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Developing potent PROTACSs tools
for selective degradation of HDACG6 protein

Dear Editor,

Histone deacetylases (HDACs) are a family of enzymes that
remove acetyl groups on histone and non-histone proteins,
thereby playing a vital role in the modulation of gene
expression and protein activity. Eighteen HDACs have been
identified in human and subdivided into four classes includ-
ing I, Il (lla, 1Ib), Il and IV (Seto et al., 2014). Among them,
HDACSG is a unique llb HDAC with dominant cytoplasmic
localization and two functional catalytic domains. Besides
the functions for deacetylation of histone, and modulation of
a-tubulin, HSP90 and cortactin, HDACG6 also participates in
protein trafficking and degradation, cell shape and migration
(Valenzuela-Fernandez et al., 2008). The deregulation of
HDACSG is related to various diseases, such as neurode-
generative diseases, cancer and pathological autoimmune
response (Batchu et al,, 2016). Hence, it is especially
important for directly controlling cellular HDAC6 protein
levels to achieve therapeutic purposes. The traditional
approaches of reducing cellular protein levels mainly rely on
genetic modifications, such as RNA interference, transcrip-
tion activator-like effector nucleases, recombination-based
gene knockout and clustered regularly interspaced short
palindromic repeats (CRISPR-Cas9) (Boettcher et al., 2015).
However, these approaches have failed to a certain degree
to achieve acute and reversible changes of gene function.
Furthermore, the complications of potential genetic com-
pensation and/or spontaneous mutations arising in gene-
knockout models may lead to misinterpretations (Davisson
et al., 2012; El-Brolosy et al., 2017). Therefore, it is urgent for
developing a rapid, robust, and reversible approach to
directly modulate HDACS6 protein levels.

Known as a chemical based protein knockdown strategy,
PROteolysis-TArgeting Chimera (PROTAC) has emerged as
a novel and powerful method for the degradation of inter-
ested proteins. The PROTACs are heterobifunctional mole-
cules, which consist of three parts: a ligand for binding target
protein, a ligand for recruiting E3 ligase and a linker con-
necting the two ligands (Lai et al., 2017). Consequently, the
PROTACs mediated interaction of the target protein and a
E3 ligase caused ubiquitination and subsequent degradation
of the target protein by the ubiquitin-proteasome system
(UPS) (Fig. 1A). It has been proved that PROTAC

technology can achieve efficient degradation of proteins with
excellent selectivity in a quick and direct manner (Yang et al.,
2018; Zhou et al.,, 2018). Moreover, the PROTAC also
worked well for mutated proteins (Sun et al., 2018). Herein,
we report the development of HDACG6-targeting degraders
based on the PROTAC strategy. The newly designed
PROTACSs induced significant degradation of HDACG6 in a
panel of cell lines, exhibited excellent selectivity against
other HDACs, and demonstrated efficient inhibition of cell
proliferation. Besides, the degradation process was well
illustrated by fluorescence-based visualization.

To design novel HDACG6-targeting PROTACSs, we chose a
selective HDACG6 inhibitor Nexturastat A (Nex A) as the
HDACG6 binder (Bergman et al., 2012). According to the
recently released co-crystal structure of HDAC6 in complex
with Nex A (Miyake et al., 2016), the aliphatic chain was
oriented outside of the ligand binding pocket. Based on the
PROTACSs design principles, Pomalidomide (Poma, a ligand
for E3 ligase CRBN) was introduced onto the end of aliphatic
chain of Nex A via different linkers (Lopez-Girona et al.,
2012). As shown in the simulated diagram (Fig. 1B), the
PROTACSs should actively bind HDAC6 and CRBN simulta-
neously. The synthesis of the HDACG6 degraders was shown
in Supplementary Materials (Scheme 1). Next, the resulting
HDACSG6-targeting PROTAC molecules were tested.

To evaluate the degradation capability of our PROTACs
for HDAC6 protein, we analyzed the cellular levels of
HDACSG in HelLa cells by Western blot after incubation with
four different PROTACSs. It was found that all PROTACs can
effectively induce HDAC6 degradation after 24 h. Among
them, NP8 was the most potent degrader which can signif-
icantly reduce the HDACG6 protein level at 100 nmol/L
(Fig. 1C). We then went on to evaluate the degradation
potential of NP8 in a panel of cell lines from different origins.
NP8 consistently induced significant degradation of HDAC6
in all the cell lines we tested, while the multiple myeloma cell
line MM.1S exhibited the best sensitivity to NP8 (Fig. S1).
The NP8-induced degradation was specific for HDAC6 since
the other representative HDAC family members were not
affected by NP8 treatment (Figs. 1D and S2). Time-lapse
experiment showed that NP8 induced fast and effective
degradation of HDAC6 in just 2 h post drug treatment
(Fig. 1E). The half degradation concentration (DCsg) of NP8
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Figure 1. Development of selective HDAC6-degrading PROTACs. (A) The principle of PROTAC. (B) The structure of PROTAC, as
shown in the upper portion. A binding mode of PROTAC (ball stick), HDAC6 (PDB 5G0J, purple) and CRL4-CRBN (PDB 2HYE and
4CI3, colored cyan and gray) was simulated by Pymol. (C) Screen for a potent HDAC6 degrader. HelLa cells were treated as indicated

for 24 h. (D) Characterization of NP8-induced degradation in

Hela cells. The degradation of HDAC6 was in a dose-dependent

manner. The HDAC1, HDAC2 and HDAC4 levels were not affected within 24 h. (E) NP8 caused fast degradation of HDAC6 within 2 h
in HelLa cells. (F) NP8-NC1 and NP8-NC2 failed to degrade HDACG6. NP8 induced degradation was rescued by single introduction of
Nexturastat A (Nex A, 300 nmol/L), Pomalidomide (Poma, 10 umol/L) or Carfilzomib (CARF, 1 uymol/L). The concentration of NP8-
NC1, NP8-NC2 and NP8 were 300 nmol/L. Hela cells were treated with Carfilzomib for 6 h and 24 h for the rest. (G) The degradation

of HDACES by titration of NP8 for 24 h in MM.1S cells. (H) MM.1
viability was determined by CCK-8 assay (n = 3).

in MM.1S was 3.8 nmol/L (Fig. 1G). The proliferation of
MM.1S was inhibited by NP8 in a dose-dependent manner,
with significant and comparable level as the parental drug
Nex A (Fig. 1H). To further characterize the working mech-
anisms for NP8, we applied two negative controls, NP8-NC1
and NP8-NC2. NP8-NC1 is an inactive analog of NP8 with a
defect in binding CRBN, while NP8-NC2 is the simple con-
jugate of Poma and linker without Nex A (namely 3 in
Scheme 1). Compared to NP8, these two control molecules
both failed to induce HDAC6 degradation, implying the

© The Author(s) 2019

S cells were treated with NP8 or Nexturastat A (Nex A) for 72 h. Cell

essence of simultaneous HDAC6 and CRBN binding for
successful degradation (Fig. 1F). In parallel, NP8-induced
HDACSG depletion could be blocked by co-treatment of Nex A
or Poma, again indicating NP8 needed binding of CRBN and
HDACS6 to fulfil target degradation (Fig. 1F). Additionally,
proteasome inhibitor Carfilzomib (CARF) could block the
HDACG6 degradation, further demonstrating the dependence
on proteasome for PROTAC (Fig. 1F) (Kuhn et al., 2007).
Moreover, HDACG6 levels were quickly restored upon NP8
removal (Fig. S3). Collectively, these data demonstrated that
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the PROTAC NP8 represented a potent and specific
degrader of HDAC6. Though small molecule inhibitors of
HDACSG6 have been studied extensively, there are still some
problems remained to be solved, including the potential off-
target effects, and the loss of efficacy to gene mutations
(Batchu et al., 2016). Additionally, the non-enzymatic func-
tions of HDAC6 cannot be affected by inhibitors. Compared
with typical inhibitors, HDAC6-targeting degraders may have
advantages over conventional inhibition by small molecules.

Next, to understand the dynamic details of PROTAC-in-
duced HDACG6 degradation, direct visualization was applied
for monitoring the process. With the potent and selective
HDACG6-targeting degrader NP8, we were able to observe
that how the HDACG6 degradation occurred under the treat-
ment of NP8. We fused an enhanced green fluorescence
protein (EGFP) to the N-terminal of HDAC6 to track the
distribution and dynamics of HDACG in cells. The EGFP-
HDAC6 showed an exclusively cytoplasmic distribution,
consistent with reported HDACG6 subcellular localization
(Kawaguchi et al., 2003) (Fig. 2A). When transfected into
Hela, the signals of EGFP-HDAC6 could be attenuated
upon the treatment of NP8 (Fig. 2B) and the fusion proteins
were indeed degraded under NP8 induction (Fig. 2C). When
the signals from several single cells were monitored in time-
lapse manner, the significant reduction of mean fluorescence
intensities could be observed in a consecutive time window

A c
EGFP-HDACS | M |
Ac-a-tubulin | |
B-Actin| - |

B D

NP8

(Fig. 2D). To be noted, the response of EGFP-HDAC6 to
NP8 was somehow not as rapid as endogenous HDACSE,
possibly due to much higher expression level after trans-
fection. Nonetheless, these data suggested that EGFP-
HDAC6 was a responsive indicator for PROTAC-induced
degradation and further visualization approaches may also
be realized via combination of NP8 and other methods.

In summary, by conjugating a novel HDACG6 inhibitor Nex
A with CRBN ligand Poma, we have developed a new class
of PROTAC degraders of HDAC6. Among the different
HDACG6-targeting PROTACs we developed, NP8 stood out
as the most efficient degrader. NP8 effectively induced
degradation of HDAC6 at 100 nmol/L in different cell lines,
most significantly in multiple myeloma cells. NP8-induced
degradation of HDAC6 was a rapid and specific process
which required the simultaneous binding of HDAC6 and
CRBN and was dependent on proteasome activity. The
EGFP-fused HDAC6 was responsive to NP8-induced
degradation, suggesting the potential combination of protein
degrader with fluorescence techniques to monitor the
dynamics of interested proteins. In addition, the comparable
inhibitory activity of NP8 and Nex A on multiple myeloma
cells implies the future application of novel HDACG6-degra-
dation strategy to treat this notorious disease. Further visu-
alization attempt and functional studies of NP8 in vivo is
currently in progress in our laboratory.
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Figure 2. Visualization of NP8-induced degradation. (A) The EGFP-HDACG6 (green) was localized in the cytoplasm of HeLa cells.
Scale bar: 10 ym. (B) NP8 treatment caused reduced fluorescence signal within 48 h. Nuclei were labeled by Hoechst 33342 (blue).
Scale bar: 50 pm. (C) Confirmation of EGFP-HDAC6 degradation in (B) by immunoblotting. (D) Relative mean fluorescence intensity
of representative single cells was monitored via confocal microscope from 24 h to 36 h post 5 pmol/L NP8 treatment.

608

© The Author(s) 2019



Quick and reversible chemical knockdown of HDAC6

LETTER

FOOTNOTES

We thank Dr. Xiuyun Sun and Dr. Yonghui Sun for their help during
manuscript preparation. This work was supported by the National
Natural Science Foundation of China (Grant Nos. 81573277,
81622042 and 81773567), National Major Scientific and Techno-
logical Special Project for “Significant New Drugs Development”
(#SQ2017Z2X095003) and Drug Innovation Major Project
(20182X09711-001) and Tsinghua University Initiative Scientific
Research Program to YR and the National Natural Science Foun-
dation of China (Grant No. 81672950) to WW.

Zixuan An, Wenxing Lv, Shang Su, Wei Wu and Yu Rao declare
that they have no conflict of interest. This article does not contain
any studies with human or animal subjects performed by the any of
the authors.

Zixuan An', Wenxing Lv?, Shang Su', Wei Wu'™, Yu Rao®™*

1 MOE Key Laboratory of Protein Sciences, School of Life Sciences,
Tsinghua University, Beijing 100084, China

2 MOE Key Laboratory of Protein Sciences, School of Pharmaceu-
tical Sciences, MOE Key Laboratory of Bioorganic Phosphorus
Chemistry & Chemical Biology, Beijing Advanced Innovation
Center for Structural Biology, Tsinghua University, Beijing 100084,
China

< Correspondence: wwu@tsinghua.edu.cn (W. Wu),

yrao@tsinghua.edu.cn (Y. Rao)

OPEN ACCESS

This article is distributed under the terms of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to
the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

REFERENCES

Batchu SN, Brijmohan AS, Advani A (2016) The therapeutic hope for
HDACEG6 inhibitors in malignancy and chronic disease. Clin Sci
(Lond) 130:987-1003

Bergman JA, Woan K, Perez-Villarroel P, Villagra A, Sotomayor EM,
Kozikowski AP (2012) Selective histone deacetylase 6 inhibitors
bearing substituted urea linkers inhibit melanoma cell growth.
J Med Chem 55:9891-9899

Zixuan An and Wenxing Lv contributed equally to this work.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s13238-018-0602-z) contains sup-
plementary material, which is available to authorized users.

© The Author(s) 2019

Boettcher M, McManus MT (2015) Choosing the right tool for the job:
RNAI, TALEN, or CRISPR. Mol Cell 58:575-585

Davisson MT, Bergstrom DE, Reinholdt LG, Donahue LR (2012)
Discovery genetics—the history and future of spontaneous
mutation research. Curr Protoc Mouse Biol 2:103-118

El-Brolosy MA, Stainier DYR (2017) Genetic compensation: a
phenomenon in search of mechanisms. PLoS Genet 13:
1006780

Kawaguchi Y, Kovacs JJ, McLaurin A, Vance JM, lto A, Yao TP
(2003) The deacetylase HDACS6 regulates aggresome formation
and cell viability in response to misfolded protein stress. Cell
115:727-738

Kuhn DJ, Chen Q, Voorhees PM, Strader JS, Shenk KD, Sun CM,
Demo SD, Bennett MK, Van Leeuwen FW, Chanan-Khan AA et al
(2007) Potent activity of carfilzomib, a novel, irreversible inhibitor
of the ubiquitin-proteasome pathway, against preclinical models
of multiple myeloma. Blood 110:3281-3290

Lai AC, Crews CM (2017) Induced protein degradation: an emerging
drug discovery paradigm. Nat Rev Drug Discov 16:101-114

Lopez-Girona A, Mendy D, Ito T, Miller K, Gandhi AK, Kang J,
Karasawa S, Carmel G, Jackson P, Abbasian M et al (2012)
Cereblon is a direct protein target for immunomodulatory and
antiproliferative activities of lenalidomide and pomalidomide.
Leukemia 26:2326-2335

Miyake Y, Keusch JJ, Wang L, Saito M, Hess D, Wang X, Melancon
BJ, Helquist P, Gut H, Matthias P (2016) Structural insights into
HDACG6 tubulin deacetylation and its selective inhibition. Nat
Chem Biol 12:748-754

Seto E, Yoshida M (2014) Erasers of histone acetylation: the histone
deacetylase enzymes. Cold Spring Harb Perspect Biol 6:
a018713

Sun YH, Zhao XW, Ding N, Gao HY, Wu Y, Yang YQ, Zhao M,
Hwang J, Song YG, Liu WL et al (2018) PROTAC-induced BTK
degradation as a novel therapy for mutated BTK C481S induced
ibrutinib-resistant B-cell malignancies. Cell Res 28:779-781

Valenzuela-Fernandez A, Cabrero JR, Serrador JM, Sanchez-
Madrid F (2008) HDACS6: a key regulator of cytoskeleton, cell
migration and cell-cell interactions. Trends Cell Biol 18:291-297

Yang K, Song Y, Xie H, Wu H, Wu YT, Leisten ED, Tang W (2018)
Development of the first small molecule histone deacetylase 6
(HDACSG6) degraders. Bioorg Med Chem Lett 28:2493-2497

Zhou B, Hu JT, Xu F, Chen Z, Bai L, Fernandez-Salas E, Lin M, Liu
L, Yang CY, Zhao Y et al (2018) Discovery of a small-molecule
degrader of bromodomain and extra-terminal (BET) proteins with
picomolar cellular potencies and capable of achieving tumor
regression. J Med Chem 61:462—481

609

©
&)
o3
=
(]
e
(o]
|
o



http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s13238-018-0602-z

	Developing potent PROTACs tools for&#146;selective degradation of&#146;HDAC6 protein
	FOOTNOTES
	References




