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Abstract
Acetyl group turnover on specific lysine ε-amino groups of the core chromosomal histones
regulates DNA accessibility function, and the acetylating and deacetylating enzymes that govern
the turnover provide important targets for the development of anti-cancer drugs. Histone
deacetylase (HDAC) inhibitors have been developed and evaluated extensively in clinical trials,
while the development of inhibitors of histone acetyltransferase (HAT) has proceeded more
slowly. Here we have examined the cellular effects of an S-substituted coenzyme A (CoA)
inhibitor of histone acetylation, consisting of spermidine (Spd) linked to the S-terminus of CoA
through a thioglycolic acid linkage (adduct abbreviated as Spd-CoA), as well as the effects of a
truncated Spd-CoA derivative lacking the negatively charged portion of the CoA moiety. While
exposure of cancer cells to Spd-CoA has little effect on cell viability, it causes a rapid inhibition of
histone acetylation that correlates with a transient arrest of DNA synthesis, a transient delay in S-
phase progression, and an inhibition of nucleotide excision repair and DNA double strand break
repair. These effects correlate with increased cellular sensitivity to the DNA-targeted
chemotherapeutic drugs, cisplatin (Platinol™) and 5-fluorouracil, to the DNA damaging drug,
camptothecin, and to UV-C irradiation. The sensitization effects of Spd-CoA are not observed in
normal cells due to a barrier to uptake. The truncated Spd-CoA derivative displays similar but
enhanced chemosensitization effects, suggesting that further modifications of the Spd-CoA
structure could further improve potency. The results demonstrate that Spd-CoA and its truncated
version are efficiently and selectively internalized into cancer cells, and suggest that the resulting
inhibition of acetylation-dependent DNA repair enhances cellular sensitivity to DNA damage.
These and related inhibitors of histone acetylation could therefore constitute a novel class of
potent therapy sensitizers applicable to a broad range of conventional cancer treatments.
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Introduction
Post-translational acetylation of histones, primarily involving the ε-amino groups on specific
lysine side chains in the N-terminal domains (N tails) of the core chromosomal histones
H2A, H2B, H3 and H4 regulates chromatin structure and function.1 The N tails are
conformationally variable and protrude from the nucleosome, the fundamental chromosomal
unit, forming regulatable contacts with DNA and proteins2-5 (reviewed in refs. 6 and 7). The
turnover of histone acetyl groups is required for transcription,8,9 DNA repair,10 histone
deposition after DNA synthesis,11 and replication fork initiation,12 and therefore has broad
relevance to chromatin function.

Acetyl group turnover is controlled by the opposing actions of histone acetyltransferases
(HATs), which transfer an acetyl group from acetyl-CoA to the lysine side chain, and
histone deacetylases (HDACs), which catalyze amide hydrolysis and release the acetyl
group.2 Together, these two classes of enzymes provide for the coordinated changes in
chromatin structure that are needed to carry out its functions.13 Based on such a mechanistic
view it would be expected that the inhibition of the HATs as well as of the HDACs would
interfere with essential chromatin activities and be beneficial for cancer therapy. HDAC
inhibitors have been shown to fulfill such expectations and have undergone extensive
clinical evaluation (reviewed in refs. 14 and 15). In contrast, progress in developing HAT
inhibitors has been slower.

HAT inhibition in vitro was initially reported with a bisubstrate adduct, spermidine-CO-
CH2-CoA (abbreviated Spd-CoA), formed by joining spermidine (Spd) covalently to the S
atom of coenzyme A (CoA) through a thioglycolic acid linkage.16 Each of two isomeric
forms of Spd-CoA, linking the N1 or N8 atom of spermidine to CoA, respectively,17 have
subsequently been shown to be HAT inhibitors in vitro.18 Similar inhibitors in which a
peptide appendage replaces the Spd moiety have been described, although they do not
penetrate the cell.19,20 Several natural products have been found to inhibit histone
acetyltransferase activity when added to whole cells, including garcinol,21 curcumin22 and
anacardic acid,23 and synthetic analogs of anacardic acid have been developed.24

Spd-CoA has been shown to be active against histone acetytransferase activity in isolated
nuclei, in permeabilized cells, and isolated polynucleosomes.16,18 However, because CoA
itself carries negative charges that impede its transport across the cellular membrane, the
effects of Spd-CoA-type conjugates on whole cells have not been extensively explored.
Nevertheless, because polyamines such as spermidine are efficiently transported across
cellular membranes,25 we hypothesized that Spd-CoA could also be internalized into whole
cells despite its negatively-charged CoA moiety, and that internalization would lead to
inhibition of histone acetyltransferase activity and acetylation-dependent chromatin
function. Consistent with this hypothesis, we find in this study that the bisubstrate histone
acetyltransferase inhibitor, Spd(N1)-CoA, acts on whole cells to inhibit histone acetylation,
DNA synthesis and DNA repair. Furthermore, Spd(N1)-CoA synergizes with a variety of
DNA damaging treatments, including several commonly used chemotherapeutic agents, to
induce cancer cell killing. We find that the effects are specific for cancer cells and extend to
a truncated derivative of Spd-CoA that lacks the negatively charged portion of the CoA
moiety, suggesting that this class of inhibitors may be amenable to further refinement and
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have considerable clinical potential, particularly to reduce therapy toxicity and reverse
therapy resistance.

Results
Spd-CoA (1a) structure

Following Roblot et al.17 we synthesized Spd(N1)-CoA (named 1a throughout this work) a
bisubstrate spermidine-type histone acetyltransferase inhibitor based on the R-CoA design
initially described by Cullis et al.16 Treatment of solubilized chromatin with 1a has been
shown to inhibit endogenous HAT activity that co-isolates with the chromatin, resulting in
complete suppression of acetyl group incorporation into histones.18 The structure of 1a and
its resemblance to the reaction product of the HAT-mediated acetyl transfer to the lysine
side chain is shown in Figure 1A.

Spd-CoA (1a) inhibits DNA synthesis, S-phase progression and histone acetylation in
whole cells

We examined DNA synthesis by [3H]-thymidine incorporation into H358 cells during 6
hour pulses at intervals 6–12 hours, 18–24 hours and 42–48 hours after the addition of
increasing amounts of 1a. [3H]-thymidine incorporation decreased with increasing
concentrations of 1a at all three pulse intervals, but the inhibition achieved at a given 1a
concentration was maximal at 6–12 hours (Fig. 1B), where we observed 50% inhibition of
[3H]-thymidine incorporation at about 50–60 μM 1a. To avoid possible non-specific effects
that could be introduced at higher concentrations, we carried out additional studies using 50
μM 1a.

Treatment with 1a caused a transient slowing of S-phase progression as shown by the cell
cycle analyses of propidium iodide-stained cells at various times after adding 50 μM 1a (Fig.
1C). H358 cells underwent a depletion of G2-phase cells (arrows) that was maximal at 12
hours post-start of treatment. By 24 hours, the cell cycle distribution had returned to normal.

To determine how 1a-mediated suppression of DNA synthesis and cell cycle correlate with
suppression of histone acetylation, we followed the acetylation status over time of a
representative N-terminal histone acetylation site, histone H3 lysine 9 (H3-K9Ac), and an
acetylation site in the globular domain of histone H3 (H3-K56Ac) that has been linked to
histone deposition after DNA synthesis in yeast (reviewed in ref. 32), and recently to
genome instability and DNA repair in mammalian cells, including human cells.33,34

Acetylation levels were examined at 1, 12, 18 and 24 hours post-start of treatment of H358
cells with 50 μM 1a. As shown by the immunoblot analysis in Figure 1D, acetylation levels
of both histone H3-K9 and H3-K56 fell at 1 and 12 hours post-start of treatment. A digital
analysis of band intensities showed that over 50% of H3-K9 and H3-K56 acetyl groups were
lost within the first hour and some 98% at both sites were lost within 12 hours post-start of
treatment. Acetylation levels were restored by 24 hours. Over the same time period, levels of
total histone H3 remained unchanged, as expected, as did levels of histone H3 methylated on
lysine 9 (H3-K9Me), confirming that inhibition was specific for acetylation. The time frame
observed for inhibition of DNA synthesis, cell cycle and histone acetylation following
treatment of cells with 1a, is consistent with rapid internalization of 1a, leading to inhibition
of acetylation-dependent DNA synthesis.

Spd-CoA (1a) synergizes with DNA damage to kill cancer cells
We examined DNA synthesis in H358 cells at various times after the addition of 50 μM 1a,
either alone or together with an 18 hour exposure to 5 nM camptothecin (CPT), a DNA
damaging plant alkaloid from which an important class of topoisomerase I-targeted
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chemotherapeutic agents [Hycamtin (topotecan) and Camptosar (irinotecan)] is derived.35

Treatment with 5 nM CPT alone for 18 hours has been previously shown to have minimal
effects on growth of H358 cells.36 For the combined CPT/1a treatments, the medium
containing both 1a and CPT was removed from cells after 18 hours and replaced with fresh
medium containing 1a only, and incubation was continued. Triplicate wells of cells were
then pulsed 6 hours with [3H]-thymidine at intervals 18–24 hr (Day 1), 42–48 hr (Day 2),
66–72 hr (Day 3) and 90–96 hr (Day 4) post-start of drug treatment. For the first time point,
untreated wells at the start of the experiment were pulsed 6 hours with [3H]-thymidine to
determine an initial rate of [3H]-thymidine incorporation. Total [3H]-thymidine
incorporation (average of three wells) at the end of each pulse is plotted in Figure 2A. As
shown in Figure 2A (left, open circles), [3H]-thymidine incorporation nearly doubled on
each successive day in untreated cells. Treatment with 50 μM 1a alone (Fig. 2A, left, closed
circles) caused a delay relative to untreated cells in the rate of increase in [3H]-thymidine
incorporation until the day 1 point, consistent with the transient inhibition of DNA synthesis
observed in Figure 1B. From day 1 to day 4, the [3H]-thymidine incorporation curve
paralleled the curve for untreated cells.

We observed no detectable effect of an 18-hour treatment with 5 nM CPT alone on [3H]-
thymidine incorporation compared to untreated cells (Fig. 2A, left, open triangles), over the
4-day period of the assay, consistent with previous observations.36 In contrast, when cells
were treated with 50 μM 1a and 5 nM CPT for 18 hours, followed by removal of the
medium and replacement with medium containing 1a alone, [3H]-thymidine incorporation
decreased progressively on days 1 and 2. By day 2 post-start of treatment [3H]-thymidine
incorporation was less than 20% of untreated cells (Fig. 2A, left, closed triangles). Cell
viabilities 18 hours post-start treatment (measured by the Trypan blue exclusion assay, a
measure of cellular membrane integrity) were ≥96% viability for untreated cells or single
agent-treated cells, and 36% for cells receiving the combined treatment. Similar results were
observed in the breast cancer cell line, MCF7 (Fig. 2A, right), establishing that the results
were not unique to H358.

We carried out 2-day 96-well assays to further evaluate how various treatments affected cell
viability. As shown in Figure 2B, closed circles, treatment of H358 or MCF7 cells with
increasing concentrations of 1a alone had little effect on 2-day cell viability up to 50 μM 1a,
further showing that the cells quickly recovered and continued growing following the
transient inhibition of [3H]-thymidine incorporation, cell cycle progression and histone
acetylation seen in Figure 1B–D. Similarly, treatment of either cell line with 5 nM CPT (18
hours) without 1a (closed triangles at 0 μM 1a) had no effect on 2-day cell viability relative
to untreated cells. However, treatment of both cells lines with increasing concentrations of
1a together with an 18 hr exposure to 5 nM CPT, followed by removal of the medium and
replacement with medium containing 1a alone, led to a progressive loss of 2-day cell
viability with increasing concentrations of 1a to less than 10% of untreated cell viability at
50 μM 1a (Fig. 2B, closed triangles).

We then extended the [3H]-thymidine incorporation assays to include the combined effects
of 1a with other DNA-targeted chemotherapeutic drugs, namely cisplatin [CDDP, cis-
diamminedichloroplatinum (II), Platinol™], UV-C radiation and 5-fluorouracil (5FU,
Adrucil™). To determine if the synergistic effects applied to agents that do not target DNA,
we examined the combined effect of 1a with the chemotherapeutic agent, Taxotere™, which
targets microtubules and does not damage DNA. As with CPT, the drug and UV-C treatment
conditions were chosen so as to have minimal effects on cell viability when used singly. As
shown in Figure 2C, treatment with 1a sensitized H358 cells to CDDP, UV-C irradiation and
5FU (panels 1–3, respectively), but not to Taxotere™ (panel 4), suggesting that a common
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mechanism, relevant to DNA damage, underlies the ability of histone acetylation inhibition
to synergize with drugs and radiation.

Spd-CoA (1a) inhibits DNA repair
DNA repair can promote cell survival following DNA damage. Nucleotide excision repair
(NER) requires histone acetylation37 (reviewed in ref. 38), and removes bulky DNA adducts
such as cisplatin (CDDP)-induced intra-strand guanine-guanine or adenine-guanine
crosslinks, or UV-C-induced intra-strand thymidine dimers. Furthermore, expression of the
essential NER repair protein, ERCC1, is associated with cisplatin resistance in patients with
non small cell lung cancer.39 An immunoblot assay of thymidine dimers in cellular DNA of
H358 cells prepared at fixed times after exposure to 40 J/m2 UV-C radiation is shown in
Figure 3A. About 50% of thymidine dimers were removed from the DNA of untreated H358
cells within 24 hours post-treatment, consistent with rates observed in other cancer cell
lines.31 In contrast, thymidine dimers persisted in cells treated with 50 μM 1a, decreasing by
only about 10% over the same time frame. The results support a model in which inhibition
of histone acetylation by 1a prevents recruitment of repair factors, or prevents the localized
relaxation of chromatin needed to increase DNA accessibility to the NER repair complex.

Double strand breaks (DSBs) can occur as a result of a variety of DNA damaging
treatments, including CPT, cisplatin, 5FU and UV-C radiation,40-42 and DSB repair may
play a role in reducing their cellular toxicity. The histone variant, H2A.X becomes
phosphorylated at DSB sites (denoted γ-H2A.X) and serves as an indicator of DSBs
following immunoblot analysis of acid extracted cells.43 Cells treated with UV-C, 5FU,
cisplatin or CPT at the low doses used for the growth assays in Figure 2, either as single
agents, or in combination with 50 μM 1a, were analyzed 18 hours post-start of treatment. γ-
H2A.X was undetectable in untreated cells or cells treated with 1a or UV-C alone and was
weakly detectable in cells treated with 5FU, cisplatin or CPT alone (Fig. 3B). γ-H2A.X
levels increased dramatically when these treatments were combined with 1a, indicating
increased levels of DSBs, while total H3 and H2A.X.levels (control) were essentially
unaffected (Fig. 3B). γ-H2A.X levels remained undetectable following treatment with
Taxotere™ (5 nM, 18 hours) either in the presence or absence of 50 μM 1a (data not
shown), in agreement with the results in Figure 2C (panel 4). To follow DSB repair, H358
cells were treated with 10 μM CPT for 1 hour to induce a high level of DSBs, followed by
incubation in the presence or absence of 50 μM 1a for various lengths of time. Acid extracts
of cells were prepared at regular time intervals following CPT treatment and subjected to
immunoblot analysis for γ-H2A.X. As shown in Figure 3C, γ-H2A.X levels decreased over
time in the absence of 1a, and were undetectable after 6 hours post-start of treatment,
indicating that double strand breaks had been repaired. In contrast, γ-H2A.X levels persisted
in cells treated with 1a, indicating persistence of DSBs. Levels of total histone H3 and
H2A.X (controls) remained unchanged in both cases over the same period (Fig. 3C).

Acetylation of γ-H2A.X is required for its removal and replacement with non-
phosphorylated H2A.X during the chromatin remodeling that accompanies DNA repair,44

and failure of histone acetylation adjacent to DSBs has been reported to impair the
efficiency of DNA repair.45 Thus, treatment with 1a may block DSB repair by interfering
with acetylation of histone γ-H2A.X. To test this hypothesis we treated H358 cells for 18
hours with 5 nM CPT in the presence or absence of 50 μM 1a as in Figure 3B. We then
prepared acid extracted histones from nuclei of treated cells and carried out an
immunoprecipitation with an immobilized anti-histone acetyl antibody, followed by an
immunoblot analysis of histone γ-H2A.X. As shown in Figure 3D, cells treated with CPT
plus 1a accumulate DSBs, as manifested by the elevated level of γ-H2A.X, but fail to
acetylate γ-H2A.X. This result supports a model in which inhibition of γ-H2A.X acetylation
by 1a prevents chromatin remodeling during DSB repair, resulting in a failure to complete
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DSB repair and leading to persistent elevation of γ-H2A.X. In contrast, cells treated with
CPT alone accumulate only a weakly detectable level of γ-H2A.X that appears to be highly
acetylated, consistent with the efficient completion of DNA repair. Levels of total H3 and
H2A.X remain unchanged (controls).

Normal human cells are not sensitized to DNA damage by Spd-CoA (1a)
To determine if sensitization to DNA damage by 1a also occurred with normal cells we
carried out 2-day viability assays of normal human fibroblasts (GT41), immortalized normal
human epithelial cells (HET1A) and immortalized normal human fibroblasts (BJ1) treated
with increasing concentrations of CPT for 18 hours in the absence of 1a, or increasing
concentrations of CPT for 18 hours in the presence of 50 μM 1a (followed by replacement of
the medium with medium containing 1a only). All three cell lines displayed a high level of
resistance to increasing doses of CPT in the absence of 1a (Fig. 4, control curves, closed
circles), that was virtually unaffected by the addition of 50 μM 1a (Fig. 4, open circles).
However, treatment of cells with the detergent, saponin, to permeabilize the membrane,
resulted in marked synergistic effect of the 1a/CPT combination (Fig. 4, open triangles).
Treatment with saponin in the absence of 1a did not enhance the effects of CPT (Fig. 4,
closed triangles). The results indicate that normal cells present a barrier to uptake of 1a, and
suggest that this differential uptake can be exploited to achieve cancer cell-specific
sensitization.

A truncated Spd-CoA analog (2a) displays enhanced cellular effects
Because the negative charges on the CoA moiety could reduce cellular uptake, we
investigated the effects of a modified inhibitor, designated 2a (see Materials and Methods).
The inhibitor was synthesized as described in reference,17 and has previously been shown to
inhibit endogenous HAT activity in isolated rat liver polynucleosomes.18 2a is based on the
Spd-CoA structure of the 1a compound, but the CoA moiety has been truncated so that only
the cysteamine-beta-alanine portion of the CoA moiety (=S-R in Fig. 5A) is retained. The
rationale is to retain many of the critical HAT/CoA contacts, while providing improved
cellular uptake. Interestingly, 2a appears to be slightly more inhibitory of p300/CBP HAT
activity in vitro than 1a using the commercially available 96-well p300/CBP HAT activity
assay (Fig. 5B) and suppresses histone acetylation in vivo in H358 cells (Fig. 5C) in a time
frame similar to that of 1a (see Fig. 1D), with greatest inhibition occurring at 12 hours post-
start of treatment. Furthermore, 2a is more active than 1a against whole cells and synergizes
more efficiently with CPT to kill H358 lung cancer cells (Fig. 5D). The results indicate that
2a itself or related versions of 2a could provide a basis for further drug discovery.

Discussion
This study is the first to show that Spd(N1)-CoA, or 1a,17 initially described by Cullis et al.
to be a well-defined inhibitor of histone acetylation in vitro16 sensitizes whole tumor cells to
UV-C treatment and to DNA targeted drugs. Treatment of cells with 1a inhibits histone
acetylation, DNA synthesis and DNA repair, suggesting that sensitization results from an
inhibition of one or more acetylation-dependent steps in DNA repair. Consistent with this
possibility is our observation that 1a treatment inhibits acetylation of the H2A variant, γ-
H2A.X, following DSB induction, resulting in a prolonged elevation in γ-H2A.X levels, a
histone that accumulates at sites of DSBs. Furthermore, treatment with 1a also inhibits NER,
suggesting that 1a treatment has global effects on multiple repair mechanisms relevant to the
therapy response of cancer cells. Such global effects would be an advantage for an eventual
broad clinical application of this and related polyamine-based compounds. As expected,
based on our model, treatment with 1a did not sensitize cells to Taxotere™, a drug that
stabilizes microtubules. However, given that Taxotere™ acts primarily on cells in M phase,
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it is possible that the lack of chemosensitization is at least partially due to the reduction of
cells in G2/M as shown in Figure 1C.

The ability of 1a to penetrate the cell membrane despite the presence of a negatively charged
CoA moiety is most likely due to the presence of the positively charged spermidinyl moiety
in the Spd-CoA conjugate. A variety of polyamine conjugates are readily internalized into
mammalian cells via the polyamine transporter,46 and the polyamine transport system has
recently been exploited for drug delivery to cancer cells.47 Our finding that the truncated
compound, 2a, displays enhanced sensitization to camptothecin, suggests that removal of the
negatively-charged region of the CoA moiety improves cellular uptake, a finding that
provides impetus for further improvements in this region of the compound to increase
potency. Importantly, normal cell lines of fibroblast origin (GT41 and BJ1) and epithelial
cell origin (HET1A) are not sensitized to camptothecin by treatment with 1a unless their
cellular membranes are permeabilized by brief detergent treatment. The cancer cell
specificity of the sensitization effect may therefore derive from a reduced ability of normal
cells to take up the compound compared to cancer cells, and further studies are underway to
establish the generality of these effects for other cancer cell types. Tumors often display
elevated polyamine content as well as upregulated polyamine uptake through the polyamine
transporter.48 Our own studies show that spermidine uptake is greater in a cultured lung
cancer cell line compared to the normal GT41, BJ1 and HET1A cell lines, under conditions
where growth rates for the cell lines are comparable (Bandyopadhyay K and Gjerset RA,
unpublished). The structures of 1a and 2a suggest that they may be preferentially
internalized into cancer cells through the polyamine transporter as adducts of spermidine
(the molecules are still diamines). In addition, the bioavailability of 1a, 2a and related
compounds following intravenous administration would be expected to be high, based on the
high solubility of these compounds, and their rapid uptake by cancer cells (see Fig. 1D).

The cellular effects of 1a and 2a are observed within the first 24 hours and are maximal at
12 hours post-start of treatment, where some 98% of histone acetylation is suppressed at 50
μM. Nevertheless, the marked synergy we observe when these compounds are combined
with DNA damaging treatments indicates that even short lived effects can dramatically
impact the cellular response to therapeutic agents. The transient nature of the inhibitory
effects on histone acetylation and DNA synthesis suggests that these compounds are likely
to be metabolically unstable, and this may account for the failure of the inhibitors alone to
suppress 2-day cell viability. Separate studies showed that suppression of viability by 50%
could only be achieved at 500 μM 1a, although such a dose could introduce significant non-
specific effects (Bandyopadhyay K, unpublished observations). Our finding that daily
replenishment of cell cultures with fresh 1a inhibitor leads to reduced cell viability is
consistent with metabolic instability (Bandyopadhyay K, unpublished observations). While
the IC50 for suppression of [3H]-thymidine incorporation by 2a was in the range of 50 μM,
similar to 1a (Bandyopadhyay K et al., unpublished observations), the slightly longer
suppression of histone H3-K9 acetylation seen with 2a (Fig. 5C) compared with 1a (Fig.
1D), with 2a continuing to suppress at the 18 hour time point, suggests that 2a may be more
metabolically stable than 1a, and further experiments will be needed to confirm this.

Most conventional cancer treatments target DNA. However, enzyme-mediated DNA repair
can promote chemo- and radio-resistance and is a promising target for the development of
approaches to reverse therapy resistance. Nucleotide excision repair has been linked to
cisplatin resistance,49 and both the non-homologous endjoining (NHEJ) and homologous
recombination (HR) mechanisms of DSB repair have been linked to chemo- and radio-
resistance.50,51 Radiosensitization has been achieved with inhibitors of DNA Protein Kinase,
an essential enzyme in NHEJ, and with inhibitors of poly(ADP-ribose) polymerase-1
(PARP-1), a component of the base excision repair (BER) complex, and a possible player in
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DSB repair as well (reviewed in ref. 52). Recently, anacardic acid, a plant-derived inhibitor
of the histone acetyltransferase, Tip60, has been found to block DNA damage signaling
through ATM, (Ataxia-Telangiectasia-Mutated) kinase, and to sensitize to ionizing
radiation.53 Of particular interest is the fact that cancer stem cells, or cancer initiating cells,
display a high degree of therapy resistance54 and appear to possess elevated DNA repair
capacity compared to other cells within the tumor.55,56 An approach that targets DNA repair
may therefore be particularly efficient in eliminating residual disease due to the stem cell
population. Furthermore, sensitization occurs in both p53-null H358 cells and in MCF7 cells
expressing wild-type p53, and therefore does not require p53-mediated apoptosis.

The tight temporal correlation of 1a-mediated inhibition of histone acetylation, DNA
synthesis and S-phase progression in whole cells suggests that these events are interlinked
mechanistically. Together with the large body of evidence that implicates histone acetylation
as an essential step in DNA synthesis and repair,10,12 our data are consistent with a model in
which inhibition of histone acetylation by 1a is causal in the chain of events that disrupts
DNA metabolism. However, the molecular mechanism underlying the cellular effects of 1a
is likely to be complex, and further investigation will be required to identify the critical
enzymes and targets. These could include multiple potential acetylation sites within the N-
terminal core histone regions mediated by a variety of HAT enzymes, including p300/CBP
(reviewed in ref. 57, see Fig. 5B and Suppl. Data showing in vitro inhibition of HAT activity
in solubilized chromatin by 1a and its isomeric form 1b), as well as DNA repair-linked
acetylation of γ-H2A.X by Tip60.44 Our preliminary studies have confirmed Tip60 as one
potential target of inhibition by 1a (Bandyopadhyay K and Gjerset RA, unpublished). In
addition to acetylation of N-terminal sites such as H3-K9, acetylation has been observed in
the globular domain of histone H3 on lysine 56 in yeast, where it has been linked to histone
deposition during chromatin assembly and DNA repair,58,59 and recently in mammalian
cells, including human cells.33,34 H3-K56 acetylation in human cells is mediated by p300/
CBP.33 It is important to note that the two types of sites are topologically very distinct in the
nucleosome assembly. In particular, in vitro studies with selectively proteolyzed nucleosome
core particles suggest that while N-terminal sites such as H3K9 can be acetylated within the
intact nucleosome, the acetylation of sites such as H3-K56 within the globular domain
requires the absence of the immediate DNA environment.60 Thus DNA repair may involve a
concerted action by p300/CBP acting first on peripheral (N-terminal) sites of DNA-bound
histones to expose damaged DNA to repair complexes and then on internal sites of DNA-
free histones to target them for deposition onto DNA and to signal the completion of the
process. The ability of the compounds studied here to suppress acetylation at both sites
(Figs. 1D and 5C) may contribute to their biological effects.

HAT enzymes act on non-histone substrates such as the p53 tumor suppressor as well
(reviewed in ref. 57), and we find that 1a treatment of wild-type p53-expressing MCF7 cells
reduces p53 acetylation (Bandyopadhyay and Gjerset, unpublished). However, this effect is
unlikely to contribute to the therapy sensitization effects reported here, as p53-null H358
cells are as efficiently sensitized to DNA damage by 1a treatment as are MCF7 cells, which
express wild-type p53. Finally, Spd-CoA is a potent inhibitor of spermine/spermidine
acetyltransferase (SSAT),16 an important regulator of intracellular polyamine content and
subcellular distribution. Treatment with 1a could therefore interfere with polyamine-
mediated regulation of histone acetylation, a process observed with isolated chromatin,61,62

and in vivo.63

Inhibition of DNA repair, accompanied by radiosensitization, has been previously observed
in cells lacking the histone deacetylase, Hdac3,64 a likely target of therapeutic HDAC
inhibitors,64 and in cells treated with HDAC inhibitors.65 The fact that sensitization to DNA
damage occurs when either HDAC or HAT activity is inhibited, suggests that the successful
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completion of DNA repair requires dynamic changes in chromatin involving both
acetylation and deacetylation events. An advantage of the approach discussed here is that the
synthesis of Spd-CoA and analogs from orthogonally protected polyamines is well
documented,17 a situation highly advantageous for the development of modified compounds
with improved therapeutic activity. One of the challenges of future work will be to identify
the enzymatic activities and specific substrates responsible for the sensitization effects, and
to design more targeted and more biologically stable versions of this promising class of
therapy sensitizers.

Materials and Methods
Spermidine-CoA inhibitors

Spermidine(N1)-CoA or 1a, was synthesized as in ref.17 at the laboratory of one of us (C.B.).
The truncated derivative spermidine(N1)-CO-CH2-S-(CH2)2-NH-CO-(CH2)2-NH-COCH3
or 2a was synthesized by A.M. and J.P. as in ref.17

Chemicals
Camptothecin (CPT) was purchased from Sigma, St. Louis, MO. Platinol™ [cisplatin, cis-
diamminedichloroplatinum (II), CDDP] and Adrucil™ (5-fluorouracil, 5FU) were obtained
from local pharmacies. Taxotere™ was provided by the late Dr. Pierre Potier.

In vitro assay of inhibition of p300HAT activity
Assays were performed in duplicate using a HAT assays kit (Active Motif, Carlsbad, CA),
which provides an H3 peptide substrate (Ac-H3(5-23)-NH2, as communicated by the
vendor) and the catalytic domain of p300(965-1810).

Cell lines and growth conditions
H358 human lung cancer cells, MCF7 human breast cancer cells, HET1A immortalized
human epithelial cells, and BJ1 immortalized human fibroblasts were obtained from the
American Type Culture Collection (ATCC). GT41 human skin fibroblasts (NHF) were
obtained from a skin punch biopsy and cultured at the Sidney Kimmel Cancer Center, San
Diego. All cell lines were maintained at 37°C in 10% CO2 in DMEM supplemented with
non-essential amino acids, pyruvate, L-glutamine, gentamicin and 10% fetal bovine serum.

DNA synthesis assays
Cells (2,000/well) in 96-well plates were treated as follows: 1a (50 μM); camptothecin
(CPT, 5 nM, 18 hours); cisplatin (Platinol™, 2 μM, 1 hour 15 minutes), 5-fluorouracil (5FU,
Adrucil™, 2 μM, 1 hour 15 minutes), Taxotere™ (5 nM, 18 hours). For combined 1a/drug
treatments, medium was removed after drug treatment and replaced with fresh medium
containing 1a only. UV-C treatment (40 J/m2 using a Stratalinker™, Stratagene, La Jolla,
CA) was carried using medium lacking phenol red. Triplicate wells of cells were pulsed 6
hours with 0.5 μCi [3H]-thymidine (NEN, Boston MA) at intervals 18–24 hr (Day 1), 42–48
hr (Day 2), 66–72 hr (Day 3) and 90–96 hr (Day 4) post-start of drug treatment, and
harvested onto filter paper using a Brandel Harvester and subjected to scintillation counting.
Untreated cells were pulsed from 0–6 hrs to establish the initial rate of incorporation. Trypan
blue exclusion assays for cell membrane integrity have been described.26

Two-day cell growth and viability assays
Cells (3,000/well) in 96-well plates (exponential growth conditions for untreated cells) were
treated in triplicate under conditions described in the text. Controls received no treatment. 2-
day viability (expressed as percent control) was determined by the MTS assay MTS = [3-
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(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxylphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt], as described.26 For cell permeabilization, cells were exposed to saponin (Sigma,
St. Louis, MO) as previously described27 prior to subsequent treatments.

Cell cycle analysis
Propidium iodide-stained cells were analyzed by a FACScan flow cytometer (Becton
Dickenson, Franklin Lakes, NJ) as described.28 DNA histograms were analyzed with the
FlowJo program using doublet discrimination. Each analysis was performed on two
independent samples.

Western immunoblot analyses
Histones were isolated by extraction of cells in 0.2 M H2SO4 as described,29 followed by
SDS-PAGE/western analysis.26 Protein concentrations were determined by a fluorescence-
based quantitation assay (Quant-iT™ assay kit and Qubit™ fluorimeter, Invitrogen,
Carlsbad, CA). Antibodies used were rabbit monoclonal anti-histone H3 antibody, rabbit
polyclonal anti-trimethyl histone H3 (lysine 9), rabbit polyclonal anti-acetyl histone H3
(lysine 56), or rabbit polyclonal anti-acetyl histone H3 (lysine 9) (all purchased from
Upstate Biotechnology Inc., Lake Placid, NY), or rabbit polyclonal anti-histone H2A.X
(Bethyl Laboratories, Montgomery, TX).

DNA repair assays
To assay nucleotide excision repair (NER), a slot blot immunoassay was used to detect
thymidine dimers in DNA of UV-C treated cells as described,30 using an anti-thymidine
dimer antibody (1:40 dilution) (clone KTM53, Kamiya Biomedical Co., Seattle, WA). To
eliminate possible cross-reactivity with a secondary pyrimidine-pyrimidone (6-4)
photoproducts, DNA was treated with hot alkali as described.31

To assay double strand break (DSB) repair, cells were incubated for 1 hour with 10 μM CPT
to induce DSBs, followed by incubation with or without 50 μM 1a. At fixed times, histones
were isolated by extraction in 0.2 M H2SO4.29 60 μg extract was analyzed by SDS-PAGE/
western,26 using rabbit polyclonal anti-γ-H2A.X [Ser 139] (Novus Biologicals, Littleton,
CO) or anti-H3 (as described for western analyses). Band intensities were quantitated
digitally. To study acetylation of γ-H2A.X, 60 μg protein extract in 10 mM sodium
phosphate pH 7, 0.15 M NaCl, 0.1% SDS, 1% NP40, 1% sodium deoxycholate, aprotinin, 1
mM PMSF, complete protease inhibitors (Roche) was immunoprecipitated with
immobilized anti-acetyl-lysine (Millipore, Temecula, CA), and analyzed by SDS-PAGE/
western with anti γ-H2A.X.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Spd spermidine

CoA coenzyme A

HAT histone acetyltransferase

HDAC histone deacetylase

CDDP cisplatin

CPT camptothecin

5-FU 5-fluorouracil

DSB double strand break

NER nucleotide excision repair

NHF normal human fibroblast
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Figure 1.
1a structure, inhibition of DNA synthesis, S-phase progression and histone acetylation in
vivo by 1a. (A) Structures of 1a (Spd(N1)-CoA), and the acetylated side chain of a lysine
residue within the polypeptide chain of a protein targeted by the acetylating enzyme (R1 and
R2 are the main chain elements on both sides of the lysyl residue). (B) [3H]-thymidine
incorporation into DNA of H358 cells measured after a 6 hour pulse carried out at intervals
6–12 hrs (12 hr curve), at 18–24 hrs (24 hr curve), or at 42–48 hrs (48 hr curve) after the
addition of variable concentrations of 1a, and represented as % of control (untreated) cells.
(C) Cell cycle analysis of propidium iodide-stained cells at the indicated times after addition
of 50 μM 1a. Percent of cells in G1, S and G2 represents the average of two independent
profiles. Arrows indicate major effects observed in the G2 (4N) population. (D) SDS-PAGE/
western analysis of histones H3-K9 acetylated, H3-K56 acetylated, H3-K9 methylated and
total histone H3, before treatment (“C”, control), or at the indicated times post-addition of
50 μM 1a. Each lane = 60 μg protein.
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Figure 2.
Effect of 1a and 1a-combination treatments on DNA synthesis. (A) [3H]-thymidine
incorporation (counts per minute) into DNA of H358 cells (left) or MCF7 cells (right)
during a 6 hour pulse ending at the indicated time points after initiation of treatment. (Time
0 measured in untreated cells). Treatments were 50 μM 1a alone (present throughout), 5 nM
camptothecin (CPT) alone (18 hours), 50 μM 1a + 5 nM CPT (18 hours). Control cells were
left untreated. (B) 2-day 96-well viability assays of H358 cells (left) or MCF7 cells (right)
grown in presence of increasing concentrations of 1a, with or without 5 nM CPT (18 hrs).
Cell viability 2 days post-start of treatment is represented as a percent of untreated cell
viability (i.e., no 1a, no CPT). Each data point represents average of triplicate wells.
Conditions were such that untreated cells remained in exponential growth. (C) [3H]-
thymidine incorporation into DNA of H358 cells carried out as in part A. Treatment
consisted of 1a alone (50 μM, present throughout), or cisplatin (2 μM, 1 hr 15 min) alone or
together with 1a (Panel 1); or UV-C (40/J/m2), alone or together with 1a (Panel 2); or 5-
fluorouracil (5FU, 2 μM, 18 hours) alone or together with 1a (Panel 3); or Taxotere™ (5
nM, 18 hours), alone or together with 1a (Panel 4). Control cells were left untreated.
Symbols are as follows: (-○-) untreated control; (-●-) 50 μM 1a, (-▽-) drug or UV-C alone;
(-▼-) combination 1a + drug or UV-C.
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Figure 3.
Effect of 1a on DNA repair. (A) Nucleotide Excision Repair assay: Time course of
thymidine dimer loss from DNA of H358 cells following treatment with 40 J/m2 UV-C
followed by incubation in the presence or absence of 50 μM 1a for the indicated times. (B)
Induction of γ-H2A.X by the combination treatments used for DNA synthesis assays in
Figure 2: western analysis shows γ-H2A.X or total H3 levels (control) in acid extracted
histones from H358 cells (plus or minus 1a) 18 hours after treatment with UV-C (40 J/m2),
5-fluorouracil (5FU, 2 μM, 18 hours), cisplatin (CDDP, 2 μM, 1 hour 15 min), or
camptothecin (CPT, 5 nM, 18 hours). Also shown are controls for no treatment (minus 1a,
lane “C”) or treatment with 1a only (plus 1a, lane “C”). Each lane = 60 μg protein. (C) DSB
repair assay: SDS-PAGE/western of γ-H2A.X, H3 and H2A.X levels in H358 cells at
various times post-start of treatment with 10 μM CPT (1 hour), followed by incubation in
the absence (upper 2 rows) or presence (lower 2 rows) of 50 μM 1a. Each lane = 60 μg
protein. (D) Inhibition of γ-H2A.X acetylation by 1a: Top row—SDS-PAGE/western of γ-
H2A.X in H358 cells treated with 10 μM CPT (1 hour) followed by incubation for an
additional hour in the presence (right) or absence (left) of 50 μM 1a (60 μg/lane). Second
row—Immunoprecipitation of 60 μg aliquots of the same extracts with anti-acetyl-lysine
followed by SDS-PAGE/western of γ-H2A.X in the immunoprecipitated material. Third and
fourth rows—SDS-PAGE/western of total histone H3 and total H2A.X in 60 μg aliquots of
the same extracts (control).
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Figure 4.
Effects of 1a on normal human cells. 2-day 96-well viability of non-permeabilized (circles)
or saponin-permeabilized (triangles) GT41 normal human fibroblasts (NHF, left),
immortalized human epithelial cells (HET1A, middle), and immortalized human fibroblasts
(BJ1, right) following an 18 hour exposure to increasing concentrations of CPT without 1a (-
●-, -▼-, for non-permeabilized and permeabilized cells, respectively), or CPT together with
50 μM 1a (-○-, -▽-, for non-permeabilized and permeabilized, respectively). In the latter
case, fresh medium with fresh 50 μM 1a was replaced after removal of CPT. Cell viability 2
days post-start of treatment is represented as a percent of untreated cell viability (i.e., no 1a,
no CPT, no saponin). Each data point represents average of triplicate wells. Conditions were
such that untreated cells remained in exponential growth.
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Figure 5.
Effects of compound 2a. (A) Structure of compound 2a. R = CH2-CH2-NH-CO-CH2-CH2-
NH-CO-CH3. (B) In vitro assay of p300 activity using a 96-well assay kit (Active Motif)
carried out with 2a at 30-50 μM, in comparison to 1a. Averages of duplicate samples with
standard deviations are shown. (C) Western analysis of histone H3K9 acetylation and
methylation, and total histone H3, before (“C”, control), or at the indicated times after
addition of 50 μM 2a (60 μg lysate/lane). (D) 2-day 96-well viability assay of H358 cells
incubated with increasing concentrations of 1a or 2a, +/− 5 nM CPT (18 hrs). Fresh medium
with 1a and 2a was replaced after removal of CPT.
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