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Abstract

Histone deacetylases (HDACS) are validated drug targets for cancer treatment. Increased HDAC
isozyme selectivity and novel strategies to inhibit HDAC activity could lead to safer and more
effective drug candidates. Nonetheless, it is quite challenging to develop isozyme-specific HDACi
due to the highly conserved catalytic domain. We discovered XZ9002, a first-in-class HDAC3-
specific PROTAC that potently degraded HDAC3. Importantly, XZ9002 is more effective to inhibit
cancer cell proliferation than its proteolysis-inactive counterpart, suggesting HDAC3 degradation
is a novel and promising anticancer approach.
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HDACSs and histone acetyltransferases (HATS) are critical epigenetic regulators that impact
transcription, replication, recombination, repair, metabolism, and other biological processes.
In human cells, there are eleven isozymes of zinc-dependent HDACs which can be divided
into four phylogenetic groups: class | (HDACs 1-3, and 8), class lla (HDACs 4, 5, 7, and 9),
class I1b (HDACs 6 and 10), and class IV (HDAC 11).1 HDACs are commonly
overexpressed in various cancer types including hematologic and solid malignancies.
Among them, class | HDACs are critical to activating oncogenes underlying tumorigenesis,
disease progression and treatment resistance.? Recent studies have shown that HDACs 1-3
are important for oncogene expression regulated by super enhancers in breast and other
cancer types.3

To date, a number of HDAC inhibitors (HDACI) with different chemical scaffolds have been
developed as anticancer agents, and four of them have been approved by USFDA for treating
lymphomas, leukemias, and multiple myelomas. A typical HDACi consists of a zinc binding
group (ZBG), a surface-recognition cap group, and an appropriate linker.* Among those
components, ZBG plays an important role in subtype selectivity. The majority of
hydroxamate-derived HDACi are pan-HDACI with limited isozyme selectivity whereas
benzamide-based HDACI prefer to bind to class | HDACs.? Fine-tuned surface-recognition
cap group can improve isozyme selectivity as well. Different types of HDACI have been
tested clinically, but none of them have achieved clinical success for treating solid tumors as
a single agent, which is probably due to their ineffectively low concentrations in tumor
tissue. Importantly, dose-limiting adverse effects such as cardiac toxicity associated with
hERG K* channel activation hinder their application in the clinic. Increased HDAC
isozyme selectivity and novel strategies to abolish HDAC activity could lead to more
effective drug candidates to achieve clinical success.

Proteolysis targeting chimera (PROTAC) has emerged as a revolutionary technology in drug
discovery.” PROTACs possess several advantages over conventional inhibitors such as high
potency, extended duration of action, and potential tissue/cell type selectivity.3? 8 Moreover,
due to their unique mechanism of action (MOA) via the formation of ternary complexes,
specific proteasomal degradation of protein of interest (POI) may be achieved even when a
promiscuous ligand of POl is used in a PROTAC. Recently, attempts have been made to
degrade HDACs using the PROTAC approach. However, by conjugating either pan-HDACI
or HDACS inhibitor as warheads, PROTACs 1-5 (Fig. S1, ESIT) with hydroxamate as ZBG
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can only degrade HDAC6.° Of note, derivatives of 18B-glycyrrhetinic acid were reported to
downregulate HDAC3 and HDACS at high concentrations, but the mechanism is unclear.10
By employing benzamide-based HDAC binder as the warhead, Smalley et al. developed
PROTAC 6 (Fig. S1, ESIt) that degraded class | HDACs.11 More recently, a macrocyclic
tetrapeptide HDACi was converted to a PROTAC that degraded HDACs 1-3.12 Nevertheless,
weak and nonselective HDAC3 degradation was observed in those cases. Here we report the
discovery of XZ9002, a PROTAC that potently and selectively degrades HDAC3 while
sparing other HDAC isozymes in cancer cell lines.

Previously, we synthesized a small library of HDACi with a novel benzoylhydrazide ZBG
and identified SR-3558 as a potent and selective inhibitor of class | HDACs (Fig. 1A).13 We
performed molecular docking studies using AutoDock Vina and found that the alkane tail in
the ZBG occupies the bottom space of active-site pocket in class | HDACs (Fig. 1B). This
binding mode well explained the unique selectivity of SR-3558 since other HDACSs such as
HDACS6 do not have this extra space. The docking studies also suggest that an n-propyl tail
appears to adopt a better conformation fitting compared to the n-butyl group in SR-3558
(Fig. 1A and B). Moreover, the lowest binding energy pose of SR-3558 revealed that the
terminal phenyl ring is exposed to solvent, providing a feasible linking site for E3 ligase
ligand tethering. Based on these findings, we designed PROTACs 7a-c and 8a-d which
recruit CRBN and VHL E3 ligases, respectively (Fig. 1C).

A multi-step procedure using advanced benzoic acid/ester and hydrazine as starting
materials is reported for synthesizing benzoylhydrazide-containing HDACi.14 Due to the
structural complexity of our designed PROTACS, it can be challenging to introduce ZBG in
the late stage. We therefore developed a new strategy to build an advanced intermediate 13
in four steps with an excellent yield (Scheme 1). Briefly, 4-iodobenzohydrazide (9) was
converted to 10 through a reductive amidation with propionaldehyde. The basic nitrogen in
10 was protected with Boc to give 11, which was coupled with 4-nitrophenylboronic acid
through a Suzuki reaction followed by reduction of the nitro group in 12 via hydrogenolysis
to afford precursor 13. The amidation between 13 and 14 in the presence of HATU, followed
by cleavage of Boc group under acidic condition resulted in the synthesis of XZ9002.
PROTACs 7a-c and 8a-d were synthesized using the same method (Scheme S1, ESIt).

To confirm if linker attachment is suitable at the proposed position, we synthesized an
HDACI 15, in which the terminal phenyl ring in SR-3558 was replaced with an A-Ac-aniline
(Scheme 1). The HDAC binding affinities were measured using the HDAC-Glo™ I/11
Assays.12 Compound 15 exhibited good inhibitory activities against several HDACs with at
least a 5.5-fold preference for HDAC3 (Table S1, ESIt), confirming the position is suitable
for linker attachment. CRBN-based PROTACSs 7a-c with PEG linkers maintained the /n vitro
HDAC binding affinities, whereas VHL-based PROTACs 8a-d with alkane linkers showed
10- to 20-fold decrease in HDAC inhibitory potencies. The HDAC binding activities slightly
decreased when the linker length was increased in the 8a-d series.

The HDAC degradation ability of all designed PROTACs was examined in triple-negative
breast cancer cell line MDA-MB-468 and the ER+ breast cancer cell line T47D. Western
blot analysis (Fig. S2, ESIT) revealed that the VHL-based PROTACs 8a-d could induce
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HDAC3 degradation at 100 nM in MDA-MB-468 and T47D cells despite their compromised
HDAC inhibitory activities, whereas these compounds had minimal or no effects on the
protein levels of HDAC1 and HDAC2. In contrast, among PROTACs derived from CRBN,
only 7c showed a small effect on HDAC3 degradation at 1.0 pM. Notably, most reported
HDAC PROTACSs only degrade HDACS6 or had a small effect on HDAC3 at high
concentrations. The degradation of HDAC6 can even be achieved using pan-HDACI as
warhead,®P which might be because HDACS is primarily localized in the cytoplasm and can
be easily accessed by the ubiquitin proteasome system (UPS) compared with other HDACs
mainly localized in the nucleus. Our PROTACS are derived from SR-3558, an HDACI with a
unique benzoylhydrazide ZBG that preferentially binds to HDAC3, which may facilitate
efficient degradation of this isozyme. In our case, VHL-recruiting degraders appeared to be
more potent and selective in inducing HDAC3 degradation, and 8c (XZ9002) was the best
candidate among its analogs. Thus, we decided to further characterize this compound.

XZ9002 dose-dependently induced HDAC3 degradation in MDA-MB-468 cells, with a
DCsg value (the concentration for 50% protein degradation) of 42 nM under 14 h treatment
(Fig. 2A). In contrast, no significant changes in the protein levels of HDACs 1, 2, and 6 were
observed under the same condition. Pre-incubation of MDA-MB-468 cells with an excess of
the VHL ligand VH032 (10 pM) or a proteasome inhibitor MG132 blocked XZ9002-
induced HDAC3 degradation (Fig. 2B), indicating that the PROTAC-mediated degradation
depends on both the VHL E3 ligase and the UPS. To further confirm that the VHL E3 ligase
is involved in XZ9002-induced HDAC3 degradation, we synthesized XZ9002-NC as a
negative control compound (Scheme S1, ESIt), in which two chiral centers in the VHL
binding motif of XZ9002 are reversed to abolish the interaction with VHL. As expected,
XZ9002-NC did not induce HDAC3 degradation (Fig. 2B). Besides, the HDAC3 degradation
induced by XZ9002 in MDA-MB-468 was time-dependent, starting within 2 h and after
drug treatment for 8 h, 70% HDAC3 was degraded with 125 nM of XZ9002 (Fig. 2C). The
effects of XZ9002 on HDAC3 protein levels in MDA-MB-468 were long-lasting and
reversible. As indicated in the “washout” assay (Fig. 2D), it took more than 12 h for HDAC3
to rebound to the steady level. CRBN-based PROTACSs 7a-c has minimal effect in degrading
HDACSs 1-3. However, treatment of 7a-c resulted in dramatically increased histone
acetylation at H3K27 and H4KS5 (Fig. S2, ESIT), which can be attributed to their potent
HDAC inhibitory effect (Table S1). XZ9002 dose-dependently increased histone acetylation
albeit with moderate effects compared to 15 and CRBN-based PROTACSs (Fig. 2A and Fig.
S2), which may reflect selective HDAC3 degradation rather than a broad inhibition of
deacetylase activity of HDACs 1-3 by XZ9002.

Class | HDAC:s are frequently overexpressed in various cancer types. HDAC3 exhibits
biological functions distinct from HDAC1 and HDAC2. HDACS3 requires a cofactor such as
NCOR2 for its catalytic activity.1® It is involved in G2/M progression in the cell cycle,16
DNA replication and DNA damage responses.1” Inhibition of HDAC3 induces DNA
replication stress in cutaneous T cell lymphomas.18 Several studies have suggested that
HDAC3 may be a critical factor for breast cancer metastatic progression. In an analysis of
clinical breast cancer samples, it has been shown that HDAC3 is highly expressed in
tumours with features of aggressive subtypes and that HDAC3 expression levels inversely
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correlate with patient survival rate.22 2¢ Inhibition of HDAC3 attenuates breast cancer cell
proliferation2?: 19 and suppresses the expression of genes underlying cancer stem cell
phenotypes.32 Encouragingly, class I-selective HDACi provided survival benefits when
combined with the aromatase inhibitor exemestane for patients with hormone receptor-
positive breast cancers.20 Notably, HDAC3 also has deacetylase activity-independent
function,2! which could not be blocked by conventional HDACI. These studies suggest that
HDACS3 inhibition can induce distinct cellular response and likely exerts underappreciated
anticancer effects. We next evaluated the effects of XZ9002 on the survival and proliferation
of breast cell lines using colony formation assays. As shown in Fig. 3, compared to XZ9002-
NC, XZ9002 was markedly more potent to suppress clonogenic growth of T47D, HCC1143,
and BT549 breast cancer cells. XZ9002 was also more effective than XZ9002-NC to inhibit
clonogenic growth of MDA-MB-468 cells, although the difference was moderate (Fig. 3).
Considering that the major difference between XZ9002 and XZ9002-NC is the HDAC3
degradation activity, these data indicate that HDAC3 degradation may be a more effective
anticancer strategy than the traditional enzymatic inhibition approach, highlighting
translational potential of HDAC3 degraders in cancer treatment.

XZ9002 appears to bind HDAC3 more strongly than other HDACs (Table S1). However, this
alone may be insufficient to achieve selective HDAC3 degradation. Other factors likely
contribute to this unique selectivity. Notably, when an inhibitor is converted to a PROTAC,
additional selectivity can be achieved, which may be attributed to the isoform-specific
cooperativity of ternary complexes bridged by a PROTAC?22 and/or the availability of
appropriately placed and surface-exposed lysine residues as ubiquitin acceptor sites for
ubiquitination of a target protein.23 Additionally, HDAC3, HDAC1, and HDAC?2 exist in
distinct protein complexes: HDAC3 is a component of the NCOR complex, while HDAC1
and HDAC? are both found in NuRD, CoREST, and SIN3 complexes.! The structural
contexts of these complexes could influence PROTAC-induced formation of substrate and
E3 ligase complex. Further work is required to determine how XZ9002 preferentially targets
HDAC3 but not HDAC1 and HDAC?2 for degradation.

Compared to 15, XZ9002 was less potent to induce histone hyperacetylation (Fig. S2) and
cytotoxicity (Fig. S3). However, the level of histone acetylation induced by an HDACi does
not directly correlate with its potency to provoke cytotoxicity.?# In general, pan HDACI
induce a higher level of histone acetylation irrespectively of acetylation sites. Lauffer et al.
attributed this to inhibition of multiple HDAC isozymes by pan HDACi. Additionally,
increased acetylation of non-histone proteins such as p53 induced by HDACI also
contributes to cytotoxicity. Notably, XZ9002 and XZ9002-NC induced a similar level of
histone acetylation (data not shown). Thus, it is plausible that specific HDAC3 degradation
triggered by XZ9002 rather than its ability to increase histone acetylation per se impairs cell
growth.

In summary, we have developed novel PROTACS that can specifically degrade HDAC3
among different HDAC isozymes. XZ9002, the best PROTAC among its analogues,
selectively and potently induced HDACS3 degradation in a dose- and time-dependent manner.
MOA studies validated that PROTAC-induced degradation is mediated by both the VHL E3
ligase and the UPS. Furthermore, the HDAC3 degrader XZ9002 has potent antiproliferative
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activity against cancer cells. Due to the catalytical mechanism of action and isozyme
selectivity, this class of novel HDAC3-specific degraders may overcome dose-limiting
toxicity associated with conventional HDACI. This may be crucial to fulfilling the
considerable therapeutic potential of HDAC inhibition in the clinic. Also, considering the
complicated functions of different HDACs, isozyme-specific degraders like XZ9002 is a
useful toolkit to dissect the functions of HDACs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The rational design of HDAC3 specific degraders. (A) The chemical structure of lead
compound SR-3558 that selectively binds to class | HDACs 1-3. (B) Molecular docking
study revealed the lowest binding energy pose for SR-3558 with HDAC3 (PDB: 4A69). (C)
The chemical structures of CRBN- and VHL-based PROTACSs derived from SR-3558.
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XZ9002 induces HDAC3 degradation. (A) Western blot showing HDAC protein levels in
MDA-MB-468 cells treated with XZ9002 for 14 h. HDAC3 band intensity was normalized
against that of a-tubulin in each sample. (B) Pretreatment with 1 pM MG132, or 10 uM
VHLO032 for 1 h blocked HDAC3 degradation by XZ9002 (125 nM). XZ9002-NC, the
negative control of XZ9002 that does not bind VHL, cannot degrade HDAC3. NC: XZ9002-
NC. (C) Time-course assay in MDA-MB-468 cells after treatment with 125 nM XZ9002.
(D) MDA-MB-468 cells were incubated with 125 nM of XZ9002 for 14 h followed by drug
washout, and incubation of the cells in drug-free medium for an additional time. Data are
presented as representative figures of two independent experiments.
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XZ9002 is more potent than XZ9002-NC to inhibit clonogenic growth of cancer cells. The
indicated cancer cell lines were exposed to DMSO, XZ9002, or XZ9002-NC at the indicated
concentrations. Medium with freshly added compound was changed every five days until
colonies grew to appropriate sizes. Colonies were stained. Shown are representative images
of four biological replicates.
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(i) a) Propionaldehyde, MeOH, THF; b) NaBH,4, MeOH, THF. (ii) Boc,0, EtsN, CH,Cl,.
(iii) 4-Nitrophenylboronic acid, Pd(PPhs)4, KoCOs, toluene, EtOH, water, 90 °C. (iv) Pd/C,
Ho, ethyl acetate. (v) a) 14, EtsN, HATU, CH,Cly; b) TFA, CHyCl,. (vi) a) Ac,0, Et3N,

CH2C|2; b) TFA, CH20|2.
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