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Abstract
Genomic instability caused by a deficiency in the DNA damage response and repair has
been linked to age-related cognitive decline and neurodegenerative diseases. Preventing
genomic instability that ultimately leads to neuronal death may provide a broadly effective
strategy to protect against multiple potential genotoxic stressors. Recently, the zincdependent, class I histone deacetylase HDAC1 has been identified as a critical factor for
protecting neurons from deleterious effects of DNA damage in Alzheimer’s disease (AD),
amyotrophic lateral sclerosis (ALS), and frontotemporal dementia (FTD). Translating
these observations to a novel neuroprotective therapy for AD, ALS, and FTD may be
advanced by the identification of small molecules capable of increasing the deacetylase
activity of HDAC1 selectively over other structurally similar HDACs. Here, we
demonstrate that exifone, a drug previously shown to be effective in treating cognitive
deficits associated with AD and Parkinson’s disease, the molecular mechanism of which
has remained poorly understood, potently activates the deacetylase activity of HDAC1 and
provides protection against genotoxic stress. We show that exifone acts as a mixed, nonessential activator of HDAC1 that is capable of binding to both free and substrate-bound
enzyme resulting in an increased relative maximal rate of HDAC1-catalyzed deacetylation.
Exifone can directly bind to HDAC1 based upon biolayer interferometry assays with
kinetic and selectivity profiling suggesting HDAC1 is preferentially targeted compared to
other class I HDACs and the kinase CDK5 that have also been implicated in
neurodegeneration. Consistent with a mechanism of deacetylase activation intracellularly,
treatment of human induced pluripotent stem cell (iPSC)-derived neuronal cells resulted in
globally decreased histone acetylation. Moreover, exifone treatment was neuroprotective
in a tauopathy patient iPSC-derived neuronal model subject to oxidative stress. Taken
together, these findings reveal exifone as a potent activator of HDAC1-mediated
deacetylation, thereby offering a lead for novel therapeutic development aiming to protect
genomic integrity in the context of neurodegeneration and aging.

Keywords: HDAC1 activator, neuroprotective, human iPSC-derived neurons, DNA
damage response, Alzheimer’s disease, tauopathy, epigenetics
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Introduction
Alzheimer’s disease (AD) and cognitive disorders are common in the elderly
population and are frequently caused by neurodegeneration that leads to a progressive and
currently irreversible decline of plasticity and function of the central nervous systems
(CNS). Medications approved by the Food and Drug Administration (FDA) for the
treatment of AD are largely symptomatic in nature and include cholinesterase inhibitors
such as donepezil (Aricept), rivastigmine (Exelon), galantamine (Razadyne); and
memantine (Namenda), an NMDA (N-methyl-D-aspartate) receptor antagonist. None of
these medications prevent disease progression necessitating the discovery of effective
disease-modifying agents with a unique mechanism of action.
Activation of histone deacetylase 1 (HDAC1) has emerged as a new strategy to
prevent neurodegeneration by blocking cell cycle re-entry and preventing DNA damage in
the context of neurodegeneration, including AD1-2 and amyotrophic lateral sclerosis3.
Whereas overexpression of catalytically active HDAC1, but not a mutant lacking
deacetylase activity, conferred protection against p25/CDK5-mediated DNA damage and
neuronal death in a mouse model of stroke1. Moreover, inhibition of HDAC1 catalytic
activity has been observed in an inducible p25/CDK5 neurodegeneration mouse model,
which exhibits critical pathological signatures of AD, including loss of neurons in the
forebrain, memory impairment, and increased β-amyloid peptide production. Together1-3
these findings indicate a role for HDAC1 in the maintenance of genomic integrity and
neuroprotection.
To advance the therapeutic application of these observations concerning the
neuroprotective role of HDAC1, we have identified multiple chemical classes of small
molecule activators of HDAC1 via high throughput screening4. Our recent characterization
of HDAC1 small-molecule activators from a primary screen using in vitro enzymatic
activity and structure-activity relationship (SAR) studies led us to investigate exifone as an
HDAC1 activator4. Exifone (2,3,3',4,4',5'-hexahydroxybenzophenone; Adlone) is a
member of the benzophenone class of molecules synthesized in the 1970’s in France that
was initially found to have benefit for treatment of blood microcirculation disorders
although its precise mechanism of action was not well understood5. Exifone was
subsequently shown to have neuroprotective activity in a battery of preclinical models and
4
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through controlled clinical trials with oral doses ranging from 200 – 600 mg/day shown to
be an effective treatment for cognitive deficits in elderly patients with both Alzheimer-type
dementia6 and Parkinson’s disease leading to its approval as a medication in France in
19887. Additionally, Porsolt and colleagues provided evidence of exifone’s facilitation of
memory function in mouse models that was interpreted to be consistent with its proposed
effects in humans8-9, and additional preclinical studies suggested exifone has properties of
an atypical antidepressant. While in these early preclinical and clinical studies exifone was
well tolerated and did not produce any noticed sign of toxicity, continued administration
of high doses of exifone (i.e., 600 mg/day for 2 to 4 months) resulted in reversible liver
damage in about 1 in 15,000 patients leading to its registration being withdrawn in 19901014

.
Exifone has also been shown to have free radical scavenging properties15, which

led to the synthesis of structurally related derivatives to be investigated as neuroprotective
antioxidant molecules16. Exifone’s pharmacological mode of action has been reported to
include activation of oxygen and glucose metabolism in neurons and antagonism of
aminergic neurotransmission impairment induced by temporary ischemia7, 17. In neuronallike PC12 cells, exifone has been shown to reduce7 the association of toxic peptides with
the cell membranes and to prevent toxicity by -amyloid peptides18.
In this report, we demonstrate for the first time with recombinant enzyme
preparations in vitro that exifone is a potent activator of HDAC1 with a non-essential
mechanism of activation. We further show that exifone treatment of human induced
pluripotent stem cell (iPSC)-derived neuronal cells leads to a measurable decrease in
histone acetylation. Finally, we demonstrate that exifone treatment can provide
neuroprotection in the context of human neurons derived from patient with tauopathy. In a
companion study, we show that exifone is able to reduce DNA damage in vivo in an AD
mouse model and further linking fundamental mechanisms of DNA damage response
pathway and repair to HDAC1 activity2.
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Results
Exifone is a potent small molecule activator of HDAC1
Exifone (Figure 1A) and its analog benzophenone (Figure 1B) that lacks any hydroxyl
substituents were tested for their influence on the enzymatic activity of HDAC1. We used
a quantitative, mass spectrometry-based assay (RapidFire MS) to measure the
deacetylation activity on an acetylated peptide substrate to understand the influence of
exifone on the rate of HDAC1 deacetylation. We have found this assay platform has the
advantages of allowing direct, and highly sensitive measurement of deacetylated product
formation at low substrate concentrations. Moreover, it is not dependent upon using nonphysiological, fluorophore-modified peptides and coupling to trypsin for a readout that
historically has created challenges when characterizing other classes of deacetylase
activators as recently reviewed19-20. Using this RapidFire MS platform, measurement of
dose-response for exifone effect on HDAC1 activation, using an acetylated peptide derived
from histone H4 (Bio-H4K12Ac) and a non-histone substrate (Bio-p53K382Ac), revealed
EC50 values of 0.045 M and 0.065 M, respectively (Figure 1C and 1E). Moreover, the
top fitted values for deacetylase activity (substrate conversion) were comparatively higher
for the Bio-H4K12Ac substrate. Benzophenone did not act as an HDAC1 activator for
either of the peptide substrates tested over the concentration range tested, with the resulting
HDAC1 activity remaining near the basal level (Figure 1D and 1F).
Figure 1G shows the linearity of HDAC1 reaction progression as a function of time
in the absence (control) and the presence of exifone. The increase in substrate conversion
demonstrates the catalytic activation of HDAC1. Exifone acts as a potent small molecule
activator of HDAC1 and thus increased the rate of deacetylation by the enzyme.
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Figure 1. Exifone as a potent small molecule activator of HDAC1. Structure of
exifone (A) and benzophenone (B), respectively. Dose-dependent activation of HDAC1
by exifone in RapidFire mass spectrometry assay for HDAC1 with 1 M Bio-H4K12Ac
substrate (C) or 1 M Bio-p53K382Ac substrate (E). The compound benzophenone
(B), a structurally simpler compound that lacks the six hydroxyl groups does not cause
HDAC1 activation (D and F). (G) Exifone increased the rate of deacetylation reaction
by HDAC1 as observed via monitoring the percentage of substrate conversion. Mass
spectrometry-based (Rapid-Fire) HDAC1 deacetylase activity assay was performed
with 1 M Bio-H4K12Ac substrate and 40 nM enzyme. The figure demonstrates the
linearity of reaction progression as a function of time in the absence (control) and the
presence of exifone. (H) Dose-dependent activation of HDAC1 by exifone at variable
concentrations of the acetylated substrate peptide (Bio-H4K12Ac). The highest level of
enzyme activation was observed when the substrate concentration is significantly lower
than the apparent Km value for the acetylated peptide substrate ([S]<<[Km]). No
HDAC1 activation was observed when acetylated substrate peptides were used at
higher concentrations such as 125 and 250 M.

Exifone increases HDAC1 catalytic activity via non-essential activation.
The mass spectrometry-based (Rapid-Fire) HDAC1 activity assay was performed with 1
M of Bio-H4K12Ac substrate and 40 nM of enzyme. Dose-dependent activation of
HDAC1 by exifone was determined at various concentrations of the Bio-H4K12Ac
substrate. The highest level of HDAC1 activation was observed when the substrate
concentration was significantly lower than its Km value ([S] << [Km]). The increase of
histone deacetylase activity was more pronounced when the peptide substrate
concentration was significantly below the Km value (Supplemental Table 1). In contrast,
no HDAC1 activation was observed with exifone when peptide substrate concentrations of
125 M and 250 M were used (Figure 1H).
The reaction mechanism of HDAC1 activation by exifone was determined by
simultaneously varying the concentration of both the activator and acetylated substrate.
Data were analyzed by nonlinear regression and fitted with the Michaelis-Menten equation
to determine Km of the acetylated substrate at various concentrations of the activator
exifone (Figure 2A). Increasing concentrations of exifone caused a progressive decrease
of substrate Km value, thus demonstrating the role of an activator that increases the affinity
of HDAC1 for the Bio-H4K12Ac substrate (Figure 2B). Increasing exifone concentration
caused a decrease of the apparent substrate Km for Bio-H4K12Ac peptide and increased
8
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the maximal reaction velocity. Exifone thus appears to increase the affinity of the enzyme
for the acetylated substrate peptide, as evidenced by a decrease in substrate Km value. The
value of alpha () and beta () were estimated as 0.3 and 1.46, respectively. Alpha is the
factor by which substrate Km changes when activator interacts with the enzyme, and beta
is the factor that reflects Vmax change.

Figure 2. Exifone’s mechanism of action with HDAC1 is consistent with mixed
non-essential activation. (A) Reaction mechanism of HDAC1 activation by exifone as
determined by varying concentrations of both substrate and activator. Increasing
exifone concentration decreased the apparent substrate Km for Bio-H4K12Ac peptide
(B) and increased the Vmaxapp (C). Replot of slope (ratio of Km/Vmax) vs. exifone
concentration shown as descending hyperbolic curve (D).

We observed that exifone increased the rate of histone deacetylase reaction. That
is, the apparent Vmax was seen to increase with increasing concentration of the HDAC1
activator exifone (Figure 2C). With further analysis, the slope was estimated as a ratio of
Km and apparent Vmax at different exifone (activator) concentrations (Figure 2D). Replots
of slope vs. activator concentration resulted in a descending hyperbola that is the
9
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characteristic of non-essential activation, in which the reaction can occur in the absence of
the activator. Non-essential activation can be analyzed in the same manner as partial or
mixed-type inhibition, but the changes are in the opposite direction21. Thus, exifone acts as
a mixed, non-essential activator of HDAC1 and is capable of binding to both free and
substrate-bound enzyme. Decreasing substrate Km value and increasing Vmax value as a
function of activator concentration demonstrates exifone’s influence in Bio-H4K12Ac
substrate binding and catalysis.

Exifone is capable of partially reversing the inhibitory effect of CI-994 in a concentrationdependent manner.
Dose-dependent inhibition of HDAC1 by the active site inhibitor CI-994 was
investigated in the presence and absence of the activator exifone. CI-994 alone shows an
IC50 value of 0.037 M for HDAC1, and the top fitted value is less than 100% under these
test conditions (Figure 3A). When HDAC1 was pre-incubated for 15 minutes with 1 M
or 10 M exifone, the top values for deacetylase activity reached 620% and 450%,
respectively, in the dose-response curve for CI-994. These results indicate that the preincubation of HDAC1 with exifone can still lead to an increase of HDAC1 catalytic activity
at the lower concentrations of CI-994 that were tested.
To investigate further, HDAC1 was pre-incubated for two hours with 1 M, 5 M,
and 10 M of the active site inhibitor CI-994, followed by an assay to determine the doseeffect of the HDAC1 activator exifone. Exifone shows an EC50 value of 0.045 M, with
maximal activation values up to nine-fold when HDAC1 was pre-incubated with exifone
at room temperature for two hours before adding the substrate peptide to the reaction mix.
When HDAC1 was pre-incubated with 1 M CI-994, the dose dependence curve for
exifone was fitted to a deacetylase activity bottom value of 31.24 and a top value of 177.9.
Therefore, exifone was capable of reversing inhibition caused by the pre-incubation of
HDAC1 with CI-994 at 1 M concentration. However, when the enzyme was preincubated with 5 M or 10 M CI-994, inhibition was no longer reversed by exifone
(Figure 3B). Pre-incubation studies with the HDAC active-site inhibitor CI-994 at low
concentrations demonstrate that exifone is capable of partially reversing inhibition caused
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by CI-994, indicating interaction directly or indirectly with residues of the HDAC1 active
site.

Figure 3. Exifone is capable of reducing inhibition caused by pre-incubation of
HDAC1 with active site inhibitor CI-994. (A) Concentration response curves for the
HDAC inhibitor CI-994 in the absence and presence of the HDAC activator exifone.
CI-994 shows an IC50 value of 0.037 M and the top fitted value is less than 100%.
Preincubation of HDAC1 for 15 minutes with 1 M or 10 M exifone resulted in the
top values for % deacetylase activity reaching up to 620% and 450% respectively. The
results indicate that preincubation of exifone can still result in significant HDAC1
activation at lower concentrations of CI-994. (B) A dose-dependent increase in HDAC1
activity was observed even if HDAC1 was pre-incubated for two hours with 1 M CI994, 5 M CI-994, 10 M CI-994, as shown by the best-fit values.

Exifone displays a preference for activating HDAC1 over HDAC2 in vitro
The concentration response curve for exifone was determined with HDAC1 and its
structurally related isoform HDAC2 using Bio-H4K12Ac (1 M) as the substrate. Top
fitted values of HDAC1 vs. HDAC2 activity in dose-response curves to exifone, expressed
as a percentage of HDAC activity, were 495.6 and 410.7, respectively. The EC50 value for
exifone was 0.02 M for HDAC1, in contrast to 0.08 M for HDAC2. Estimating the top
fitted values as an approximation of relative maximal velocity (RVmax), EC1.5 was
calculated as described by Dai et al. (2010)22. EC1.5 values of exifone for HDAC1 and
11
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HDAC2 were 0.002 M and 0.015 M, respectively (Figure 4). At least five times more
exifone would be required for achieving a similar level of HDAC2 activation, relative to
HDAC1. Therefore, exifone appears to be more efficient and show preferential activation
of HDAC1. HDAC1 selectivity results revealed that exifone is at least four-fold selective
for activating HDAC1, indicating a positive influence on the histone deacetylase isoform
that is known to associate with neuroprotection.

Figure 4. Exifone is at least four-fold selective for activating HDAC1 when
compared with HDAC2. The data were fitted with the equation for sigmoidal doseresponse (variable slope) to estimate the EC50 values for exifone, and the best fit values
are shown as calculated using the RapidFire mass spectrometry assay. The observed
EC50 values under the defined conditions for HDAC1 are 0.02 M as compared with
0.082 M for HDAC2. Estimated EC1.5 values for HDAC1 and HDAC2 for this set of
data were 0.002 M and 0.015 M respectively.

Biophysical evidence and binding kinetics confirm HDAC1 as a preferred target of exifone
As a small, polyphenolic molecule, exifone is expected to interact with multiple biological
targets23, such as structurally related class I HDACs. We aimed, therefore, to investigate
how exifone interacts with HDAC1 using biophysical assays to both test whether a direct
binding interaction can be detected as an assay orthogonal to the mass spectrometry
enzymatic assays and to establish a means of determining whether exifone shows
preferential targeting of HDAC1 relative to other potential targets relevant to
neurodegeneration based on binding kinetics.
12
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Binding kinetics of exifone was first determined using biolayer interferometry
(BLI) with biotinylated recombinant HDAC1, HDAC2, and HDAC8. We observed that
exifone could bind HDAC1 (Figure 5A, 5B), HDAC2 (Supplementary Figure 2A, 2B),
and HDAC8 (Supplementary Figure 3A, 3B). Following reference subtraction, the
processed graphs show a distinct pattern of association and dissociation in response to
increasing concentrations of exifone. More significantly, benzophenone, failed to show a
binding response to HDAC1 in the BLI assay (Figure 5C), consistent with its lack of
HDAC1 enzymatic activation. Additionally, the BLI results on the interaction of exifone
with HDAC1 and HDAC2, indicate a modest preference for HDAC1 binding based on the
higher association rate constant (Ka) value and a 1.9-fold lower value for the equilibrium
dissociation constant (KD) with the estimated KD values of 0.093 M and 0.142 M for
HDAC1 and HDAC2, respectively.
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Figure 5. Biolayer interferometry-based biophysical assays of exifone binding to
HDAC1. (A and B) Exifone directly binds HDAC1 as measured using BLI whereas
the structurally simpler analog, benzophenone does not exhibit a binding interaction.
(C). The processed data graphs were obtained after reference (n=3) subtraction and
show the acquisition of real-time data in a binding kinetics experiment. After an initial
baseline step in the assay buffer, streptavidin biosensors were dipped into solution with
the biotinylated HDAC1 for the loading step. Subsequently, a second baseline was
performed, followed by association and dissociation of the small molecule analyte
(n=5) in solution. Successful binding interaction results in distinct spectral shift pattern
that is represented on the sensorgram as a change in the wavelength (nm shift). The data
were fit globally with the 1:1 binding model and a representative plot of Req vs. exifone
concentration for the estimation of KD is shown (B).
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Since polyphenolic small molecules like exifone are known to interact with
multiple kinase targets, we next sought to determine if exifone also interacted with
CDK523, a key regulatory enzyme that when hyperactivated due to binding to the p25
regulatory subunit that is generated by calpain-mediated cleavage of p35 leads to HDAC1
inhibition and elevated DNA damage and neurodegeneration. Using a BLI assay format
again, exifone was found to bind to CDK5/p25 with an estimated KD value of 0.24 M
(Figure 6A), which means based on the measured binding affinities, exifone shows at least
a 2.4-fold preference for HDAC1 (Figure 6A).

Figure 6. Selectivity profiling of exifone
against neurodegeneration relevant targets.
Kinetic parameters estimated via BLI assays
indicate exifone shows a preference
interaction with HDAC1. Exifone has the
highest affinity for HDAC1 when compared
with HDAC2, HDAC8, and CDK5/p25 as
evidenced by (A) the lowest value of
equilibrium dissociation constant, and (B) the
highest value for the association rate constant
(ka) that represents the number of complexes
formed per second between the small
molecule and the biotinylated protein in a 1
Molar solution.

To further investigate the interaction of exifone with potential biological targets, a
series of additional kinetic parameters were estimated by a global fit of the BLI data (Table
1). Notably, exifone showed the highest value for the association rate constant (ka) with
HDAC1 when compared with the other targets tested (Figure 6B), where the ka, in this
case, represents the number of complexes formed per second between exifone and the
biotinylated protein in a 1 M solution. Altogether, these observations are significant in
establishing that HDAC1 as a preferential target amongst the set of proteins analyzed,
although interaction with other targets cannot be excluded from these data alone.
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Table 1. Summary of kinetic parameters for exifone determined by a global fit of
the BLI data. Values calculated from either n=12 replicates (HDAC1) or n=5 replicates
(HDAC2, HDAC8, CDK5/p25).
Parameter

HDAC1

HDAC2

HDAC8

CDK5/p25

KD (M)

0.0949

0.1428

0.2579

0.2398

KD Error

0.0008

0.0010

0.0017

0.0017

ka (1/Ms)

1.55E+04

8.74E+03

5.05E+03

5.36E+03

ka Error

6.49E+01

2.55E+01

1.39E+01

1.52E+01

kdis (1/s)

1.34E-03

1.25E-03

1.30E-03

1.29E-03

kdis Error

1.11E-05

8.09E-06

7.90E-06

8.10E-06

kobs (1/s)

1.94E-03

1.69E-03

1.56E-03

1.55E-03

kobs Error

1.34E-05

9.36E-06

8.59E-06

8.86E-06

0.8380

0.8396

0.8817

0.8645

Full R2

Exifone acts as a Deacetylation Activator in Human Neural Progenitor Cells
Following our demonstration of exifone as a potent small molecule that can increase the
catalytic activity of HDAC1 in vitro in biochemical assays and high-affinity interactor in
biophysical assays, we proceeded next to evaluate the deacetylase activating ability of
exifone in an ex vivo neuronal context using human iPSC-derived neural progenitor cells
(NPCs). Previously, we reported the use of mouse primary cortical neurons or human iPSCderived neurons to examine the cellular activities of HDAC inhibitors24-26. We established
that the inhibition of HDAC enzymes leads to the increase of the acetylation level of the
histone mark H3K9 (H3K9Ac). We expected the activation of HDAC1 by exifone to
decrease the level of H3K9Ac. To test this hypothesis, we treated NPCs with exifone (0.5
M and 2 M) for 6h or 18h followed by immunostaining of H3K9Ac and quantification
of signal from nuclei. Treatment with exifone led to a decrease of the H3K9Ac levels in
NPCs (Figure 7), providing evidence that exifone can act as an activator of histone
deacetylation in an ex vivo neuronal setting.
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Our in vitro characterization of exifone as an HDAC activator indicates that exifone
can also have an effect on other HDACs, including HDAC2, although weaker than on
HDAC1 (Figure 4 and Figure 6). This phenomenon was potentially reflected in the
cellular acetylation assay, in which the H3K9Ac levels were decreased most effectively by
exifone at 0.5 M and 2 M, whereas the decrease was attenuated by exifone treatment at
5 M or 10 M (Supplementary Figure 7). The amount of decrease of H3K9Ac levels
became smaller with exifone at 5 or 10 M, suggesting a loss of specificity on HDAC1
activation by exifone at the higher concentrations.
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Figure 7. Exifone as an HDAC1 activator increases histone deacetylation in
human neural progenitor cells (NPCs). NPCs were treated with various
concentrations of exifone for 6h or 18h, followed by fixation and immunostaining for
H3K9Ac in nuclei. (A) Representative images of H3K9Ac immunostaining of iPSCderived NPCs, showing dimmer nuclei in 0.5 M and 2 M exifone-treated (6h)
cultures. Quantitative image analysis was performed to determine the intensity of
H3K9Ac in the nuclei. (B) Quantitation of the H3K9Ac intensity levels indicates
effective activation of HDAC(s) in NPCs, thereby leading to decreased H3K9Ac
levels in 6h or 18h treated cultures. Error bars represent standard error of the mean
(SEM) based on N=3 biological replicates per treatment. Mean pixel intensities were
collected from 9 images per biological replicate totaling approximately 3,500 nuclei.
Unpaired t test: **** p < 0.0001.

Exifone Rescues Neuronal Viability in FTD-Tau Neurons
Patient iPSC-derived neuronal cell models can recapitulate specific disease-relevant
phenotypes and are increasingly recognized as robust systems for drug discovery27. To
evaluate the neuroprotective capabilities of exifone in a neurodegenerative diseaserelevance context, we employed an iPSC-derived neuronal cell model from an FTD patient
18
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harboring a tau-A152T variant that shows an early accumulation of tau protein in the form
of phospho-tau species of reduced solubility, and as a consequence exhibits selective
vulnerability to stress28. This phenotype observed in patient-derived neurons is
characterized by >60% neuronal death upon treatment with the stressor rotenone that
inhibits the mitochondrial electron transport chain (ETC) complex I (Figure 8). In contrast,
rotenone leads to <10% neuronal death in control non-mutant neurons (Figure 8).

Figure 8. Exifone rescues stress vulnerability of FTD tau-A152T neurons. Cell
viability of tau-A152T (A) or control (B) neurons (differentiated for eight weeks from
NPCs), treated with compounds for 24h ±pre-treatment with exifone (8h). Values
represent % viability (±SD) relative to vehicle-treated neurons. Student t-test *p<0.05,
***p<0.001, nsp> 0.05 (n=2 with technical triplicates).

To test whether exifone can protect neurons against tau-mediated stress
vulnerability, we pre-treated neurons with 1 μM or 10 μM of exifone for 8h, followed by
the addition of stressor rotenone at 0.5 μM or 1 μM of dose (for a total of 24h treatment).
Exifone alone did not affect viability of the control or FTD neurons (Figure 8), but when
added to the neuronal cultures before stress induction by rotenone, exifone rescued cell
viability to almost 80% in a dose-dependent manner (Figure 8). To determine if the effect
19
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of exifone in tau-A152T neuronal viability was the result of direct modulation of tau levels,
we examined levels of total tau and phospho-tau (P-tau-S396) by western blot upon 24h
treatment with 10 μM exifone. No significant downregulation of tau by exifone was
detected (data not shown) relative to vehicle-treated cells. These results suggest that
exifone may have a protective effect in human neurons against neurodegeneration.

Discussion
Neuroprotection represents a broad set of molecular and cellular mechanisms that can
promote rescue, recovery, and regeneration of the structure and function of neuronal cells29.
Defining targets regulating these mechanisms if of great interest from the perspective of
gaining fundamental insight into nervous system function and potential therapeutic
applications. In these contexts, activation of class I HDACs via small molecules has been
the subject of only a limited number of studies4, 30-31. With the initial discovery of the role
of an increase of HDAC1 activity in the reduction of neurotoxicity due to aberrant activity
of CDK5/p251, our investigations have resulted in the identification of multiple smallmolecule HDAC1 activators4,

32

In particular, by pursuing the structure-activity

relationship of a series of synthetic HDAC1 activators, exifone was identified as a potent
activator of HDAC1 with nanomolar potency in RapidFire MS assays using acetylated
substrates derived from both histone (H4K12Ac) and non-histone (p53K382Ac)
sequences32. Here our use of a mass spectrometry-based assay (RapidFire MS) and
orthogonal biophysical assays based upon BLI, rather than relying on assays with nonphysiological, fluorophore-modified peptides, was designed to overcome challenges
encountered previously when developing activators of a structurally distinct family of
NAD+-dependent lysine deacetylases19-20.
In the present study, the mechanism of HDAC1 activation by exifone appeared to
be consistent with non-essential activation that is usually analyzed in a manner similar to
mixed inhibition with the changes in the enzyme activity in the opposite direction21. To
understand the mechanism further, we carried out inhibition studies with CI-994 [4acetamido-N-(2-aminophenyl)benzamide)], which is a relatively selective inhibitor of
HDAC1 and HDAC333-34. Pre-incubation experiments with a low concentration (1 M) of
the CI-994, demonstrated that exifone was capable of partially reversing inhibition caused
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by CI-994. Inhibition studies with this active site inhibitor CI-994 showed that exifone is
likely to interact with sites other than the active site, consistent with evidence for a mixed
mechanism of activation. Our results also demonstrate that exifone may have a protective
effect in patient-derived human neurons against neurodegenerative stress. As a potent
activator of HDAC1, exifone provides a new chemical tool to dissect the function of
HDAC1 in epigenetic regulation and regulation of the acetylome. However, there are still
several open questions as to the mechanism of HDAC1 activation that will require further
investigation to validate these findings, including the elucidation through structural studies
of a defined binding site of exifone and related activators and determining how the catalytic
properties of HDAC1 are affected. Furthermore, by analogy to the NAD+-dependent
deacetylase activator studies19-20, beyond the histone (AcH4K12-based) and non-histone
substrates (Acp53K382-based) tested here, activators of the Zn2+-dependent HDAC1 may
also turn out to have specificity for certain substrates over others. Thus, working backwards
from compounds like exifone that show neuroprotective effects in vivo it may be possible
then to discern the relevant substrates and develop next-generation HDAC1 activators
specific for certain substrates as novel approach to therapeutic development.
Despite having a close structural similarity, HDAC1 and HDAC2 are characterized
by distinct functions in the brain35. In biochemical assay, we have demonstrated that
exifone is at least four-fold selective for activating HDAC1 when compared that with
HDAC2; thus, exifone is likely to influence HDAC1 preferentially. Additional evidence
from biophysical assay confirmed a modest preference (1.9-fold) for the in vitro binding
with HDAC1 based on the lower equilibrium dissociation constant value (1.9-fold)
compared to HDAC2. More significantly, here we show that exifone can act as an activator
of deacetylation in human neural progenitor cells. HDAC1 has been shown to play a vital
role in the regulation of neuronal viability1, 36. In the present study with FTD patientderived neurons28, exifone treatment alone did not affect viability of the control or FTD
neurons (Figure 8), but when added to the neuronal cultures before treatment with
rotenone, a stressor of the mitochondrial electron transport system, exifone rescued
neuronal viability to approximately 80% in a dose-dependent manner (Figure 8). This is
the first report of a small-molecule HDAC activator exerting biochemical effects in a
neuronal setting. Additionally, while the results from our biochemical and biophysical
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assay panel indicate that HDAC1 is preferentially targeted by exifone over other targets
that were evaluated, including HDAC2, HDAC8, and CDK5/p25, given the nature of
polyphenols, we cannot rule out the contributions of other targets to the effects of exifone
in a cellular or in vivo context.
Besides the studies reported here with exifone, HDAC activity has been shown to
catalytically activated in vitro with a similar mixed mechanism by metabolites of
intermediary metabolism30. These multiple intracellular metabolites were shown to directly
increase the catalytic activity of HDAC1 toward acetylated histones with the EC50 values
ranging from high micromolar to millimolar range30. The molecules that cause in vitro
activation of recombinant HDAC1 and HDAC2 following a mixed activation kinetics
include various coenzyme A (CoA) derivatives and the reduced (NADPH), but not
oxidized (NADP+), form of nicotinamide adenine dinucleotide phosphate. These findings
indicate that the metabolic state of a cell might influence the cellular activity of HDACs30.
Moreover, these results highlight the opportunity to pharmacologically modulate the
activity of HDACs via small molecules utilizing the intrinsic metabolic pathways of the
cell. Of note, the intracellular metabolites that have been identified as HDAC1 activators
through these studies were unable to enhance HDAC1 activity when a synthetic,
fluorophore-labeled, acetylated tripeptide substrate (Fluor de Lys) was used instead of
histones30. These observations provide evidence that HDAC1 activators may affect
enzyme-substrate interactions independent of the acetylated lysine and again point to the
importance of using appropriate substrates and assays when characterizing small-molecule
activators.
Additionally, the regulation of the enzymatic activities of HDACs 1, 2, and 3 that
are present in association with other proteins in multiple complexes, by inositol phosphates
was reported by Watson et al. (2016)37. This study demonstrated an allosteric mode of
communication between the inositol binding site and the active site of the enzyme with
various inositol phosphates shown to activate HDAC3 with binding affinities ranging from
low to high micromolar values. The catalytic activity of HDAC1 that exists in a complex
with MTA1 (metastasis-associated protein) was also shown to be positively influenced by
various inositol phosphates37. The level of activation observed with these natural
intracellular metabolites in vitro is modestly higher than the basal level. However, these
22
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results provide encouraging insight for HDAC activation by potent small molecules such
as exifone that show nanomolar potency in in vitro assays.
Activation of another class I HDAC8 has also been the subject of few investigations
with the identification of N-acetylthiourea derivatives as highly potent and isozyme
selective activators of HDAC831. More significantly, HDAC8 activators may serve as
possible leads in the therapeutic management of Cornelia de Lange Syndrome (CdLS)
spectrum disorder38-39. Exifone can also activate HDAC8 (Supplementary Figure 1),
albeit with a less potent EC50 of 0.27 M, and an EC1.5 value of 0.08 M in a RapidFire
MS assay in comparison to HDAC1. Thus, although exifone appears to be at least 12-fold
more selective for HDAC1 relative to HDAC8, exifone could still offer another route for
the development of HDAC8 activators.
Despite the fact that polyphenols generally present challenges from a medicinal
chemistry point of view and have the potential to interact with diverse targets, the initial
preclinical and clinical studies on exifone that led to its registration did not reveal overt
toxicity. It was not until months of administration to elderly patients at doses of 200-600
mg/day that reversible hepatoxicity was observed10-14. Questions left unanswered include
why such a small fraction of patients (reported to be ~1/15,000) exhibited this
hepatotoxicity and whether genetic or possibly other drug interactions contributed to this
outcome. Furthermore, without a defined target and functional biomarkers to determine
optimal exposure levels, it is unclear whether lower doses or alternating dose schedules
would provide a means to reduce the risk hepatotoxicity while retaining the clinical benefit
that was observed. Finally, given the known heterogeneity of dementia patients, along with
knowledge that when exifone was tested in the 1980s this predated the use of either genetic
testing or functional biomarkers such as in the case of the Alzheimer’s-type dementia of
levels of amyloid by positron emission tomography (PET) imaging or analysis of
cerebrospinal fluid A1-42 or phospho-tau levels, to stratify patients and select patients for
treatment that were at the earliest rather than late stages of the diseases. Thus, by “testing
the right target and right drug at the right stage”40, as is now considered important in a
precision medicine framework for neurotherapeutics41-43, it is possible that a specific
subpopulation of dementia patients would have shown even more improved outcomes and
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that the dose and schedule of exifone treatment could have been tuned appropriately to
maximize benefit and minimize undesired effects outside of the CNS.
As a step toward to addressing these questions with exifone using preclinical mouse
models of AD and age-related accumulation of DNA damage, in a companion study we
have recently shown that HDAC1 modulates oxidative DNA repair in the aging brain via
8-oxoguanine DNA glycosylase (OGG1), a DNA glycosylase of the base excision repair
(BER) pathway that primarily acts on 8-oxoguanine (8-oxoG)2. 8-oxoG is regarded as a
biomarker of oxidative stress and considered pre-mutagenic due to the potential ability to
pair with adenine instead of cytosine44 during DNA replication. HDAC1 deficincy leads to
increased 8-oxoG levels, which is a type of oxidative DNA damage associated with
transcriptional repression. Neurons lacking HDAC1 exhibited increased DNA damage, and
importatnly pharmacological activation of HDAC1 by exifone protected against the
harmful effects of oxidative DNA damage in the brains of aged wild type and 5XFAD
mice2. Taken together, further investigation of exifone and other small molecule HDAC1
activators has the potential to facilitate new avenues for drug development with novel small
molecule HDAC1 activators as lead compounds for CNS disorders like AD and other
human diseases associated with genomic instability.

Methods
RapidFire Mass spectrometry (MS) assay for the detection of histone deacetylase activity
A high-throughput mass spectrometry assay with the RapidFireTM platform (Agilent
Technology, Wakefield, MA) was used for detection of deacetylation activity with the
acetylated peptide substrates derived from histone Bio-H4K12Ac (Anaspec #64849) and
non-histone Bio-p53K382Ac (Anaspec #65046) sequences (Anaspec, Fremont, CA).
Recombinant HDAC1 and HDAC2 enzyme preps were from BPS Biosciences (San Diego,
CA). For the determination of dose-dependence curves, test compounds were preincubated
with HDAC1 for 15 minutes in an assay buffer containing 50 mM Tris, pH 7.4, 100 mM
KCl, and 0.01% Brij-35. Deacetylation reactions were initiated following the addition of
the acetylated peptide substrate. Histone deacetylase assay was performed in standard 384
well plates in a 50 l reaction, and the reactions were terminated by adding 5 l of 10%
formic acid. For the mechanism of action experiments, deacetylation reactions were
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performed by varying the concentrations of both the substrate and the test compound. The
EC50 values of individual compounds were estimated by performing deacetylation
reactions with 40 nM enzyme and 1 M of the acetylated peptide substrate. To keep the
substrate conversion values under 10%, the enzymatic reaction durations for Biop53K382Ac and Bio-H4K12Ac were 45 and 60 minutes, respectively.
For the MassSpec based detection, assay plates were transferred to a RapidFire200
integrated autosampler/solid-phase extraction (SPE) system (Agilent Technologies,
Wakefield, MA) coupled with an API4000 triple quadrupole mass spectrometer (Applied
Biosystems, Concord, Ontario, Canada). Additional details for the RapidFire Mass Spec
analysis are reported elsewhere 45-46.
The percentage of substrate conversion was calculated as a function of product and
substrate

mass

spectrum

peak

area.

[%Substrate

Conversion=

100*[Product/(Product+Substrate)]. Percentage of enzyme activation =100* [(MIN-test
compound)/(MIN-MAX)], where MINimal (0%) enzyme activity was detected in the
presence of a histone deacetylase inhibitor (10 M SAHA) and MAXimal enzyme activity
of HDAC1 reaction in the absence of test compound as 100% activity. MAX and MIN
values were estimated as an average of 16 wells of a single column of 384-well plate. Data
were analyzed with GraphPad Prism 8. EC1.5 was estimated as the concentration of the
activator molecule required to achieve 1.5-fold activation22. The data on the activation of
histone deacetylase by small molecules were analyzed using non-essential enzyme
activation47.

Determination of binding kinetics via Bio-layer interferometry (BLI)
BLI assay for the detection of binding interaction with the recombinant enzyme was
performed in the Octet Red384 instrument (ForteBio, Fremont, California) with 1X PBS
with 0.01% Brij-35 was used as the assay buffer. The recombinant HDAC proteins (BPS
Biosciences, San Diego, CA) were biotinylated using EZ-Link NHS-PEG4-Biotinylation
Kit, and excess biotin reagent was removed using Zeba spin desalting column following
the manufacturer’s recommendation (Thermo Fisher Scientific, Waltham, MA). The
biotinylated protein samples to be used as ‘load’ in the BLI experiments were purified in
1X PBS. For BLI, streptavidin (SA) sensors were used to detect the biophysical interaction
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between the small molecule ligand and the biotinylated proteins. Before the BLI assay, the
streptavidin sensors were soaked by dipping in 200 L of assay buffer in a 96-well Greiner
Bio-One Black flat bottom plate (#655209) The assay was performed in a reaction volume
of 80 L in Greiner Bio-One 384 well black flat bottom PP plates (#781209, Greiner,
Monroe, North Carolina) with an initial baseline step, followed by loading of 250 nM
biotinylated protein. The recombinant protein and the small molecule samples were
arranged in a 384-well plate as per a plate map compatible with the 8-channel mode kinetic
analysis, where the sensors move from low to high concentration of the small molecule
ligand. Further steps included a second baseline (120s), association (240s), and dissociation
(240s) for the subsequent cycles. All the sensors were loaded with the biotinylated protein,
and three sensors with appropriate concentration of DMSO (comparable to small molecule
samples) in the assay buffer were used as the reference.
Data were analyzed using Data Acquisition HT 11.0 software following reference
subtraction (an average of three sensors with DMSO in assay buffer) using the 1:1 binding
model with a global fit for the replicates (n=5). Global fit assumes complete dissociation
of the binding partner (signal will return to zero at an infinite time)48.
The equilibrium dissociation constant (KD) was also estimated using data at
equilibrium from each available small molecule ligand concentration using the steady-state
analysis. The instrument manufacturer (Fortebio, article #137) recommended the steadystate option for analyzing interactions that are either low affinity or with very fast on and
off rates affinity or with very fast on and off rates. For steady-state analysis, R equilibrium
(Req) was fitted according to the 1:1 binding model with the equation Response=
(Rmax*Conc.)/(KD + Conc.).
When the “R equilibrium” option is selected, Fortebio’s software calculated affinity
constants based on the Req values determined from the resultant curve fits. In the steadystate analysis, Req is plotted against the small molecule sample concentration to infer the
Rmax. KD is estimated as the small molecule concentration where 50% of Rmax is achieved.
As per the instrument manufacturer, if all the curves have reached equilibrium, these two
sets of values correspond to “Response,” and Req values should match. Additional
descriptions about BLI assay are available on the manufacturer (ForteBio) website.

26

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.02.973636; this version posted May 23, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Patnaik et al.
Immunofluorescence Analysis of Histone Acetylation Using Human iPSC-Derived Neural
Progenitor Cells (NPCs)
Human NPCs were seeded in poly-ornithine/laminin-coated 96-well plates (Corning
#3904) at 30,000 cells per well, and treated next day with exifone at 0.5, or 2 M in
triplicate for 6h or 18h followed by fixation and immunostaining for the acetyl-histone H3Lys9 mark (monoclonal Anti-H3K9Ac; Millipore, #07-352). Nine images at 20X
magnification were collected and analyzed from each well from a 96-well plate on an
automated

confocal

microscope,

IN

Cell

Analyzer

6000

(GE

Healthcare).

Immunofluorescent intensities of H3K9Ac mark in the nuclei (total ~ 2500 – 4500
nuclei/treatment) were quantified by high-content image analysis (IN Cell Analyzer
Workstation 3.7.2, GE Healthcare). H3K9 acetylation levels were reported after the
intensities of the acetyl mark were normalized to DMSO-treated samples. Unpaired t-tests
were used to determine treatment significance for all compounds tested. Stars of
significance indicate a significant effect for a treatment dose compared to control (* 0.01
≤ p < 0.05, ** 0.001 ≤ p < 0.01, *** 0.0001 ≤ p < 0.001, **** p < 0.0001).

Human iPSC-derived neuronal cultures
Induced pluripotent stem cell (iPSC) lines and derived neural progenitor cell (NPC) lines
for the control (8330-8-RC1) and FTD tau-A152T (FTD19-L5-RC6) have been described
previously.28 Briefly, NPCs were cultured on poly-ornithine, and laminin (POL)-coated
plates, with DMEM/F12-B27 media supplemented with the growth factors EGF and FGF,
and heparin, and passaged with TrypLE (Life Technologies). Neural differentiation was
achieved by plating NPCs at an average density of 50,000 cells/cm2 on POL plates, with
DMEM/F12-B27 media only (no growth factors), with half-media replacement every three
days, for a total of eight weeks.

Compound treatment and viability assay in neuronal cultures
NPCs were differentiated in DMEM/F12-B27 media, for eight weeks. For testing neuronal
viability upon exifone or rotenone (Enzo Lifesciences) treatment, compound, or vehicle
alone (DMSO) was added directly to the media. After 24h incubation, cell viability was
measured with the Alamar Blue Cell viability reagent (Life Technologies), according to
27
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the manufacturer’s instructions. Fluorescence was measured with the EnVision Multi-label
Plate Reader (Perkin Elmer). For rotenone-induced stress rescue experiments, eight-week
differentiated neurons were pre-treated with either 1 μM or 10 μM of exifone for 8h. Then,
the stressor compound rotenone was added directly to the same media for a total of 24h
incubation, at which point cell viability was measured as described above.28

Western blot analysis
Neuronal cells were washed and collected in ice-cold PBS by scraping, pelleted at 3000g
for 5 min, and lysed in RIPA buffer (Boston Bio-Products) supplemented with 2% SDS
(Sigma), protease inhibitors (Roche Complete Mini tablets), and phosphatase inhibitors
(Sigma). Protein concentrations were estimated with the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific), and Western blot analysis was done using the Novex NuPAGE
SDS-PAGE Gel System (Invitrogen) and standard immunoblotting techniques28.
Membranes were exposed to autoradiographic film (LabScientific), then films were
scanned using a GS-800 Calibrated Densitometer (Bio-Rad), and band intensities (pixel
mean intensity) were quantified using Adobe Photoshop CS5 Histogram function. Tau
band intensities were calculated relative to the respective loading-control actin band.
Antibodies were as follows: total tau antibody TAU5 (Invitrogen AHB0042), phospho-tau
S396 (Invitrogen 44752G), and loading control β-Actin (Sigma A1978).
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SUPPLEMENTARY INFORMATION

Supplementary Table 1. The bottom and top fitted values from the dose response curves (Figure
1H) represent % deacetylase activity and activation of HDAC1 by exifone at variable
concentrations of the acetylated substrate peptide (Bio-H4K12Ac). The highest level of enzyme
activation was observed when the substrate concentration is significantly lower than the apparent
Km value for the acetylated peptide substrate ([S]<<[Km]).
Bio-H4K12Ac (M)

Bottom

Top

EC50 (M)

62.50

102.10

212.2

0.063

31.25

106.90

257.7

0.053

15.60

109.20

294.9

0.081

7.80

92.29

299.2

0.077

3.90

94.33

352.4

0.10

1.95

89.24

362.5

0.10

0.97

79.05

540.3

0.16

0.48

46.27

561.3

0.15

0.24

91.39

990.8

0.23

0.12

12.33

2613

0.19
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Supplementary Figure 1.

Supplementary Figure 1. Exifone can increase the rate of deacetylation catalyzed by HDAC8 and
shows an EC50 value of 0.27 M and EC1.5 value of 0.08 M.
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Supplementary Figure 2.
A. Processed data graph from a BLI experiment with exifone as the analyte and HDAC2 as

nm

the immobilized protein.

Time (s)
B. Estimation of KD values for exifone with HDAC2 from the global fit of the processed
data.
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Supplementary Figure 3.
A. Processed data graph from a BLI experiment with exifone as the analyte and HDAC8 as

nm

the immobilized protein.

Time (s)

B. Estimation of KD values for exifone with HDAC8 from the global fit of the processed
data.
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Supplementary Figure 4.

A. Processed data graph from a BLI experiment with exifone as the analyte and CDK5/p25

nm

as the immobilized protein.

Time (s)
B. Estimation of KD values for exifone with CDK5/p25 from the global fit of the processed
data.
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Supplementary Figure 5.

Supplementary Figure 5: Exifone as an HDAC1 activator increases histone deacetylation of the
H3K9Ac in human neural progenitor cells (NPCs). NPCs were treated with various concentrations
of exifone for 6h or 18h, followed by fixation and immunostaining for H3K9Ac in nuclei.
Quantitation of the H3K9Ac intensity levels indicates the activation of HDAC(s) in NPCs was
most effectively by exifone at 0.5 M and 2 M. The amount of decrease of H3K9Ac levels
became smaller with exifone at 5 or 10 M, potentially indicating the loss of specificity of HDAC1
activation by exifone at those concentrations.
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