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SUMMARY

Widespread changes in gene expression drive tumorigenesis, yet our knowledge of how aberrant
epigenomic and transcriptome profiles arise in cancer cells is poorly understood. Here, we
demonstrate that metabolic transformation plays an important role. Butyrate is the primary energy
source of normal colonocytes and is metabolized to acetyl-CoA, which was shown to be important
not only for energetics but also for HAT activity. Due to the Warburg effect, cancerous
colonocytes rely on glucose as their primary energy source so butyrate accumulated and
functioned as an HDAC inhibitor. Although both mechanisms increased histone acetylation,
different target genes were upregulated. Consequently, butyrate stimulated the proliferation of
normal colonocytes and cancerous colonocytes when the Warburg effect was prevented from
occurring, whereas it inhibited the proliferation of cancerous colonocytes undergoing the Warburg
effect. These findings link a common metabolite to epigenetic mechanisms that are differentially
utilized by normal and cancerous cells because of their inherent metabolic differences.
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INTRODUCTION

It is generally accepted that diet and energy metabolism influence gene expression, yet our
knowledge of how this occurs is extremely limited. Understanding the mechanisms that link
cellular energy metabolism and regulation of gene expression is of fundamental importance
and could potentially be exploited for the treatment of various disease states such as cancer.
Due to the Warburg effect, cancer cells primarily undergo aerobic glycolysis instead of
oxidative metabolism (Vander Heiden et al., 2009). This metabolic shift alters the
production and utilization of numerous metabolites including acetyl-CoA. In addition to
being a crucial metabolite in several metabolic pathways, acetyl-CoA is an essential co-
factor for histone acetyl transferases (HATS) that epigenetically regulate gene expression
(Donohoe and Bultman, 2012; Wellen et al., 2009). The importance of epigenetic
perturbations in driving tumorigenesis is well documented. Chromosomal rearrangements
that deregulate HATS are a common cause of leukemias (Yang, 2004), and promoter CpG
hypermethylation (coupled with histone hypoacetylation) silences tumor-suppressor genes in
leukemias and solid tumors (Esteller, 2008). At a genome-wide level, cancer cells exhibit
aberrant profiles of histone acetylation and other epigenomic marks that result in altered
patterns of gene expression and genomic instability (Baylin and Jones, 2011).

Butyrate is a short-chain fatty acid produced by bacterial fermentation of dietary fiber in the
colon (Hamer et al., 2008; Scheppach and Weiler, 2004). Present at high levels (mM) in the
lumen, butyrate is the primary energy source for colonocytes (Fleming et al., 1991;
Roediger, 1982) and also functions as a histone deacetylase (HDAC) inhibitor [reviewed in
(Davie, 2003). Rodent and human studies have shown that fiber and butyrate ameliorate
inflammation associated with colitis and may prevent colorectal cancer (Hamer et al., 2008;
Kim and Milner, 2007; Pierre et al., 1997; Scheppach et al., 1992; Sengupta et al., 2006).
Other studies have demonstrated that butyrate inhibits the growth of colorectal cancer cell
lines and other tumor-derived cell lines (Hamer et al., 2008; Scheppach and Weiler, 2004).
This inhibitory effect on cancer cell growth, although complicated, has been attributed to
butyrate functioning as an HDAC inhibitor, which alters the expression of many genes with
diverse functions, some of which include cell proliferation, apoptosis, and differentiation
(Archer et al., 1998; Chopin et al., 2002; Velcich et al., 1995). In contrast to colorectal
cancer cells, butyrate does not inhibit cell growth when it is delivered to the normal colonic
epithelium in rodents or when it is added to noncancerous colonocytes /n vitro. Instead,
butyrate has either no significant effect or the opposite effect of stimulating cell growth
under these conditions [reviewed in (Lupton, 2004)]. The fact that butyrate can have
opposing effects on the growth of normal versus cancerous colonocytes has been referred to
as the butyrate paradox and is poorly understood.

We reasoned that the dual functions of butyrate in energetics and epigenetics combined with
its differential effects in normal and cancerous cells make it an ideal model system to
investigate mechanistic links between cellular energy metabolism and regulation of gene
expression. Specifically, we hypothesized that the butyrate paradox can be explained by the
Warburg effect. Thus, butyrate may stimulate the growth of normal colonocytes by
functioning as an oxidative energy source, since it is a fatty acid metabolized by p-oxidation
followed by the tricarboxylic acid (TCA) cycle, whereas butyrate may inhibit the growth of
cancerous colonocytes because it is metabolized inefficiently due to the Warburg effect,
accumulates in the nucleus, and functions as an HDAC inhibitor to upregulate the
expression of downstream target genes. While performing experiments that support this
hypothesis, we also discovered that the role of butyrate in histone acetylation is more
complex than previously realized. In addition to functioning as an HDAC inhibitor, butyrate
increases histone acetylation by being metabolized to acetyl-CoA and stimulating HAT
activity. Furthermore, the metabolic state of the cell influences intranuclear butyrate and
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acetyl-CoA levels and determines whether butyrate functions to inhibit HDACSs or stimulate
HATS to epigenetically regulate the expression of different target genes.

RESULTS

Prevention of the Warburg Effect in Cancer Cells

To test whether the Warburg effect would account for the differential effects of butyrate on
cell proliferation and apoptosis, it was first necessary to prevent the Warburg effect from
occurring in cancer cells within the context of a tightly controlled experimental system.
Therefore, we grew HCT116 colon carcinoma cells in Dulbecco’s Modified Eagle Medium
(DMEM) formulated without glucose but supplemented with 10% fetal bovine serum (FBS).
The glucose concentration was ~0.5 mM because of the contribution of glucose from the
FBS (Ramakrishnan et al., 2011). Under these conditions (herein referred to as low glucose),
glucose levels were too low to support aerobic glycolysis since we detected negligible levels
of glucose-6-phosphate (the first intermediate of glycolysis) and lactate (an end product of
glycolysis) (Figures 1A and B). These low lactate levels were similar to noncancerous fetal
human colonic (FHC) epithelial cells that do not undergo the Warburg effect regardless of
glucose availability (Figure 1B). As a control, we grew HCT116 cells in DMEM formulated
with glucose (25 mM) and supplemented with 10% FBS (herein referred to as the high-
glucose condition). With the glucose substrate not limiting, aerobic glycolysis was elevated
as judged by increased levels of glucose-6-phosphate and lactate (Figures 1A and B).

We hypothesized that cells grown in low glucose to prevent the Warburg effect would have
elevated oxidative metabolism compared to their counterparts grown in high glucose. To test
whether this is the case, we performed experiments where HCT116 colon carcinoma cells
were incubated with two mitotracker probes simultaneously. One probe fluoresced red upon
being oxidized and provided a measure of oxidative metabolism (Paxinou et al., 2001),
while the other probe fluoresced green regardless of oxidative metabolism and therefore
served as an internal control. Oxidative metabolism was elevated 4-fold in cells grown in
low glucose compared to cells grown in high glucose (Figures 1C and D). We found that
HCT116 colon carcinoma cells grown in low glucose underwent oxidative metabolism at
levels comparable to noncancerous colonocytes from humans and mice (Figures 1C and D).
We verified these findings by performing extracellular flux experiments. These experiments
demonstrated that the rate of oxygen consumption in HCT116 cells grown in low glucose
and in noncancerous FHC cells was 2- to 3-fold greater than HCT116 cells undergoing the
Warburg effect (Figure 1E).

To prevent the Warburg effect from occurring in HCT116 cells using an independent
methodology, we used RNAI to knockdown lactate dehydrogenase A (LDHA). Western blot
analysis demonstrated a robust depletion of LDHA (Figure 1F), and lactate production was
diminished by 64% in siLDHA cells compared to siMock cells (Figure 1G). This
knockdown is also known to increase oxygen consumption (Le et al., 2010). Taken together,
these results define a controlled cellular system by which the Warburg effect can be
manipulated to analyze its role in cell proliferation and apoptosis.

Butyrate Increases or Decreases Cell Proliferation Depending on the Warburg Effect

To define a physiological range of butyrate doses, we used liquid chromatography tandem
mass spectrometry (LC-MS/MS) to measure butyrate in the lumen of mouse colons. We
detected 3.5 mM, 0.8 mM, and 0.5 mM concentration of butyrate in the proximal, medial,
and distal segments, respectively (Figure 2A). We also calculated low levels of butyrate
(50-800 uM) in the colonic crypts (data not shown). This is consistent with a model (Figure
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2B) predicting two butyrate gradients in the colon /n vivo (Csordas, 1996; Sengupta et al.,
2006).

To analyze cell proliferation in the presence of the Warburg effect at different physiological
doses of butyrate, we grew HCT116 cells in high glucose. Butyrate inhibited cell growth in a
dose-dependent manner compared to untreated controls (Figure 2C). The 0.5-mM dose
showed modest growth but to a lesser extent (53%) than the untreated controls. The 2- and
5-mM doses of butyrate led to negative cell growth with fewer cells after 3 days than at the
start of the culture period (Figure 2C). Under these conditions, butyrate also decreased cell
proliferation in a dose-dependent manner based on BrdU incorporation assays (Figure 2D).
On the other hand, when we grew HCT116 cells while preventing the Warburg effect by
either low glucose conditions or siLDHA, butyrate had the opposite effect at lower doses
(0.5 and 1.0 mM), where it stimulated cell growth compared to untreated controls, although
it did inhibit cell growth at higher doses (2.0 and 5.0 mM) (Figure 2C). A similar effect was
observed for cell proliferation as butyrate increased BrdU incorporation at low doses but
decreased BrdU incorporation at high doses (Figure 2D). These results demonstrate that
lower doses of butyrate have a differential effect on cell proliferation depending on the
Warburg effect, while higher doses of butyrate inhibit proliferation regardless of the
Warburg effect. The higher doses of butyrate had an inhibitory effect on cell growth and
BrdU incorporation similar to trichostatin A (TSA), which is a structurally distinct HDAC
inhibitor (Figures 2C and D). As expected, noncancerous FHC epithelial cells, which do not
undergo the Warburg effect, responded to butyrate with a dose-response profile very similar
to colorectal cancer cells when the Warburg effect was prevented from occurring (Figure
2E).

We repeated the above experiments with other colorectal cancer cell lines, including HT-29
cells, and butyrate had dose-response profiles similar to HCT116 cells with lower doses
having opposing effects on cell proliferation in the presence versus absence of the Warburg
effect (Figure S1A). We also performed experiments showing that lower doses of butyrate
stimulate HCT116 cell proliferation in DMEM supplemented with low concentrations (0.25
mM and 0.5 mM) of glucose (as opposed to no glucose) in addition to 10% FBS (Figure
S1B). Low glucose conditions may affect processes other than glycolysis such as AMPK
activation. To test whether activation of AMPK in HCT116 cells maintained in high glucose
mimics low glucose conditions in their proliferative response to butyrate, we performed
experiments with the AMP analog AICAR. Although AICAR activated AMPK in our
experiments (Figure S1C), it did not affect BrdU incorporation when HCT116 cells were
grown in butyrate at several doses (Figure S1D). Thus, AMPK activation in low glucose
where the Warburg effect has been prevented from occurring does not explain the effects of
butyrate on cell proliferation. These results demonstrate that the Warburg effect influences
the role of butyrate as a stimulator or inhibitor of cell growth and proliferation.

We also evaluated whether the Warburg effect is required for the induction of apoptosis and
cell death by butyrate by measuring cellular annexin V and intracellular propidium iodide
(PI) levels using flow cytometry. Untreated HCT116 cells grown in the presence of the
Warburg effect had relatively low levels of apoptosis (4.8% were annexin V positive) and
cell death (1.6% stained with PI) as expected (Figure 2F, upper-left panel). Both 0.5- and 5-
mM butyrate increased the percentage of cells positive for annexin V (8.5% and 30.7%,
respectively) and PI (1.8% and 16.4%, respectively) (Figure 2F, upper panels). The
magnitude of these effects at 5 mM was similar to that observed following TSA treatment
(Figure 2F, upper-right panel). This cell death is compatible with the negative cell growth
induced by 5-mM butyrate and TSA in Figure 2C. Both doses of butyrate induced apoptosis
and cell death to a similar extent in HCT116 cells when they were grown in low glucose to
prevent the Warburg effect from occurring (Figure 2F, bottom panels). Therefore, butyrate
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exerts a differential effect on cell growth, which is dependent on the Warburg effect, and
this is correlated with a differential effect on cell proliferation but not on apoptosis. For this
reason, we decided to investigate the relationship between butyrate and cell proliferation in
more detail.

Cell Proliferation is Regulated by Energy Metabolism and Epigenetic Mechanisms

We hypothesized that butyrate promotes the proliferation of normal colonocytes by
functioning as an oxidative energy source, while it inhibits the proliferation of cancerous
colonocytes because it is metabolized at relatively low levels and functions as an epigenetic
factor that inhibits HDACSs. To test this hypothesis, we manipulated oxidative metabolism
and HDAC activity in HCT116 cells. We used the pharmacological inhibitor etomoxir to
inhibit p-oxidation. To confirm that etomoxir was efficacious in our experimental system,
we demonstrated that it prevented butyrate from stimulating oxidative metabolism using the
same mitotracker probes as described above (Figure S2A). Next, we evaluated whether
etomoxir could alter the differential effects of butyrate on cell proliferation. When the
Warburg effect was prevented from occurring in HCT116 cells so their metabolism
resembled noncancerous cells, 0.5-mM butyrate increased BrdU incorporation in the
absence of etomoxir (vehicle only) (Figure 3A), as it did previously (Figure 2D), but not in
the presence of etomoxir (Figure 3A). Etomoxir completely blocked the mitogenic effect
(Figure 3A). As a control, etomoxir did not affect BrdU incorporation when butyrate was
not added (Figures 3A), which indicates that etomoxir was not having toxic effects. To
provide further support for the idea that butyrate is metabolized as an oxidative energy
source to stimulate cell proliferation, we used other fatty acids that are oxidative substrates
but do not inhibit HDACs. Similar to butyrate, these fatty acids (oleate and decanoate)
stimulated BrdU incorportion in HCT116 cells under the same conditions (Figure S2B).

In contrast to Figure 3A, when we repeated the etomoxir experiments using HCT116 cells in
the presence of the Warburg effect to represent the metabolic state of cancer cells, etomoxir
had no effect on the ability of butyrate to inhibit BrdU incorporation (Figure 3B). This result
is compatible with butyrate functioning as an HDAC inhibitor rather than an energy source
under these conditions. To support this interpretation, we treated HCT116 cells with TSA
because it is a potent HDAC inhibitor but is not an energy source. TSA inhibited BrdU
incorporation, and this was unaffected by etomoxir (Figure 3B). In fact, TSA mimicked the
effects of 5-mM butyrate (Figure 3B).

A Metabolic Link Between Histone Acetylation and Cell Proliferation

To test whether there is a relationship between butyrate-induced changes in cell proliferation
and histone acetylation, we analyzed the effect of butyrate on global histone acetylation
levels in HCT116 cells in the presence or absence of the Warburg effect. We expected
butyrate to increase global histone acetylation levels in the presence of the Warburg effect
because it is a well-known HDAC inhibitor. We confirmed that this is the case as butyrate
increased pan-histone 3 acetylation (H3ac) levels in a dose-dependent manner based on
western blot analyses (Figure 3C, left panel). Therefore, as the dose of butyrate increased, it
had a progressively stronger effect on both histone acetylation (Figure 3C, left panel) and
the inhibition of cell proliferation (Figure 2D). On the other hand, if the Warburg effect were
prevented from occurring, then one would expect butyrate to be metabolized at relatively
high levels and fewer molecules should exist, especially at lower doses, to inhibit HDAC
activity. The dose-response profile suggested that this is true as well. A low dose (0.5 mM)
of butyrate had no effect on H3ac (Figure 3C, right panel), and this same dose did not
decrease, but increased, cell proliferation (Figure 2D). Higher doses of butyrate (2 and 5
mM) did increase H3ac (Figure 3C, right panel), albeit to a lesser extent than in the presence
of the Warburg effect (Figure 3C, left panel), and also decreased cell proliferation (Figure
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2D). This result is compatible with the higher doses of butyrate exceeding the rate which can
be metabolized [0.5 mM has been shown to be at 74% of the maximum metabolic capacity
based on conversion to CO5, and saturation is reached at 1-2 mM (Andriamihaja et al.,
2009)], resulting in the accumulation of butyrate in the nucleus where it functions as an
HDAC inhibitor to suppress cell proliferation. As expected, noncancerous FHC epithelial
cells responded to butyrate similarly to HCT116 cells in the absence of the Warburg effect.
0.5 mM butyrate had no effect on H3ac (Figure 3D) and increased cell proliferation (Figure
2E). 5 mM was the only dose that induced H3ac in FHC cells (Figure 3D), and it also
decreased cell proliferation (Figure 2E). To demonstrate that butyrate also acetylates non-
histone substrates, we analyzed tubulin and p53 in HCT116 cells. Similar to H3, butyrate
increased tubulin and p53 acetylation, and this effect was more pronounced in the presence
of the Warburg effect (Figure 3E).

The objective of the next series of experiments was to evaluate butyrate metabolism and
accumulation in the presence versus absence of the Warburg effect because this is the
proposed mechanistic basis for the differential effects on histone acetylation and cell
proliferation. We added isotopically labeled 13C4-butyrate to HCT116 cells, isolated nuclei,
and measured nuclear 13C,-butyrate by LC-MS/MS. Prerequisite control experiments
demonstrated that 13C,-butyrate has identical effects on H3ac and cell proliferation as
unlabelled butyrate (data not shown). In the presence of the Warburg effect, we observed a
dose-dependent effect as the 0.5- and 5-mM doses of 13C-butyrate resulted in 13C4-butyrate
being detected in nuclear extracts at concentrations of 39.5 uM and 477 mM, respectively
(Figure 3F). When the Warburg effect was prevented from occurring, the intranuclear 13C4-
butyrate concentrations dropped to 14.5 uM and 377.5 UM, respectively (Figure 3F). These
lower intranuclear concentrations are compatible with the increased metabolism of butyrate
as an oxidative energy source when the Warburg effect is prevented. We also

measured 13C4-butyrate levels in the media after the 3-day culture period and did not
observe a significant difference (Figure S2C). This result suggests that the lower
intranuclear 13C,-butyrate concentrations in cells lacking the Warburg effect cannot be
attributed to diminished uptake of 13C4-butyrate. These results demonstrate that the
energetics of the cell influences the abundance of butyrate in the nucleus.

Butyrate Induces Histone Acetylation by Stimulating HATs as well as Inhibiting HDACs

The results of our butyrate measurements raised an important question about the epigenetic
mechanism by which butyrate regulates histone acetylation and the contribution of the
Warburg effect in this epigenetic regulation. The concentration of butyrate required to
inhibit HDAC activity by 50%, referred to as the ICsgg, is 100-350 mM (Buggy et al., 2000;
Sekhavat et al., 2007). This concentration range is consistent with butyrate functioning as a
potent HDAC inhibitor at the 5-mM dose but not at the 0.5-mM dose where the
concentration is only 0.04-0.40 of the ICsq and inhibits HDAC activity by < 10-20%. This
finding suggested that butyrate (especially at low doses such as 0.5 mM) might induce
histone acetylation by an alternative mechanism that is distinct from its role as an HDAC
inhibitor. One possible model to explain this mechanism involves metabolism of butyrate to
acetyl-CoA, which in turn would stimulate HAT activity by functioning as a HAT co-factor
and acetyl-group donor (Figure 4A). In this model, butyrate undergoes p-oxidation to acetyl-
CoA inside of the mitochondria, followed by the first step of the TCA cycle to yield citrate.
Citrate is then transported out of the mitochondria via the citrate shuttle and converted by
the enzyme ATP citrate lyase (ACL) to acetyl-CoA and oxaloacetate (Figure 4A). Although
it has been known for decades that ACL produces acetyl-CoA in the cytosol for lipid
biosynthesis, it was recently shown that ACL is abundant in the nucleus and regulates
histone acetylation (Wellen et al., 2009). This model also includes glucose-induced signal
transduction that upregulates ACL activity [via phosphorylation of ACL by AKT (Berwick
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et al., 2002)], which makes it susceptible to being regulated by the Warburg effect (Figure
4A). We confirmed and extended this idea by showing that preventing the Warburg effect
from occurring in HCT116 cells resulted in total ACL protein being downregulated to
negligible levels (Figure 4B).

To test whether butyrate can induce histone acetylation in an ACL-dependent manner, we
added butyrate to HCT116 cells grown in the presence of the Warburg effect but with ACL
levels depleted by RNAI. As shown in Figure 4C, butyrate increased H3ac in a dose-
dependent manner in control cells (siMock) but had a different dose-response profile in
ACL-depleted (siACL) cells. A 0.5-mM dose of butyrate had no effect on H3ac in siACL-
treated cells (Figure 4C). Higher doses of butyrate (2 and 5 mM) did induce H3ac in siACL
but to a lesser extent than siMock. Quantification of results from three independent
experiments indicated that 0.5-mM butyrate induced H3ac in a completely ACL-dependent
manner (Figure 4D). At higher doses, butyrate continued to have an ACL-dependent effect,
but the majority of the histone acetylation shifted to being ACL independent (Figure 4D). It
is noteworthy that butyrate had a similar dose-response profile in siACL cells (Figure 4C,
right panel) as when the Warburg effect was prevented from occurring (Figure 3C, right
panel). This similarity suggests that ACL is an important part of the Warburg effect,
presumably because of its role in the biosynthesis of phospholipids/plasma membranes of
rapidly dividing cancer cells, but acetylation of histones and other proteins (including
metabolic enzymes) may also be important.

The dose-response profile of siACL cells also resembled noncancerous FHC epithelial cells
that do undergo the Warburg effect as only 5 mM induced H3ac (Figure 3D). To follow up
on this finding and test whether the ACL-dependent mechanism exists in normal, uncultured
colonocytes, we added butyrate and/or the ACL inhibitor radicicol (Ki et al., 2000) to mouse
colonocytes as they were being isolated over a 1-hr period. Compared to untreated
colonocytes, butyrate increased H3ac (Figure 4E, compare first two lanes) but not in the
presence of radicicol (Figure 4E, compare second and fourth lanes). Radicicol did diminish
the levels of ACL in its active, phosphophorylated form (Figure 4E). These results
demonstrate that the ACL-dependent mechanism functions in normal colonocytes to
regulate histone acetylation. The short incubation period was probably not sufficient for
butyrate to accumulate and may have precluded detectable levels of HDAC inhibition. To
demonstrate that the ACL-dependent mechanism does not involve HDAC inhibition, we
treated HCT116 cells with TSA. TSA increased H3ac to the same extent under siMock and
SIACL conditions, which confirms that HDAC inhibition is an ACL-independent mechanism
(Figure 4F).

Based on our model (Figure 4A), butyrate should function as an acetyl-CoA donor and
stimulate HAT activity in an ACL-dependent manner. Accordingly, biochemical
experiments performed in the presence of the Warburg effect showed that butyrate increased
both acetyl-CoA and HAT activity in siMock cells at all doses (Figures 5A and B), and that
ACL depletion negated these effects at the 0.5-mM dose, where the ACL mechanism
predominates (as shown in Figure 4D) but not at the 2- and 5-mM doses where butyrate
primarily acts as an HDAC inhibitor (Figures 5A and B) [presumably because the oxidative
metabolic capacity of butyrate is exceeded (Andriamihaja et al., 2009)]. To test whether
butyrate elevated HAT activity through inducing the direct acetylation of HATS, we
analyzed p300/CBP acetylation over several butyrate doses. Butyrate did not change the
acetylation status of p300/CBP (Figure S3). Taken together, these data suggest that butyrate
stimulates HAT activity by increasing the abundance of acetyl-CoA co-factor (via ACL-
dependent metabolism) rather than increasing HAT catalytic activity independent of co-
factor availability.
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To rigorously confirm the ACL/acetyl-CoA/HAT pathway as the mechanism, we performed
metabolic flux experiments where we added uniformly-labeled butyrate (13C4-butyrate) to
HCT116 cells undergoing the Warburg effect, purified histones, hydrolyzed their
posttranslational modifications, and quantitatively measured 13C,-acetyl groups (13C-
acetate) using LC/MS-MS. All 13C4-butyrate treatment groups had detectable amounts

of 13C,-acetate, whereas untreated negative control samples did not as expected (Figures 5C
and D). These results demonstrate that carbons derived from butyrate contribute acetyl
groups on histones. In siMock cells, 13C4-butyrate contributed carbons to the acetyl groups,
but the dose-response profile was not linear between 0.5, 2, and 5 mM (Figure 5D). The
observed plateau between 2 and 5 mM was expected because these doses exceed the
concentration of butyrate that can be metabolized efficiently and result in butyrate
accumulation (as shown in Figure 3F) and HDAC inhibition. 13C,-acetate levels were
significantly diminished in siACL cells compared to siMock cells by 62%, 51%, and 58% in
the 0.5, 2, and 5 mM doses, respectively (Figure 5D). These flux experiments unequivocally
demonstrate that butyrate contributes to histone acetylation by being metabolized to acetyl-
CoA and increasing HAT activity although they do not provide insight into how this
mechanism influences gene expression.

Target Genes are Upregulated by HAT and HDAC Inhibition Mechanisms in a Dose-
Dependent Manner

To understand the relative contribution of the HAT and HDAC inhibition mechanisms on
gene expression, we performed a series of transcriptome profiling experiments. We analyzed
siMock and siACL HCT116 cells undergoing the Warburg effect that were either untreated
or treated with 0.5-, 2-, or 5-mM butyrate. The entire data set and statistical values are
included as Supplemental Table S1, and a dendogram produced by hierarchical clustering of
these data are included as Figure S4A. In the absence of butyrate, the abundance of only 38
mRNAs was significantly different between siMock and siACL samples. This result
indicates that the knockdown of ACL, as shown by western blot analysis (Figure 6A), had a
minimal effect on gene expression in untreated cells. Consistent with butyrate stimulating
H3ac in a dose-dependent manner (Figure 3C), it increased mMRNA levels in a dose-
dependent manner. Compared to untreated cells, butyrate upregulated 1416 genes at 0.5
mM, 2827 genes at 2 mM, and 4241 genes at 5 mM in siMock cells (Figure 6B). The vast
majority of genes that were induced at lower doses stayed upregulated at higher doses. For
example, 84% of the genes induced by 0.5 mM were also upregulated at 2 mM and/or 5 mM
(Figure 6B); 69% were upregulated at all three doses (Figure 6B). Because of this high
degree of overlap, only 17% (234/1416) and 15% (419/2827) of genes were unique to the
0.5-mM and 2-mM doses, respectively. The percentage of unique genes was higher at the 5-
mM dose (1895/4241 = 45%), but this is presumably due to it being the highest dose and
genes first induced at 5 mM did not have an opportunity to be shown to be upregulated at an
even higher dose.

By comparing the siMock and siACL gene lists, we identified two classes of genes. ACL-
dependent genes were upregulated by butyrate in siMock samples but not in siACL samples,
whereas ACL-independent genes were upregulated in both siMock and siACL samples. 75%
of the 1416 genes induced by 0.5-mM butyrate were ACL dependent while 25% were ACL
independent (Figure 6C). This finding is consistent with our results presented above
showing that 0.5-mM butyrate was metabolized and converted by ACL to acetyl-CoA and
relatively little accumulated to act as an HDAC inhibitor. For the HCT116 samples treated
with either 2- or 5-mM butyrate, the number of ACL-dependent genes was overtaken by
ACL-independent genes. For example, the percentage of ACL-dependent genes dropped
from 75% at 0.5 mM to 42% and 25% (for 2 and 5 mM, respectively), and there was a
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corresponding increase in the percentage of ACL-independent genes from 25% to 58% and
75%, respectively (Figure 6C).

1134/1416 (80%) of the genes induced at 0.5 mM were also upregulated at 2 mM. However,
there was a marked change in the regulatory mechanism at 2 mM with these genes shifting
away from ACL dependence (14%) toward ACL independence (86%) (Figure 6C). ACL-
dependent genes at 0.5 mM tended to shift to the ACL-independent category at 2 mM
(649/808 = 80%), while ACL-independent genes at 0.5 mM stayed ACL independent at 2
mM (324/326 = 99%). This result is consistent with butyrate accumulating at the higher dose
and primarily functioning as an HDAC inhibitor such that target genes are upregulated even
when ACL is depleted. 1693 genes at 2 mM were not shared with 0.5 mM, and these newly-
induced genes showed a profile that was distinct from the shared genes. The majority of
these newly-induced genes were ACL dependent (60%) rather than ACL independent (40%)
(Figure 6C).

The same trend that was observed from 0.5 to 2 mM also occurred at the 2 to 5 mM
transition. Overall, 42% of the 2827 genes upregulated at 2 mM were ACL dependent
compared to 58% that were independent (Figure 6C). 2407/2827 (85%) of these genes were
also upregulated at 5 mM. Once again, there was a marked change in the mechanism with
these shared genes shifting away from ACL dependence (9%) to ACL independence (91%)
at 5 mM (Figure 6C). Nearly identical to the first transition, ACL-dependent genes at 2 mM
tended to switch to the ACL-independent category at 5 mM (682/860 = 79%), while ACL-
independent genes at 2 mM stayed independent at 5 mM (1446/1473 = 98%). Also similar to
the first transition, the newly-induced genes were much more likely to be ACL dependent
compared to the shared genes. Specifically, 55% of the 1834 genes newly induced at 5 mM
were ACL dependent and 45% were ACL independent (Figure 6C). Taken together, these
results support the idea that newly-induced genes are upregulated in an ACL-dependent
manner and then switch to ACL independence at higher doses (Figure S3B). There were
very few exceptions with a total of only 32 genes switching in the opposite direction (from
ACL independent to ACL dependent) in aggregate (at both transitions combined) (Figure
S4B).

Butyrate increased the number of upregulated genes in a dose-dependent manner, as
described above, but there was a surprisingly weak correlation between butyrate dose and
mMRNA abundance for many genes. Butyrate increased mRNA levels by an average (mean)
of 2.5 fold at 0.5 mM but had only a marginally stronger effect at 2 mM (2.8 fold) and 5 mM
(3.0 fold). For genes that stayed ACL dependent at the 0.5-2 mM or 2-5 mM transitions,
mRNA levels increased by only 4% at the higher dose, which was not significant. However,
the MRNA abundance for each gene increased by an average of 16% as the mechanism
shifted from ACL dependent to ACL independent. This result is consistent with two
mechanisms being engaged and acting additively. However, the ACL/acetyl-CoA/HAT
activity mechanism accounts for the majority of the upregulation since the magnitude of
change was only 4% and 16%. Overall, these results indicate that the ACL-dependent/
acetyl-CoA/HAT activity mechanism acts first to induce gene expression, and the ACL-
independent/HDAC inhibition mechanism subsequently works to maintain the upregulated
state and has only a modest effect on further increasing mRNA levels.

To interrogate the biological significance of the ACL-dependent and -independent
mechanisms, we used Ingenuity Pathway Analysis (IPA) to identify different Gene
Ontology (GO) or Kyoto Encyclopedia of Genes and Genomes (KEGG) categories that were
enriched. The ACL-dependent mechanism accounted for 75% of the upregulated genes at
0.5 mM (Figure 6C), and there was a significant enrichment for genes associated with cell
proliferation but not cell death under these conditions (Figure S4C). Conversely, the ACL-
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independent mechanism accounted for 75% of the upregulated genes at 5 mM (Figure 6C),
and these genes exhibited a reciprocal pattern with enrichment for cell death but not cell
proliferation (Figure SAC).

For the 0.5 mM ACL-dependent genes upregulated by >2-fold, we found that 2% were
associated with cell proliferation as compared to only 0.1% of the genes in the 5.0 mM
ACL-independent group (Figure S5A). Consistent with the 0.5 mM ACL-dependent genes
being enriched for cell proliferation functions, ACL knockdown protected HCT116 cells
from diminished BrdU incorporation at 0.5 mM but not at 2 or 5 mM (Figure S5B). This
result demonstrates that ACL-dependent genes, in the presence of the Warburg effect,
inhibit cell proliferation and may have tumor-suppressor properties. The tumor-suppressor
gene, TES, whose expression is suppressed in cancer cells (Drusco et al., 2005; Ma et al.,
2010; Sarti et al., 2005; Tatarelli et al., 2000), was the most highly upregulated gene (221-
fold) induced by 0.5 mM butyrate (Figure S5A) and was ACL-dependent. On the other
hand, we found that 3% of the 5 mM ACL-independent genes upregulated by >2-fold were
associated with apoptosis as compared to only 0.2% of the genes in the 0.5 mM ACL-
dependent group (Figure S5C).

ACL-Dependent and -Independent Histone Acetylation of Target Genes

To test whether ACL-dependent and -independent expression changes are associated with
corresponding changes in histone acetylation, we performed quantitative ChIP assays to
characterize H3ac enrichment at the proximal promoters of the 4 most highly upregulated
genes involved in cell proliferation and apoptosis. In a dose-dependent manner, butyrate
induced H3ac of the proliferation genes (7£S and PGF) and the apoptotic genes (FASand
WNTI10B) in HCT116 cells (Figure 7A). To address whether the mechanism of H3ac
switched from ACL dependence at low doses to ACL independence at higher doses, we
performed additional ChIP assays. For these experiments, HCT116 treatment groups were
nearly identical to the transcriptome profiling experiments with siMock and siACL cells
being untreated or treated with butyrate (0.5 or 5 mM). The expression of 4 of the target
genes (SLC22A17, SLC36A1, GPRIN1, ADPRHL 1) switched from being ACL dependent
at 0.5 mM to ACL independent at 5 mM (Table S1). gPCR of the ChIPs showed that H3ac
enrichment in each promoter also switched from ACL dependent at 0.5 mM to ACL
independent at 5 mM (Figure 7B). The expression of the other gene (GPATCHE) was ACL
dependent at both 0.5 and 5 mM (Table S1), and H3ac enrichment showed a similar profile
(Figure 7B).

DISCUSSION

In the work presented here, we characterize two histone acetylation mechanisms regulated
by butyrate that are utilized differently in cancer cells because of their unique metabolism.
These mechanisms are defined as ACL dependent (acetyl-CoA/HAT) and ACL independent
(HDAC inhibition). The acetyl-CoA/HAT mechanism involves metabolism of butyrate in
the mitochondria followed by the subsequent ACL-catalyzed production of acetyl-CoA
(Figure 4A). Acetyl-CoA then serves as an essential co-factor for the acetylation of histones
and other substrates. This pathway is compatible with previous flux experiments that
followed 14C-butyrate metabolism in colon carcinoma cells and reported that the 14C-
labeled carbon was converted to CO,, histones, and lipids (Andriamihaja et al., 2009;
Leschelle et al., 2000). These experiments did not use mass spectrometry to identify
compounds and could not follow the specific fate of 14C-labeled carbons within histones,
but our flux experiments indicate that the butyrate-derived carbons are incorporated as the
acetyl group moieties of histones when they are acetylated and therefore provide
mechanistic insight as to how butyrate can epigenetically regulate gene expression. We
demonstrate that the HDAC inhibition (ACL independent) mechanism is primarily utilized
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by cancer cells because they rely on glucose and aerobic glycolysis to a greater extent than
oxidative metabolism. In this situation, cancerous colonocytes metabolize relatively little
butyrate (since it is an oxidative energy source) so it accumulates at greater levels inside of
nuclei (and is therefore a candidate oncometabolite), and there is a corresponding increase in
HDAC inhibition. Our experiments preventing the Warburg effect from occurring in
cancerous colonocytes demonstrate that the Warburg effect is a cause, rather than a
consequence, of this mechanistic shift in histone acetylation. This is a significant conceptual
advance because it represents a fundamental mechanism whereby metabolic transformation
(i.e., cancer cell metabolism) can drive the divergence of epigenomic and transcriptome
profiles in cancer cells away from their cell of origin and contribute to tumorigenesis. This
idea is supported by recent reports showing that the oncometabolite 2-hydroxyglutarate,
which accumulates in tumors as a result of isocitrate dehydrogenase (/DH1/2) mutations,
inhibits JmjC histone demethylases and DNA methyltransferses to alter the transcription of
genes necessary for differentiation (Lu et al., 2012; Turcan et al., 2012; Xu et al., 2011).

Previous studies have used relatively high doses of butyrate (~5 mM) where it has been
interpreted to function as an HDAC inhibitor [and possibly as a product inhibitor of
deacetylation (Corfe, 2012)]. The acetyl-CoA/HAT mechanism may have been overlooked
until now because few studies have used lower doses of butyrate (0.5 mM), where this
mechanism is most prevalent, and butyrate-induced histone acetylation has generally been
assumed to arise because of HDAC inhibition without the mechanism being analyzed
(Corfe, 2012). A 5-mM dose of butyrate /n vitrois physiologically relevant because it is
routinely found at this concentration in the lumen of the colon (Cummings et al., 1987;
Hamer et al., 2008; Scheppach and Weiler, 2004). However, at this or any other dose, it is
likely that fewer butyrate molecules reach colonocytes /in vivothan in vitro because the
colonic epithelium is covered by a thick (~100 mm) layer of mucous. Furthermore, mucous
is constantly being produced by goblet cells and sloughed away from the epithelium as it
flows up from the crypt bases into the lumen and then down the lumen due to peristalsis
(Forstner and Forstner, 1994). Consequently, butyrate concentration gradients are expected
to form along the lumen-to-crypt axis and the luminal proximal-distal axis (Csordas, 1996;
Sengupta et al., 2006) (Figures 2A and B). Therefore, colonocytes at the base of crypts
receive an estimated 50-800 pM dose equivalent. The results from this study showing that
butyrate stimulates histone acetylation in a dose-dependent manner by two distinct
mechanisms suggests that colonocytes near the base of crypts, which are exposed to
relatively small amounts of butyrate, exclusively utilize the acetyl-CoA/HAT mechanism,
while luminal colonocytes that are chronically exposed to higher levels of butyrate (which
surpass oxidative capacity resulting in accumulation) primarily utilize the HDAC-inhibition
mechanism (Figure 7C). Although both mechanisms increase histone acetylation, our
transcriptome profiling results indicate that they upregulate different targets with the former
enriched for cell proliferation genes and the latter being enriched for apoptotic genes. These
changes in gene expression are consistent with the lower doses of butyrate stimulating cell
proliferation, while higher doses inhibit proliferation and increase apoptosis. These findings
lead to a model where butyrate facilitates the normal turnover of the colonic epithelium by
promoting colonocyte proliferation in the bottom half of each crypt while increasing
apoptosis in those cells that exfoliate into the lumen (Figure 7C). This model is supported by
previous experiments demonstrating that stimulation of proliferation by butyrate occurs at
low doses and only at the base of the crypt (Velazquez et al., 1997).

The data presented in this study supports previous hypotheses proposing that butyrate
metabolism is impaired in cancer cells (Jass, 1985; Singh et al., 1997) and provides a
mechanism (the Warburg effect) for why this is the case. It also supports and expands upon
previous studies (Comalada et al., 2006; Jass, 1985; Singh et al., 1997) by explaining why
butyrate has opposing effects on cell growth: it inhibits cancer cell proliferation as an
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HDAC inhibitor but stimulates the proliferation of noncancerous cells (and cancerous cells
when the Warburg effect is blocked) by being oxidized as an energy source. However, when
ACL levels were depleted by RNAI, the stimulatory effect was attenuated from 240% to
160% at 0.5 mM compared to untreated cells (Figure S5). This result is surprising because it
suggests that butyrate exerts its stimulatory effect not only by serving as a carbon source for
[B-oxidation and the TCA cycle but also by increasing acetyl-CoA production for lipid
biosynthesis and/or acetylation of lysine residues. This effect may not involve histone
acetylation [0.5 mM did not increase H3ac when the Warburg effect was blocked (Figure
3C)] but could be mediated by the acetylation of non-histone proteins including metabolic
enzymes, which are often regulated by acetylation status (Guan and Xiong; Ma et al., 2010;
Zhao et al.).

Butyrate is an attractive candidate for chemotherapy or chemoprevention because it
selectively inhibits tumor growth and has minimal adverse effects in clinical trials (Pouillart,
1998). However, the efficacy of butyrate as a chemotherapeutic agent has been limited by its
rapid uptake and metabolism by normal cells [resulting in a half-life of 6 minutes and peak
blood levels below 0.05 mM (Miller et al., 1987)] before reaching tumors (Pouillart, 1998).
More stable butyrate derivatives such as tributyrin have also not been successful on a
consistent basis (Pouillart, 1998). A fiber-rich diet might be more successful for
chemoprevention because it delivers mM levels of butyrate (v/athe microbiota) to the
correct place (the colon) before the onset of tumorigenesis or at an early stage. Evidence for
this idea comes from recent human studies demonstrating lower levels of butyrate-producing
bacteria among the gut microbiota of colorectal cancer patients compared to healthy
participants (Balamurugan et al., 2008; Wang et al., 2012), and studies showing an inverse
correlation between fecal butyrate levels and tumor size in colorectal cancer (Boutron-
Ruault et al., 2005; Monleon et al., 2009). Taken together, these findings suggest that human
studies should be conducted to investigate the combined interaction between fiber/butyrate
and gut microbiota, in the prevention of colorectal cancer.

EXPERIMENTAL PROCEDURES

Cell culture and Transfections

HCT116 and HT-29 cells were obtained from ATCC (Manassas, VI) and grown in DMEM
formulated without glucose (Invitrogen, Carlsbad, CA) and supplemented with glucose to
achieve a 25 mM concentration and 10% FBS. In experiments that prevented the Warburg
effect, cells were grown in the same DMEM/FBS media but without any glucose
supplementation. FHC cells were obtained from ATCC (CRL-1831) and grown in
accordance to previously determined conditions (Siddiqui and Chopra, 1984) with the
exception that DMEM minus glucose was used instead of high glucose DMEM as a 1:1
mixture with F12 medium. RNA. transfections were performed as described (Wellen et al.,
2009), and siRNA pools for human ACL (Thermo Scientific/Dharmacon #L-004915-00),
human LDHA (Thermo Scientific/Dharmacon #L-008201-00), and siMock non-targeting
control (Dharmacon #D-001810-01-20) were used at a 20 nM final concentration.

Biochemical Assays

Histone acetyltransferase (K332-100), acetyl CoA (K317-100), glucose-6-phosphate
(K657-100), and lactate (K607-100) assays were performed as specified by manufacturer
(Biovision, Mountain View, CA) instructions. Perchloric acid extraction (K808-200) of cells
was used for acetyl CoA, glucose-6-phosphate, and lactate assays.
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Confocal Fluorescence Microscopy

MitoTracker Red CM-H,XRos and MitoTracker Green FM (Invitrogen) were added to cells
at a final concentration of 500 nM. Cells were viewed with an Olympus FV500 laser-
scanning confocal microscope equipped with three confocal channels, excitation lines 458,
488, 514, 543, an 633. All fluorescent micrographs were acquired using Olympus Fluoview
software with identical settings. Image J (Bethesda, MD) was used to analyze the integrated
density per cell for both mitotracker dyes. All micrographs were taken with identical
exposures. A total of 3 independent biological replicates were analyzed per experimental

group.

Cell Proliferation and Apoptosis Assays

Cell proliferation assays were performed using the BrdU Cell Proliferation kit (2750) from
Millipore/Chemicon (Tecmecula, CA). Apoptosis assays were performed using Annexin V
(K101-100) from Biovision. Cells were incubated with Annexin V and propidium iodide
after a 24-hr treatment with butyrate. Cells were then analyzed for Annexin V and Pl
incorporation by flow cytometry using standard procedures.

Western Blotting

Experimental details can be found in supplemental methods. Antibodies that were used
included phospho-ACL (Cell Signaling, Beverly, MA), ACL (4332; Cell Signaling), pan-
acetyl H3 (06-599; Millipore/Upstate), p-actin (ab8226; Abcam), total Histone H3 (05-928;
Upstate), LDHA (3582; Cell Signaling), acetyl-tubulin (T6793; Sigma), acetyl-p53 (2525;
Cell Signaling), p53 (9282; Cell Signaling), a-tubulin (T6199; Sigma), acetyl-CBP (4771,
Cell Signaling), CBP (7389; Cell Signaling), P-AMPK (2535; Cell Signaling), AMPK
(2603; Cell Signaling).

Flux Experiments

Cells were treated with 13C4-butyrate (#488380; Sigma-Aldrich, St. Louis, MO). After the
treatment period, nuclei were isolated using a kit (#266-100; Biovision), an internal 13C4-
butyrate standard was added, and nuclei were resuspended. Details can be found in
supplemental methods.

A Seahorse XF24 Analyzer (Seahorse Bioscience) was used to measure oxygen
consumption rates in HCT116 and FHC cells. Experiments were performed in accordance to
manufacturer instructions.

Gene Expression

Treated and untreated HCT116 cells were flash-frozen (3 biological replicates each). Total
RNA was prepared using Trizol reagent (Invitrogen), and integrity was assessed using the
RNA 6000 Nano-LabChip kit followed by analysis using a Bioanalyzer (Agilent, Palo Alto,
CA). Hybridizations to the HumanWG-6 v2.0 BeadChip arrays (Illumina, San Diego, CA),
washing, and scanning were performed at the University of Tennessee at Memphis Core
Facility. Data was analyzed using R/limma (Smyth, 2004).

ChIP Assays

Experimental details can be found in supplemental methods. A pan-acetyl H3 (#06-599;
Millipore) was used in ChIP experiments. Each ChIP was normalized to input. For each
treatment group, data are expressed relative to untreated controls. The primers used are
included in supplemental methods. No PCR product was detected in no template controls or
in mock ChIP samples immunopreciptated with normal rabbit serum (IgG).
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Statistics

For biochemical assays, BrdU incorportation assays, and mitotracker experiments,
differences between experimental groups were determined by ANOVA followed by a Tukey
post-hoc test. All data are expressed as mean + SE.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Prevention of the Warburg Effect in Colon Carcinoma Cells
(A and B) Glucose-6-phosphate (A) and lactate (B) levels in HCT116 colon cancer cells
grown in low or high glucose conditions and in noncancerous fetal human colonocyte (FHC)
epithelial cells. Results are from 3 independent experiments and are presented as mean = SE
with significant differences indicated (***p < 0.001).
(C) Confocal microscopic images of colonocytes showing MitoTracker Red as a measure of
oxidative metabolism (top row), MitoTracker Green as a measure of total mitochondria
(middle row), and both MitoTracker probes merged (bottom row). The first four columns
correspond to HCT116 cells grown in low or high glucose as indicated. The final three
columns are two positive controls consisting of noncancerous human and mouse colonocytes
followed by a negative control where the mouse colonocytes were treated with sodium azide
to block oxidative metabolism.
(D) Quantification of oxidative metabolism. Results are based on 20 cells per condition from
3 independent experiments and represent the mean * SE with significant differences
indicated (**p<0.01; n.s., not significant).
(E) Oxygen consumption rates (OCR) for HCT116 cells grown in low or high glucose
conditions and in FHC epithelial cells over a 1 hr period.
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(F) Western blot analysis of lactate dehydrogenase A (LDHA) levels in HCT116 cells at two
timepoints (48h and 72h) following RNAI (siLDHA) and in control cells (siMock). Tubulin
(lower panel) serves as a loading control.

(G) Lactate levels in siLDHA and siMock HCT116 cells. Results are from 3 independent
experiments and are presented as mean = SE with significant differences indicated (***p <
0.001).
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Figure 2. Butyrate-Induced Changesin Cell Proliferation and Apoptosis

(A) Butyrate levels in the lumen of proximal, medial, and distal segments of mouse colons.
(B) A model showing two butyrate gradients in the mammalian colon. The proximal-to-
distal luminal gradient arises because most bacterial fermentation occurs in the proximal
colon and butyrate that is not absorbed by proximal colonocytes moves distally with luminal
contents due to peristalsis. The luminal-to-crypt gradient arises because of peristalsis and the
upward flow of mucous produced by goblet cells as it is sloughed away from the epithelium
into the lumen.

(C and D) Changes in HCT116 cell number (C) and BrdU incorporation (D) in response to 3
days of butyrate or TSA treatment relative to untreated control cells. Cells were grown in
high glucose to facilitate the Warburg effect or either low glucose or siLDHA conditions
(but in high glucose) to prevent the Warburg effect from occurring. In panel A, the
histograms at the far left represent the growth of untreated control cells over the 3-day
period (set at 100%), and the other histograms with SE bars represent the corresponding
changes in cell growth relative to these controls. The histograms at the right that show
negative values in panel A have decreased numbers of cells compared to the start of the 3-
day culture period. Results are from 3 independent experiments.

(E) Changes in BrdU incorporation in response to 3 days of butyrate in FHC epithelial cells
grown in high glucose. Results are presented as mean + SE from 3 independent experiments
with significant differences indicated (*p < 0.05).
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(F) Flow cytometry displaying annexin V (x-axis) and propidium iodide (y-axis) levels in
HCT116 cells grown in the presence (top row) or absence (bottom row) of the Warburg
effect as indicated at the left. Cells were untreated or treated with either butyrate or TSA
(from left to right, as indicated at the top). The percentage of cells positive or negative for
annexin V and Pl are indicated within the quadrants. Results are representative of 3
independent experiments.
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Figure 3. The Warburg Effect I nfluences Ener getic and Epigenetic Mechanismsthat Regulate
Cedll Proliferation and Histone Acetylation

(A and B) Changes in BrdU incorporation in HCT116 cells in response to butyrate or TSA
treatment relative to untreated control cells in the absence (A) or presence (B) of the
Warburg effect. The effect of etomoxir and vehicle on BrdU incorporation was evaluated
under each condition. Results in each panel are from 3 independent experiments and are
presented as mean + SE with significant differences indicated (*p < 0.05; **p < 0.01
compared to no-butyrate control; n.s., not significant).

(C) Western blot analysis showing global H3ac levels (top panels) in HCT116 cells in the
presence (left panel) or absence (right panel) of the Warburg effect. Cells were either
untreated or treated with butyrate as indicated at the bottom. Total H3 (middle panels) and
B-actin (bottom panels) served as loading controls.

(D) Western blot analysis of H3ac (top panel), total H3 (middle panel), and p-actin loading
control (bottom panel) in fetal FHC epithelial cells that were untreated or treated with
butyrate as indicated.

(E) Western blot analysis of acetyl-p53 (Ac-p53) and acetyl-tubulin (Ac-Tubulin) in
HCT116 cells in response to butyrate in the presence or absence of the Warburg effect. p53,
[-actin, and tubulin were analyzed as loading controls. The p53 experiments were
performed on HCT116 cells following exposure to ionizing radiation.

(F) 13Cy4-butyrate concentration within nuclei isolated from HCT116 cells that were
untreated (0.0 at bottom) or treated with 13C4-butyrate (at 0.5- or 5-mM as indicated at the
bottom). Cells were grown in the presence or absence of the Warburg effect as indicated.
Measurements were based on analysis of LC-MS spectra from three independent
experiments and are presented as mean + SE. The limit of detection for 13C,-butyrate was
0.5 pM.
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Figure 4. Butyrate I ncreases Histone Acetylation in an ACL-Dependent Manner

(A) A model for two butyrate-induced histone acetylation mechanisms. In addition to acting
as an HDAC inhibitor (depicted by the horizontal line at the bottom), butyrate can act as an
acetyl-CoA donor and stimulate HAT activity (depicted by the vertical line pointing
downward at the right). See text for a detailed description.

(B) Total ACL protein levels in HCT116 cells grown in the presence (+) or absence (=) of
the Warburg effect for 3 days. ACL levels were normalized to $-actin and are presented as
mean relative units + SE (*p < 0.05) based on 3 independent experiments.

(C) Western blot analysis for ACL (top panels), p-actin loading control, H3ac, and total H3
(bottom panels) in siMock (left) and siACL (right) HCT116 cells that were untreated or
treated with butyrate as indicated at the bottom.

(D) Quantification of the ACL dependence versus independence of butyrate-induced H3ac
from western blots. H3ac levels were normalized using p-actin. Each butyrate treatment had
the untreated value subtracted, and the siACL/siMock ratio was computed. Results are from
3 independent experiments.

(E) Western blot analysis of ACL phosphorylated at Ser454 (top panel), p-actin loading
control (middle panel), and H3ac (bottom panel) in primary colonocytes freshly isolated
from C57BL/6 mice. Colonocytes were treated with butyrate and/or radicicol (as indicated at
the bottom) as they were being harvested over a 60-minute period.

(F) Western blot analysis for ACL (top panel), p-actin loading control (middle panel), and
H3ac (bottom panel) in siMock and siACL HCT116 cells that were treated with vehicle or
TSA as indicated at the bottom.
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Figure5. Butyrateisa Carbon Donor for Acetyl-CoA and Histone Acetylation

(A and B) Nuclear acetyl-CoA levels (A) and HAT activity (B) in siMock and siACL (as
indicated at the top) HCT116 cells. Cells were untreated or treated with butyrate as indicated
at the bottom. Results are from 3 independent experiments and are presented as mean + SE
with significant differences indicated (*p < 0.05; **p < 0.01 compared to no-butyrate
control; n.s., not significant).

(C) LC-MS chromatograms of hydrolyzed histones from HCT116 cells treated with 0.5 mM
of uniformly labeled 13C4-butyrate for 3 days. The 13C,-acetate peak is larger in siMock
cells (top spectrum) than siACL cells (bottom spectrum) as indicated by the numbers, which
correspond to the area under the peaks.

(D) Quantification of 13C,-acetate levels from hydrolyzed histones isolated from untreated
or 13C,-butyrate-treated siMock and SiACL HCT116 cells. The results are normalized to
histone levels (as indicated on the y axis) and are presented as the mean + SE from 3
independent experiments.
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Figure 6. Butyrate Regulates Gene Expression Using ACL -Dependent and -I ndependent

M echanisms

(A) Western blot analyses of HCT116 cells used for transcriptome profiling. ACL (top
panel) and B-actin loading control (bottom panel) levels are shown in siMock and siACL
cells in response to different butyrate treatments.

(B) Venn diagram showing the overlap between genes upregulated by butyrate at doses of
0.5, 2, and 5 mM.

(C) Pie charts showing the percentage of genes upregulated by 0.5-mM (left), 2-mM
(middle), and 5-mM (right) butyrate in an ACL-dependent (white) and -independent (gray)
manner. Beneath the 2 mM and 5 mM pie charts are two additional pie charts. The chart
shown on the left corresponds to genes that were also upregulated at the previous dose
(shared). The chart shown on the right corresponds to genes that were not upregulated at the
previous dose (newly induced).

Mol Cell. Author manuscript; available in PMC 2013 November 30.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

o

BASE

Donohoe et al. Page 26
A B Dependent= Independent
Proliferation Genes Apoptotic Genes 8 | GPRIN1
60 .~ 60 - [ siMock
5 S §  |[@Fs 5 ||:| ance | [F ]
£ OPGF £ O WNT10B £ 61
€ 40 £ 40 €
Iy v iy
Q
I 3 3 *
< 20 < 20 z
2 2 2,
g L 5°
€ o4 . . . < o4 . . . 2 M | | |
0 05 5 0 0.5 5 0
Butyrate (mM) Butyrate (mM) 0 0.5 5 0 0.5 5
Butyrate (mM)
30 Dependent=> Independent Dependent-> Independent
1 - SLC22A17 6 SLC36A1
§ 2 {[Foncr = |[@sMock
% g 5 1|0siACL C PROXIMAL DISTAL
2 20 4 5
< g 3
o) <
£ 10 1 % 5 LUMEN HDAG Exfoliate
>
K] = o |— —®
g 59 § 1 |—l_| |_l—| E'_.' @L
0+ [ Ij |_l_| [ ] ® | |V Proliferation
0 T T T T T T " — — M Apoptosis
0 05 5 0 05 5 0o 05 5 0 05 5 | @ ®
.
Butyrate (mM) Butyrate (mM) —— L
Dependent-> Independent Dependent=> Dependent L U
501 25 GPATCHS8 - ™ 0
5 Mook ADPRHL1 — = O siMock | 9
£ D siMoc g , O siACL o [*]
£ 40 {|OsiACL E J -
2 C o
& 304 515 — HAT [}
Q
2 < o —
< © N Proliferation )
s ] D
% 10 4 5 o0s o Io_‘
L « CRYPT -
—— + r T T T T T T " . . . .
5 0 05 5

5 0 05 5 0 05

Butyrate (mM) Butyrate (mM)

Figure 7. Butyrate Induces Histone Acetylation by Dual M echanisms

(A, B) Quantitative ChIP assays showing H3ac enrichment at the promoters of genes in
HCT116 cells that were untreated or treated with butyrate as indicated. In panel A, the most-
highly induced cell proliferation (left) and apoptotic (right) genes are shown. In panel B, the
assays were performed under siMock and siACL conditions. The first 4 panels correspond to
genes (SLC22A17, SLC36A1, GPRIN1, ADPRHL 1) whose expression switched from ACL
dependence at 0.5 mM to ACL independence at 5 mM. The final gene (GPATCHS) was
expressed in an ACL-dependent manner at both doses. gPCR results for each ChIP were
normalized to input, and the values of the untreated samples (0-mM butyrate) were set at
1.0. The 0.5- and 5-mM butyrate-treated samples are presented as histograms that show
H3ac enrichment relative to the untreated controls. Each histogram represents the mean +
SE for 3 independent experiments.

(C) A model depicting how butyrate might regulate histone acetylation and cellular turnover
in the colonic epithelium. Butyrate is produced by microbiota in the proximal lumen, and
mucous flow and peristalsis result in butyrate concentration gradients shown as two shaded
bars. Near the crypt base, where butyrate concentrations are relatively low (0.5 mM), most
of the butyrate molecules are metabolized and contribute to histone acetylation by the
acetyl-CoA/HAT mechanism. This is associated with the proliferation of mitotically-active
colonocytes. Near the lumen, butyrate concentrations are relatively high (5 mM) and exceed
the concentration (1-2 mM) that can be metabolized efficiently. As a result, butyrate
accumulates in the nucleus and acts as an HDAC inhibitor (HDACI). These colonocytes are
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not mitotically active, undergo apoptosis, and exfoliate into the lumen. Due to the Warburg
effect, cancerous colonocytes (labeled with a star) metabolize relatively little butyrate
regardless of their position within the epithelium. Consequently, the HDAC inhibition
mechanism predominates, and butyrate is associated with decreased proliferation and
increased apoptosis.
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