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HDAC turnover, CtIP acetylation and dysregulated
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isothiocyanate; 6-SFN, 6-methylsulfinylhexyl isothiocyanate; 9-SFN, 9-methylsulfinylnonyl isothiocyanate; DSB, double strand
break; ATR, ataxia telangiectasia and Rad3-related protein; CHK2, checkpoint kinase-2; CtIP, c-terminal binding protein (CtBP)
interacting protein; AFU, arbitrary fluorescence unit; PBS, phosphate buffered saline; PI, propidium iodide; CCKS, cell Counting
Kit-8; WSTS, water soluble tetrazolium-8; DMSO, dimethylsulfoxide; IP, immunoprecipitation; IB, immunoblotting; No Ab, no
antibody; RAD-51, RAD51 homolog (S. cerevisiae); Ku70, non-homologous end joining (NHE]) factor; DAPI, 4',6-diamidino-
2-phenylindole; ANOVA, analysis of variance; comet, also known as single cell gel electrophoresis assay; YH2AX, phosphorylated

histone H2AX; PARP, poly (ADP-ribose) polymerase; TSA, trichostatin A; SIRTG, sirtuin 6; 3-MA, 3-methyladenine; LC3B, light

chain 3B; DAC, deacetylase; GCN5, a ubiquitous histone acetyltransferase

Histone deacetylases (HDACs) and acetyltransferases have important roles in the regulation of protein acetylation,
chromatindynamicsandthe DNAdamageresponse.Here, we showin human colon cancercellsthatdietaryisothiocyanates
(ITCs) inhibit HDAC activity and increase HDAC protein turnover with the potency proportional to alkyl chain length, i.e.,
AITC < sulforaphane (SFN) < 6-SFN < 9-SFN. Molecular docking studies provided insights into the interactions of ITC
metabolites with HDAC3, implicating the allosteric site between HDAC3 and its co-repressor. ITCs induced DNA double-
strand breaks and enhanced the phosphorylation of histone H2AX, ataxia telangiectasia and Rad3-related protein (ATR)
and checkpoint kinase-2 (CHK2). Depending on the ITC and treatment conditions, phenotypic outcomes included cell
growth arrest, autophagy and apoptosis. Coincident with the loss of HDAC3 and HDACS, as well as SIRT6, ITCs enhanced
the acetylation and subsequent degradation of critical repair proteins, such as CtIP, and this was recapitulated in HDAC
knockdown experiments. Importantly, colon cancer cells were far more susceptible than non-cancer cells to ITC-induced
DNA damage, which persisted in the former case but was scarcely detectable in non-cancer colonic epithelial cells under
the same conditions. Future studies will address the mechanistic basis for dietary ITCs preferentially exploiting HDAC
turnover mechanisms and faulty DNA repair pathways in colon cancer cells vs. normal cells.

Introduction via multiple mechanisms,* including epigenetic changes at the

level of DNA methylation and histone modifications.”®

According to the American Cancer Society, about 142,820 peo-
ple will be diagnosed with colorectal cancer and almost 51,000
people will die of the disease in 2013." Cruciferous vegetables
such as broccoli, Brussels sprouts, cabbage, cauliflower and water-
cress protect against colorectal cancer and other leading causes of
cancer-related death.? The beneficial effects of cruciferous veg-
etables have been attributed, at least in part, to their content of
isothiocyanates (ITCs).?> Dietary ITCs and their metabolites act

Histone deacetylase (HDAC) activity and chromatin remod-
eling affect DNA damage and repair pathways.”” HDACs are
chromatin modifiers that alter gene expression, but also exert
a broader range of functions by deacetylating non-histone
proteins.”! HDACs overexpressed in cancer cells have been
implicated in protecting such cells from genotoxic insults.®
HDAC inhibitors such as trichostatin A (TSA), suberoylani-
lide hydroxamic acid (SAHA) and valproic acid (VPA) trigger
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Figure 1. Alkyl chain length increases ITC-induced loss of HDAC activity and expression. (A) HCT116 cells were treated with vehicle (DMSO), ITC (15 ..M)
or TSA (1 wM) and 24 h later HDAC activity was measured in whole cell lysates (black bars). Compounds also were directly incubated with HeLa nuclear
extracts in a cell-free assay (gray bars). The chemical structure of each ITC is shown. *p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle controls. (B) Whole cell
lysates were immunoblotted for selected HDACs; B-actin, loading control. Data are representative of at least three independent experiments.

cancer cell death by removing the protective effects of HDACs
on DNA.”" Open chromatin can provide greater access to
genotoxins, while DNA repair mechanisms may be inhibited due
to the altered acetylation status of key repair proteins.
Sulforaphane (SFN) and related ITCs inhibit HDAC activity
and cause histone hyperacetylation in cancer cells.""” Recently,
we showed that SEN decreased HDAC protein expression in
human colon cancer cells, with HDAC3 identified as an early
“sentinel” HDAC.? Here, we sought to examine the structure-
activity relationship among I'TCs with respect to HDAC changes
and DNA damage/repair pathways in human colon cancer cells,
including the role of CtBP-interacting protein (CtIP). The lat-
ter protein is a key player in homologous recombination,? it

2 and recent

influences cellular tolerance to anti-cancer drugs,?
evidence points to acetylation as a critical regulator of CtIP
activity.”” Our findings provide clear evidence for a differential

effect of ITCs toward DNA repair events in colon cancer cells vs.
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non-cancer cells, with implications for improving upon current
therapeutic strategies.

Results

ITCs inhibit HDAC activity and expression. ITCs that
occur naturally in mustard, broccoli, wasabi and watercress
were examined for effects on HDAC activity and expression
(Fig. 1). HDAC activity was reduced significantly in whole
cell lysates of HCT116 colon cancer cells after treatment
with SFN, 6-SFN and 9-SFN, the potency increasing with
alkyl chain length (Fig. 1A). When ITCs were added directly
to Hela nuclear extracts, HDAC activity was not affected
(Fig. 1A). Loss of HDAC activity was dose- and time-
dependent (Fig. S1). Immunoblotting of whole cell lysates
revealed a marked loss of HDAC3 and HDACG6 (Fig. 1B), with
little or no changes in other class I and IT HDACs. The positive
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Figure 2. ITCs trigger DNA damage and ATR signaling in colon cancer cells. HCT116 cells were treated as in Figure 1, and DNA damage was assessed
(A) in the comet assay or (B) via pH2AX immunocytochemistry. *p < 0.05, **p < 0.01, ITC vs. vehicle. DAPI stained nuclei are shown in Figure S2.
(C€) Phosphorylation of H2AX, ATR and CHK2, as determined by immunoblotting. Data are representative of at least two independent experiments.

control, TSA, inhibited HDAC activity in cell free assays and
whole cell lysates (Fig. 1A), without loss of HDAC protein
expression (Fig. 1B). We focused on HDAC3 due to its key role
in human colon cancer’** and our identification of HDAC3 as
an early target for SFN-induced HDAC turnover mechanisms.?’

ITCs induce DNA damage in colon cancer cells. HDAC3 is
important for maintaining genomic stability” and DNA damage
control,?® and its inhibition has been shown to induce DNA dam-
age.”” Therefore, under the same conditions as described above,
DNA damage was assessed in the ITC-treated colon cancer cells
using the comet assay. Tail intensity was increased in cells treated
with SEN, 6-SFN and 9-SFN (Fig. 2A), whereas AITC was simi-
lar to controls (data not shown). Phosphorylated histone H2AX
(pH2AX, also known as yH2AX) localizes to double-strand
breaks within minutes of their formation and is considered a
sensitive DNA damage marker.”® Immunocytochemistry stud-
ies revealed increased nuclear pH2AX after treatment with SFN,
6-SEN and 9-SFN (Fig. 2B), the order of potency corresponding
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with that observed in the HDAC activity (Fig. 1; Fig. S2 for the
corresponding DAPI counterstaining of nuclei).

To better understand the time-course of ITC-induced DNA
damage, effector kinases were examined by immunoblotting
(Fig. 2C). Increased phosphorylation of ATR was observed at
around 6 h post-treatment with SEN, 6-SFN and 9-SEN, fol-
lowed by H2AX phosphorylation at 6-12 h and then checkpoint
kinase (Chk2) phosphorylation at 12-24 h. Notably, AITC,
which had little effect on HDAC activity (Fig. 1), also had min-
imal impact on ATR, H2AX or Chk2 phosphorylation status
under the same assay conditions (Fig. 2C). Similar results were
obtained in other colon cancer cell lines (data not shown); the
SEN-induced DNA damage response was augmented in p217/-
cells but was decreased in p537/~ cells, compared with wild type
(Fig. S3).

ITCs induce cell cycle arrest and apoptosis. ITCs decreased
the viability of HCT116 cells (Fig. 3A), with SEN, 6-SFN and
9-SEN being highly significant (p < 0.001). Loss of cell viability
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Figure 3. Alkyl chain length increases ITC-induced loss of viability, cell cycle arrest and apoptosis. HCT116 cells treated for 24 h with 15 uM ITC, as in
Figure 1, were examined for (A) cell viability by CCK-8 assay, (B) DNA content via flow cytometry or (C) caspase activity and PARP cleavage. **p < 0.01,

was observed in other colon cancer cell lines treated with ITCs
(Table S1). Fluorescence-activated cell sorting revealed no sig-
nificant impact of AITC on cell cycle kinetics, compared with
the vehicle controls (Fig. 3B, lower left). However, HCT116 cells
treated for 24 h with SFN were arrested in G,M, as reported.***
Interestingly, 6-SFN and 9-SFN also increased the proportion of
cells in G,M, but to a lesser degree than SFN (43.1% and 49.4%
vs. 79.8%, respectively). Notably, 6-SFN- and 9-SFN-treated
cells had increased multi-caspase activity and PARP cleavage,
indicative of greater apoptosis (Fig. 3C).

ITCs enhance CtIP acetylation and turnover. HDAC inhibi-
tors alter the acetylation status of key DNA repair proteins,®
including CtIP, Ku70 and RAD51. Under the same experimental
conditions as in Figure 1, SEN increased the acetylation status
of CtIP at 6 h without affecting Ku70 or RAD51 acetylation
(Fig. 4A). Interestingly, the HDAC inhibitors TSA and sodium
butyrate increased Ku70 acetylation, without affecting CtIP or
RADS5I1 acetylation levels (Fig. 4A). 6-SFN and 9-SEN also
increased the acetylation of CtIP, whereas AITC lacked this
activity (Fig. 4B). CtIP immunoprecipitation followed by immu-
noblotting for acetyl-lysine confirmed these findings (data not
shown). Loss of CtIP protein expression was not observed at 6
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h, except in the case of 9-SFN treatment (Fig. 4C, left panel),
whereas SFN, 6-SFN and 9-SFN attenuated CtIP levels at 24 h
(Fig. 4C, right panel), without affecting Ku70 expression.

HDACS3 levels influence CtIP acetylation and turnover. To
study the role of HDAC3 in SFN-induced DNA damage and
repair processes, HDAC3 knockdown experiments were per-
formed (Fig. 5A). Reduced HDAC3 expression following siRNA
treatment recapitulated I'TC effects with respect to pH2AX induc-
tion, CtIP acetylation and attenuated CtIP protein levels. On
the other hand, HDAC3 overexpression rescued cells from ITC-
induced CtIP acetylation and turnover (Fig. S4). Knockdown
of GCNB5, a histone acetyltransferase (HAT) involved in CtIP
acetylation,’” also rescued the ITC-induced acetylation of CtIP
(Fig. 5B). Interestingly, GCN5 knockdown did not restore CtIP
protein expression to the levels seen in vehicle-treated scrambled
siRNA controls (Fig. 5B); suggesting additional CtIP turnover
pathways were activated independent of acetylation.

Autophagy in ITC-treated cells. SEN has been reported to
cause autophagy,®® which plays a role in CtIP turnover following
acetylation.” Electron microscopy studies revealed that 6-SFN
and 9-SFN strongly induced the appearance of autophagosomes
(Fig. 6A). In addition to numerous double-membrane vacuoles,
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Figure 4. ITC-induced CtIP acetylation and loss of CtIP protein expression. (A and B) HCT116 cells were incubated with 15 wuM ITC, 10 mM sodium
butyrate (NaB) or 1 wM TSA for 6 h and whole cell lysates were immunoprecipitated with anti-acetyl lysine antibody, followed by immunoblotting for
CtIP, Ku70, RAD51 or histone H4, as indicated. IgG was used occasionally as a loading control. (C) Nuclear lysates (no acetyl-lysine IP step) were immu-
noblotted directly for CtIP and Ku70 at 6 h and 24 h, with B-actin as loading control.

some of which contained cellular debris, swollen mitochondria
and ER were abundant in cells treated with 6-SFN and 9-SFN,
and to a lesser extent SFN. Treatment with 3-methyladenine
(3-MA), an inhibitor of autophagy, partially or completely
blocked cleavage of the autophagy marker LC3B and attenuated
ITC-induced CtIP turnover (Fig. 6B) and cell growth inhibition
(Fig. 6C). HDACS3 loss was evident in the presence and absence
of 3-MA (Fig. 6B).

616 Epigenetics

Differential responses of cancer and non-cancer cells.
HCT116 colon cancer cells were more sensitive to SEN-induced
phenotypic changes, such as cell rounding and colony forma-
tion, than CCD841 non-cancer colon epithelial cells (Fig. 7A).
Constitutive HDAC3 levels were higher in cancer cells than in
non-cancer cells, and in the former case HDAC3 protein expres-
sion was reduced by continuous or discontinuous SEN treat-
ment (Fig. 7B). Continuous SEN treatment for 18 h led to CtIP

Volume 8 Issue 6
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acetylation and turnover in HCT116 cells and correlated with
HDACS3 loss (Fig. 7B). No CtIP acetylation was detected at 42
h, possibly due to loss of SEN metabolites or HAT turnover dur-
ing autophagy/apoptosis. HCT116 cells treated for 18 h with
SEN and then replaced with SFN-free media for an additional
24 h continued to express reduced levels of HDAC3 and CtIP
(Fig. 7B, lane 18R). Prior studies showed that full recovery of
HDAC: occurred after 72 h.?*° pH2AX induction increased even
after SEN removal in HCT116 cells, whereas little or no pH2AX
was detected in CCD841 cells under the same conditions
(Fig. 7B). The reduced levels of pH2AX in ITC-treated CCD841
cells compared with HCT116 cells correlated with RPA phos-
phorylation on Ser4/8, indicating active DNA repair in normal
cells (Fig. 7C). RPA32 phosphorylation was reduced when CtIP
was knocked down by siRNA and was further attenuated by
SEN treatment (Fig. S5). The latter experiments also showed
that loss of CtIP does not directly induce DNA damage, since
CtIP knockdown did not increase pH2AX levels compared with
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negative siRNA controls. Collectively, these findings provide evi-
dence both at the morphological and molecular level that DNA
repair was compromised in cancer cells but not in non-cancer
cells following ITC treatment.

Discussion

HDAC inhibitor drugs are thought to activate epigenetically-
silenced genes by altering the acetylation of histone proteins.”
However, these agents also affect the acetylation of non-histone
proteins, including those with critical roles in DNA damage
recognition and repair. The terms lysine deacetylase and “DAC
inhibition” have been applied in situations where there is loss of
activity and/or expression of deacetylase enzymes, regardless of
the final outcomes for histones and chromatin remodeling.’

Our original working hypothesis was that SEN metabolites
bind to the HDAC pocket and inhibit HDAC activity." A sub-
sequent study identified turnover of HDAC: at the protein level,
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Figure 6. Induction of autophagy by SFN and related ITCs. (A) Representative transmission electron micrographs (x 10,000) showing autophagosomes
(arrows) in HCT116 cells, 24 h after treatment with SFN, 6-SFN and 9-SFN; N, nucleus. A high magnification image (x 35,000) reveals autophagosomes
with cellular debris and degraded organelles. (B) Immunoblotting of whole cell lysates for LC3B, CtIP and HDAC3 confirmed that the autophagy inhibi-
tor 3-methyladenine (3-MA) attenuated ITC-induced LC3B cleavage and CtIP loss, which coincided with enhanced cell growth and viability (C).

in particular HDAC3 and HDAC6.?° However, this model does
not account for the results with TSA and butyrate, which despite
their known binding to the HDAC pocket failed to similarly
induce CtIP acetylation (Fig. 4A). A possible clue came from
molecular modeling studies of HDAC3 in association with its
co-repressor partner SMRT. Thus, whereas TSA and ITC metab-
olites docked favorably within the HDAC3 pocket, a second site
between HDAC3 and SMRT also demonstrated good affinity for
ITC metabolites, but not TSA (Table S2). The -NAC metabo-
lites of AITC, SEN, 6-SEFN and 9-SFN interacted most favorably
with the allosteric site, longer-chain ITCs having greater affin-
ity (Fig. 8). To our knowledge, this is the first report to model
such interactions with the allosteric site, providing new insights
into the dissociation of HDAC3/SMRT complexes in colon can-
cer cells.”® We speculate that binding of ITC metabolites to the
allosteric site weaken interactions between HDAC3 and SMRT,
which facilitates complex dissociation and GCN5 (HAT) recruit-
ment on CtlP.

ITC-NAC metabolites oriented into the binding cleft
with the negative-charged carboxylate group pointing toward
the positively-charged surface between HDAC3 and SMRT
(Fig. 8A-D). The basic residues Lys 474 and Lys 475 (part of
SMRT) were involved in hydrogen bonding. The binding site
at the interface between the two proteins is mainly positively
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charged, and this surface attracted -S = O groups in the tail
of SFN, 6-SFN and 9-SEN (Fig. 1A). Increasing chain length
generally enhanced interactions and produced additional favor-
able enthalpy. Future experiments will define the relative levels
of AITC, SEN, 6-SFN and 9-SFN metabolites in cancer cells
and normal cells and their possible contributions to allosteric
site interactions.

HDACs have been implicated in DNA damage and/or
repair,”?>?*3! and HDAC3 knockdown recapitulated some of the
changes associated with DNA damage. Notably, pH2AX induc-
tion occurred within 6 h, the same timeframe as HDAC3 turn-
over in SFN-treated colon cancer cells.?’ Sirtuin activity assays
(data not shown) prompted immunoblotting studies of class I11
HDAC:s and the novel finding of nuclear SIRT6 turnover by
SEN and other ITCs (Fig. $6). CtIP acetylation was evident fol-
lowing SIRT6 knockdown, as reported,’ and this was enhanced
by SIRT6+HDAC3 double knockdown (Fig. S7). Under the
same conditions, Ku70 acetylation was not increased (Fig. S7).
We are now studying the relative contributions of SIRT6 and
HDACS3 toward CtIP stability and turnover, including protein-
protein interactions and the key residues for post-translational
modifications. A genetic screen provided initial insights into the
genes required for ITC-induced DNA damage signaling (manu-
script in preparation).
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Figure 7. Differential responses of non-cancer cells and cancer cells to ITC-induced DNA damage. (A) Phase contrast images of HCT116 cells and
CCD841 cells treated with DMSO (vehicle) or 15 .M SFN for 42 h or incubated with SFN for 18 h followed by SFN-free media for 24 h ("R,” removal).

(B) Under similar experimental conditions as in (A), HDAC3, pH2AX and CtIP expression were assessed by immunoblotting. Lysates also were immuno-
precipitated with anti-acetyl lysine antibody, followed by immunoblotting for CtIP. (C) HCT116 and CCD841 cells were treated with vehicle or 15 uM ITC
and whole cell lysates were immunoblotted at 24 h for pH2AX and phosphorylated RPA32 at S4/S8. Data are representative of at least two indepen-

Prolonged HDAC inhibition and an open chromatin con-
figuration exposes DNA to the potential for increased damage
from both exogenous and endogenous sources.***® The effects of
SEN on CtIP acetylation and TSA/butyrate on Ku70 acetylation
(Fig. 4A) point to differential roles in homologous vs. non-homol-
ogous repair, respectively.’”?’ These findings may be significant,
because SFN-induced DNA damage is repaired predominantly
through homologous recombination,* and destabilizing a criti-
cal repair protein in this pathway, CtIP, provides an avenue for
synthetic lethality.”!

HDACs maintain CtIP in the deacetylated state, whereas
GCN5-mediated acetylation shunts CtIP into autophagy-medi-
ated degradation.” We observed that ITC-induced CtIP acetyla-
tion and turnover coincided with the activation of an autophagic
response, the degree of which increased with length of the alkyl
side chain (Fig. 6). Although evidence for HDAC3 directly inter-
acting with CtIP is still lacking, HDAC3 knockdown did not
affect SIRTG levels (Fig. S7), indicating a direct role for HDAC3
on CtIP deacetylation independent of SIRTG.
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One hallmark of cancer is genomic instability.” Therapeutic
approaches have sought to exploit the differences in DNA
damaging signaling between cancer cells and non-cancer cells,
often with mixed results. Because colon cancer cells overexpress
HDACS3,%“ we hypothesized that ITCs might preferentially tar-
get DNA damage/repair pathways in cancer cells, leaving non-
cancer colonic epithelial cells less affected. In agreement with this
hypothesis, ITCs reduced HDAC3 and CtIP levels and induced
significant DNA damage which accumulated over time, whereas
CCD841 non-cancer cells had little or no such damage (Fig. 7B).
Defects in double-strand break resection related to ITC-induced
HDAC inhibition/turnover and CtIP loss might explain the low
levels of pRPA32 in cancer cells, which were strongly increased
in non-cancer cells, indicative of active DNA repair (Fig. 7C).

Based on the collective results from this investigation, we pro-
pose a model for the differential effects in cancer cells vs. non-
cancer cells of DAC inhibition and DNA damage/repair signaling
following ITC treatment (Fig. S8). Further studies are needed to
clarify the precise role of acetylation and other post-translational
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changes induced by dietary ITCs in non-histone proteins,
including CtIP. A clear understanding of such effects should help
to clarify the role of dietary ITCs as potential chemosensitizers.
Preliminary findings (Fig. S9) showed synergy between low dose
SEN and the DNA damaging agent Mitomycin C, with inhibi-
tion of HDACS3, decreased CtIP and enhanced apoptosis in colon
cancer cells.

Materials and Methods

Cells and test compounds. HCT116, HT29, SW48 and SW480
(colon cancer cells) and CCD841 (non-cancer colonic epithe-
lial cells) from ATCC were cultured in GIBCO-BRL growth
medium containing 10% FBS/1% penicillin-streptomycin. Cell
lines were authenticated and tested for mycoplasma by IDEXX
RADILL. HCT116 p217~ and p53~"~ cells were courtesy of Bert
Vogelstein and Kenneth W. Kinzler (Johns Hopkins University).
Sulforaphane (SEN), 6-methylsulfinylhexyl isothiocyanate
(6-SFN) and 9-methylsulfinylnonyl isothiocyanate (9-SFN)
were from LKT laboratories. Allyl isothiocyanate (AITC), TSA,
Mitomycin C and 3-methyladenine (3-MA) were from Sigma.
Aliquots of the stock solutions were stored at ~20°C and thawed
for single use before each experiment. AITC was prepared directly
in growth medium, whereas other ITCs (50 mM in DMSO) were
diluted in growth medium and added to cells at a final concentra-
tion of 15 WM, unless indicated otherwise.

620

Epigenetics

HDAC activity. HDAC activity of whole cell lysate was
measured using the Fluor-de-Lys assay, as reported earlier.?’
Incubations were performed with whole-cell extract (10 pg pro-
tein) of HCT116 cells following treatment with DMSO/ITCs or
with HeLa nuclear extract (cell free assays), using Fluor-de-Lys
substrate in HDAC assay buffer for 30 min at 37°C followed
by addition of developer for 30 min. Fluorescence was detected
using a Spectra MaxGemini XS fluorescence reader (Molecular
Devices), and results were expressed as AFU.

Overexpression and knockdown experiments. HDAC3, as
transfection-ready DNA in pCMV6-XL4 vector, and siRNA
(Trilencer-27) for HDAC3, GCN5, CtIP, SIRT6 and control
siRNA were procured from Origene. Cells were transfected
with Lipofectamine 2000 (Invitrogen) at a ratio of 1:3 or 1:4
in reduced-serum medium (OPTI-MEM, Invitrogen), for
24-48 h, using the manufacturer’s protocol. Immunoblotting
was performed with whole cell extracts, prepared as reported
earlier.?’

Flow cytometry. Cell cycle analysis was performed as
reported before.?” Briefly, cells in the exponential growth phase
were seeded at 0.1 x 10° cells/60-mm culture dish and treated
with vehicle or ITC test compounds. Adherent and non-adherent
cells were collected at 24 h in cold PBS, fixed in 70% ethanol and
stored at 4°C for at least 48 h. Fixed cells were washed with PBS
and resuspended in propidium iodide (PI)/Triton X-100 staining
solution containing RNaseA. Samples were incubated in the dark
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for 30 min before cell cycle analysis. DNA content was detected
using a Guava-PCA instrument (Guava Technologies).

Cell growth. Cells in the exponential growth phase were
plated at a cell density of 5,000 cells per well in 96-well tissue
culture plates. After attachment overnight, cells were treated
with ITC:s for the indicated times. Cell viability was determined
using the CCK-8 assay (Dojindo). The colorimetric CCK-8 assay
assesses cell viability based on the ability of living cells to reduce
soluble WST-8 to formazan.

Caspase activity. HCT116 cells (0.1 x 10°) were treated with
either DMSO (vehicle) or ITC and harvested after 24 h. Cell
number was counted using a Neubauer chamber and adjusted
to 5 x 10° cells/ml in 1x Apoptosis Wash Buffer, prior to assays
using the MultiCaspase Detection Kit (Guava Technologies).
Percent SR-VAD-FMK(+) cells, representing the total apoptotic
population, was plotted for each treatment.

Immunoblotting. Whole cell extracts were prepared and
immunoblotted as described previously.?” Equal amounts of pro-
tein (20 pg/lane) were separated by SDS-PAGE on 4-12% Bis-
Tris gel or 3-8% TRIS-acetate gel for larger proteins (NuPAGE,
Invitrogen) and transferred to nitrocellulose membranes
(Invitrogen). Membranes were saturated with 2% BSA for 1 h, fol-
lowed by overnight incubation at 4°C with primary antibodies for
HDACI1 (#7872), HDAC2 (#7899), HDAC3 (#11417), HDACG6
(#11420), pH2AX Serl39 (#101696), H2AX (#54607), CtIP
(#22838), RAD-51 (#8349) and p53 (#126) from Santa Cruz;
pATR Ser428 (#2853), pCHK2 Thr68 (#2661), ATR (#2790),
CHK2 (#2662), p21WAF1 (#2947), PARP (#9542), GCN5
(#3305) and cleaved caspase-3 (#9661) from Cell Signaling;
Ku70 (#K4763), LC3B (#1L7543) and B-actin (#A5441) from
Sigma; SIRT1 (#39353) and SIRT6 (#39911) from Active Motif;
SIRT3 (#2860-1), SIRT4 (#T1295) and SIRTS (#T11296) from
Epitomics; and pRPA32 S4/S8 (#A300-245A) from Bethyl
Labs. After washing, membranes were incubated with horserad-
ish peroxidase-conjugated secondary antibodies (Bio-Rad) for
1 h. Bands were visualized using Western Lightning Plus-ECL
Enhanced Chemiluminescence Substrate (Perkin Elmer, Inc.)
and detected using FluorChem-8800 chemiluminescent imager
(Alpha Innotech).

Immunoprecipitation (IP). The IP methodology was per-
formed as reported earlier.?” Whole cell extracts from adherent
and non-adherent cells were prepared as previously described.
Cell extract (500 ng) was pre-cleared with 100 wl Protein A
Sepharose CL-4B beads (GE Healthcare Life sciences) on a
rotator at 4°C for 2 h. Pre-cleared supernatant was subjected to
overnight IP with anti-acetyl lysine antibody (10 pwg/mg protein,
#AB3879, Millipore). Samples were incubated with 100 pl of
beads on a rotator at 4°C for 2 h and acetylated proteins bound to
the beads were washed 3 times with PBST, denatured in standard
loading buffer and examined by immunoblotting with primary
antibodies for CtIP (Santa Cruz, #22838), RAD-51 (Santa Cruz,
#8349), Ku70 (Sigma, #K4763) and histone H4 (Cell Signaling,
#2592) as described above.

Single cell gel electrophoresis. “Comet” assays were per-
formed as reported earlier.** In brief, ~10° cells were mixed
with low melting agarose to form a cell suspension. Slides were
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immersed in cold lysis solution (2.5 M NaCl, 100 mM Na, EDTA,
10 mM Tris, pH 10.0, 1% sodium sarcosinate, 1% Triton X-100,
10% DMSO) overnight at 4°C followed by electrophoresis at
0.8 V/cm for 30 min. After rinsing at 4°C to neutralize excess
alkali, slides were stained with ethidium bromide. Fifty ran-
domly chosen nuclei per slide were analyzed using a Nikon E400
fluorescence microscope linked to Comet Assay III software
(Perspective Instruments).

Immunofluorescence. Cells grown on glass coverslips (#1.5,
VWR), pre-coated with poly-L-Lysine (Sigma, #P1399), were
treated with vehicle or ITCs in 6-well plates. Following treat-
ment, cells were fixed with 2% buffered formalin (10 min) and
permeabilized with 0.5% Tween 20, 2.1% citric acid (10 min) at
room temperature. Samples were blocked in 1% BSA and incu-
bated overnight with pH2AX Ser139 antibody (Cell Signaling,
#9718), followed by incubation with secondary antibody cou-
pled to AlexaFluor 488 (1:250, Molecular Probes) for 1 h. DAPI
(Prolong Gold antifade reagent, Molecular Probes) was used to
counterstain the nuclei. Fluorescent images were captured on
a Zeiss Axiovert 100S Widefield Microscope and MetaMorph
Imaging Software (Zeiss) was used for image acquisition and
analysis.

Electron microscopy. Cells treated with either DMSO (con-
trol) or ITCs were collected at 24 h and processed for transmis-
sion electron microscopy (TEM). Briefly, cells were fixed in 2.5%
glutaraldehyde, 1% formaldehyde in 0.1 M cacodylate acid (pH
7.4) for 1.5 h at room temperature. Samples were rinsed with
PBS and post-fixed in 2% osmium tetroxide in 0.1 M cacodylate
acid (pH 7.4), dehydrated in acetone and embedded in Spurr’s
resin polymerized at 60°C for 24 h. Ultrathin sections (65 nm)
were stained with uranyl acetate and lead citrate and examined
at 60 kV with a Philips CM12 TEM at x10,000 and x35,000
magnification.

Molecular modeling. The 3D coordinates of human HDAC3
bound to co-repressor SMRT in the presence of inositol tetra-
phosphate was based on a recent publication® and was avail-
able from the Protein Data Bank (PDB 4A69). The model was
energetically refined in the internal coordinate space using the
program Molsoft ICM.*® Docking protocols were initially vali-
dated by docking inositol tetraphosphate into the binding site
of interest and reproducing the crystallographic orientation. For
molecular docking, five types of interaction potentials were rep-
resented: (1) van der Waals potential for a hydrogen atom probe;
(2) van der Waals potential for a heavy-atom probe (generic car-
bon of 1.7 A radius); (3) optimized electrostatic term; (4) hydro-
phobic terms; and (5) loan-pair-based potential, which reflects
directional preferences in hydrogen bonding. The energy terms
were based on the Merck Molecular Force Field (MMREF) to
account for solvation free energy and entropic contributions.”
Modified intermolecular terms such as soft van der Waals and
hydrogen-bonding, as well as a hydrophobic term were added.
Conformational sampling was based on the biased probability
Monte Carlo (BPMC) procedure, which randomly selects a con-
formation in the internal coordinate space and then makes a step
to a new random position independent of the previous one, but
according to a predefined continuous probability distribution. It
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has also been shown that after each random step, full local mini-
mization greatly improves the efficiency of the procedure. In the

ICM-VLS (Molsoft ICM) screening procedure, the ligand scor-
ing was optimized to obtain maximal separation between the

binders and non-binders. Each compound was assigned a score
according to fit within the receptor; this ICM score accounted
for continuum and discreet electrostatic, hydrophobic and
entropy parameters.”*’ The binding energies were determined

as reported previously.”
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Statistics. Results are representative of at least three indepen-

dent assays unless otherwise indicated and expressed as mean +

SD. Differences between groups were determined by ANOVA
followed by Bonferroni’s Multiple Comparison Test using

GraphPad Prism™ software version 5.04. Statistical significance
was indicated in the figures as follows: p < 0.05 (*), p < 0.01 (**)
or p < 0.001 (***).
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