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Abstract

Mammalian histone deacetylases (HDACS) are a class of enzymes that play important roles in
biological pathways. Existing HDAC inhibitors target multiple HDACs without much selectivity.
Inhibitors that target one particular HDAC will be useful for investigating the biological functions
of HDACs and for developing better therapeutics. Here, we report the development of HDAC11-
specific inhibitors using an activity-guided rational design approach. The enzymatic activity and
biological function of HDAC11 have been little known, but recent reports suggest that it has
efficient defatty-acylation activity and inhibiting it could be useful for treating a variety of human
diseases, including viral infection, multiple sclerosis, and metabolic diseases. Our best inhibitor,
SIS17, is active in cells and inhibited the demyristoylation of a known HDAC11 substrate, serine
hydroxymethyl transferase 2, without inhibiting other HDACs. The activity-guided design may
also be useful for the development of isoform-specific inhibitors for other classes of enzymes.
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Histone deacetylases are a class of zinc-dependent amide hydrolases with important
biological functions.12 They catalyze the deacetylation of numerous substrate proteins,
including histones, transcription factors, and signaling proteins and thus regulate various
biological processes.}2 They are the targets of important anticancer natural products, such as
trapoxin and trichostatin, and clinically used synthetic anticancer drugs, such as Vorinostat
and Romidepsin.1:34 Because of their clinical relevance, many small molecule inhibitors are
commercially available. However, most of these inhibitors target multiple HDACs and thus
the biological effect of targeting a specific HDAC is not clear. It is highly possible that small
molecule inhibitors that selectively inhibit only one HDAC are better therapeutics due to
lower toxicity. Developing small molecules that target only one of the HDACS is key to
addressing these questions.

HDAC11 is the only Class IV HDAC and its biological function remains largely unknown.
Three research teams independently discovered that HDAC11 works as a defatty-acylase
instead of a deacetylase (Figure 1A).5~7 One physiological substrate identified is serine
hydroxymethyl transferase 2 (SHMT2), an enzyme important for one-carbon metabolism.’
Interestingly, HDAC11 and lysine fatty acylation does not affect the enzymatic activity if
SHMT2.7 Instead, they affect the ability of SHMT2 to deubiquitinate type | interferon
receptor. Inhibiting HDAC11 therefore has the potential to treat diseases that involve type |
interferon signaling. Along this line, there have been reports suggesting that suppression of
HDAC11 could be beneficial for treating cancer,8-10 multiple sclerosis,!! viral infection,’
and metabolic disease.12:13 We therefore set out to develop HDAC11-specific inhibitors
utilizing its unique activity profile, the preference for long-chain fatty acyl lysine.

Although there has been no reported X-ray crystal structure of HDAC11, HDAC11 is similar
to Class | HDACs, sharing 30% sequence identity.1 Therefore, our HDAC11 inhibitors
were designed based on known Class | HDAC inhibitors. Known HDAC inhibitors typically
contain three structural motifs, a zinc chelation group, a linker, and a surface recognition
group.1415 Because HDAC11 prefers long-chain fatty acyl groups, we imagined that
installation of a long hydrophobic moiety to known HDAC inhibitors could confer HDAC11
selectivity. We chose two simple HDAC inhibitors to test this hypothesis, Vorinostat
(SAHA) and UF010 (Figure 1B).16:17 Neither SAHA or UF010 could inhibit HDAC11. We
modified this structure by adding a long alkyl group while maintaining the zinc chelation
group, linker, and the surface recognition group (Figure 1). The compounds (SI1S4 and
SIS15) were synthesized following the procedure described in the Supporting Information.
We then tested them using an HPLC-based assay with a myristoyl-H3K9 peptide.
Interestingly, the SAHA-derived SIS15 showed no inhibition of HDAC11 up to 100 puM,
while the UF010-derived S1S4 showed modest inhibition of HDAC11 with an 1Cgq value
about 35 uM (Figure 1B).

Given that UF010 did not inhibit HDAC11 while the derivative SIS4 did, this indicated that
our strategy could work. We then decided to further optimize SIS4 by carrying out structure-
activity relationship (SAR) studies. Changing the substituents on the benzene ring showed
that replacing the bromo substituent with t-butyl (S1S2) or dimethylamino (SIS7) improved
the 1Cgq values to 8.0 UM and 0.91 puM, respectively, when assayed using myristoyl-H3K9
peptide as the substrate. In contrast, changing the bromo substituent to fluoro (SIS5) or
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trifluoromethyl (S1S21) did not improve inhibition. Replacing the benzene ring with a
butyryl group also led to loss of HDAC11 inhibition (SIS18). Thus, it seems that aromatic
rings with an electron-donating group are preferred (Figure 2A).

Based on this SAR observation, we then replaced the benzene ring with other electron-rich
aromatic rings, thiophene (SIS17) and pyrrole (SIS39) rings. The thiophene-containing
compound was similar to SIS7, with an ICgq value of 0.83 uM, but the pyrrole-containing
compound SI1S39 did not inhibit HDAC11. The pyrrole ring is likely less electron-donating
compared to the thiophene ring due to stronger inductive effect of nitrogen atom.
Alternatively, the NH of the pyrrole ring might be too polar to be accommodated by the
HDAC11 active site.

Based on SI1S17, we also explored the requirement of the carbohydrazide moiety, the
presumed zinc chelating group, for HDAC11 inhibition. Replacing the carbohydrazide with
an amide led to SIS40, which did not inhibit HDAC11. Thus, the zinc chelating
carbohydrazide is crucial for HDAC11 inhibition.

The alkyl chain length on SIS17 also seemed to be important, as shortening it (S1S49, SIS50
and SIS65) or lengthening it (SIS52 and SIS66) decreased the HDAC11 inhibition potency.
This was consistent with the previous HDAC11 enzymatic activity profile which showed that
shorter or longer acyl chains were not good substrates of HDAC11.”

With the two potent HDAC11 inhibitors, SIS7 and SIS17, we then tested whether they are
selective toward HDACL11. This is important as the purpose of our activity-based design was
to obtain HDAC11-selective inhibitors. Furthermore, several other HDACs, including
SIRT2, SIRT6, and HDACS, have been shown to be able to remove long chain fatty acyl
groups from protein lysine residues. Thus it is important to make sure that they are not
inhibited by the HDAC11 inhibitors. 19-21 To examine the selectivity of SIS7 and SIS17, we
picked representative HDACs from each class, Class | (HDAC1 and HDACS), Class Il
(HDAC4), and the NAD-dependent Class 111 (sirtuins, SIRT1, SIRT2, SIRT3, and SIRT6).
Satisfyingly, SIS7 and SIS17 did not show significant inhibition of these HDACs at 100 uM
concentrations (Figure 2C). The selectivity of these two inhibitors highlights that our
activity-guided design is effective.

In the literature, only a few HDACL11 inhibitors had been reported, including palmitic acid,
Trapoxin A, and FT895.56:18 |n our hands, palmitic acid did not show good inhibition on
HDAC11 (no inhibition at 10 uM). TpxA could completely abolish HDAC11 activity at 1
UM but it is a pan-HDAC inhibitor. Forma Therapeutics recently reported an HDAC11-
specific inhibitor, FT895.18 The reported in vitro ICsg value is 3 nM, but it was measured
using a trifluoroacety! lysine compound, not the physiological myristoyl lysine peptide.
Therefore, we synthesized FT895 and measured its 1Csq value using the myristoyl-H3K9 in
the HPLC assay. FT895 inhibited HDAC11 with an ICgq value of 0.74 uM which is slightly
better than SIS7 (1C5q 0.91 uM) and SIS17 (ICsg 0.83 uM). However, it is not as selective as
SIS7 or SIS17 because it also inhibited HDAC4 (ICgq 25 pM), and HDACS (ICsq 9.2 pM)
(Figure 2C). Thus, SIS7 and SIS17 are the most selective HDAC11 inhibitors known.
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Because of the lack of physiological substrates for HDAC11, none of the known HDAC11
inhibitors had been tested in cellular assays. It was recently reported that HDAC11 defatty-
acylates SHMT2, which in turn regulates type | interferon receptor signaling.” We thus
checked whether our HDAC11 inhibitors can increase the fatty acylation level of
endogenous SHMT?2 using a previously established detection method. We first tested
whether SIS7 and SIS17 can inhibit the demyristoylation of a myristoyl-SHMT?2 peptide by
HDAC11 in vitro. Using a myristoyl-SHMT2 peptide as the substrate, SIS7 and SIS17 could
still inhibit HDAC11 with 1Csq values of 1.0 uM and 270 nM, respectively, which is slightly
different from that measured with myristoyl-H3K9 peptides (Supplementary Figure 2).

We then tested whether SIS7 and SI1S17 could inhibit HDAC11-mediated SHMT?2 defatty-
acylation in cells. We treated MCF7 cells with 50 uM of an alkyne-tagged palmitic acid
analog, Alk14, along with 0, 12.5, 25.0, and 50.0 uM of SIS7 or SIS17 for 6 hours at 37°C.
The labeled proteins were pulled down with streptavidin beads after installation of a biotin
tag with click chemistry. The amount of acylated SHMT2 was then detected by Western blot
(Figure 3). SIS17 increased the fatty acylation level of SHMT2 significantly in MCF7 cells
down to 12.5 pM demonstrating that it is cell permeable and can inhibit HDAC11 in living
cells. SIS7 was less effective than SIS17 in cells. (Figure 3). We believe this was mainly due
to cell permeability or metabolic stability. Using and LC-MS based assay, we could readily
detect SIS17 in cell lysate, but not SIS7 (Supplementary Table 1).

To further demonstrate the selectivity of these inhibitors in cells, we checked whether S1S7,
SIS17, and FT895 could increase the acetylation level of a-tubulin and histone H3 (Figure
4). SIS7, SIS17 and FT895 up to 50 uM did not affect the acetylation levels of a-tubulin and
histone H3. In contrast, the pan-HDAC inhibitor SAHA significantly increased the
acetylation levels at 1 uM. Thus, the selectivity of SIS7 and SIS17 for HDAC11 is
maintained in cells.

In summary, using an activity-guided rational design approach, we have developed two
potent and selective inhibitors, SIS7 and SIS17, for HDAC11. In vitro, SIS7 and SIS17 are
slightly less potent against HDAC11 compared to FT895 but are more selective. In cells,
SIS17 appears better than FT895 and SIS7 due to increased cell permeability and/or
metabolic stability. To our best knowledge, SIS17 represents the first HDAC11-selective
inhibitor to show cellular effects. Given the recent increased research interest in HDAC11,
we believe SIS17 will be a useful tool compound to explore the biological function and
therapeutic potential of HDAC11. Furthermore, we believe this activity-guided design
approach could be generally useful for the development of isoform-selective inhibitors for
other families of enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The design of HDACL11 specific inhibitors based on its catalytic activity. (A) HDAC11
hydrolyzes long chain fatty acyl lysine efficiently, but not acetyl lysine. (B) Modification of
existing HDAC inhibitors SAHA and UF010 to obtain potential HDAC11 inhibitors.
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Figure 4.
Acetylation in cells is not affected by HDAC11 inhibitors. Immunoblots are shown for

acetyl-a-tubulin (K40) and acetyl-histone H3 in HEK 293T cells treated with inhibitors for
6 hrs. Loading for each sample was checked by blue-stained membrane (Supplementary
Figure 3).
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