a,
Figure S12), treatment with PROTAC(H-PGDS)-1 for 24 h
suppressed production of PGD, the same as TFC-007 and
more effectively than PROTAC(H-PGDS)-2 (Figure 4d).
PROTAC(H-PGDS)-2 was considered to possess similar
physical properties to PROTAC(H-PGDS)-1 such as
solubility and cell permeability because of their similar
structures. PROTAC(H-PGDS)-1 shows slightly stronger
activity than PROTAC(H-PGDS)-2 to suppress production
of PGD,, suggesting that the dual mechanism of enzyme
inhibition and protein degradation gives a more potent
compound than an enzyme inhibition alone. At 6 h after
compound removal, PGD, production recovered in the cells
treated with PROTAC(H-PGDS)-2 or TFC-007, whereas it
remained significantly suppressed in the cells treated with
PROTAC(H-PGDS)-1 (Figure 4e).

In conclusion, a potent degrader of the H-PGDS protein,
PROTAC(H-PGDS)-1, was successfully developed by con-
jugating TFC-007 (H-PGDS ligand) to pomalidomide (E3
ligase, CRBN ligand). PROTAC(H-PGDS)-1 effectively
induced the selective degradation of H-PGDS protein via the
UPS and showed sustained suppression of PGD, production.
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The degrader PROTAC(H-PGDS)-1 with a new mechanism
of action is expected to be as effective, or more effective, than
conventional inhibitors and may allow a reduction in the
number of doses for the treatment of chronic inflammation. To
clinically develop an H-PGDS degrader, it is necessary to
evaluate the safety, pharmacokinetics, and pharmacodynamics
of the H-PGDS degrader in vivo. Further structure-based
improvement of the H-PGDS degraders by replacement with
other linkers and ligands for E3 ligase and/or H-PGDS is in
progress in our laboratory.
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B ABBREVIATIONS

H-PGDS, hematopoietic prostaglandin D synthase; PGD,,
prostaglandin D,; SNIPER, specific and non-genetic IAP-
dependent protein eraser; IAP, inhibitor of apoptosis protein;
PROTAC s, proteolysis targeting chimeras; UPS, ubiquitin-
proteasome system; CRBN, cereblon; CHX, cycloheximide;
mPGES-1, microsomal prostaglandin E synthase 1; AKR-1BI,
aldo-keto reductase family 1 member B; PGE,, prostaglandin
E,; PGF,,, prostaglandin F,,
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