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SUMMARY

Differences in global levels of histone acetylation occur in normal and cancer cells, although the
reason why cells regulate these levels has been unclear. Here we demonstrate a role for histone
acetylation in regulating intracellular pH (pH;). As pH; decreases, histones are globally
deacetylated by histone deacetylases (HDACS), and the released acetate anions are coexported
with protons out of the cell by monocarboxylate transporters (MCTS), preventing further
reductions in pH;. Conversely, global histone acetylation increases as pHi rises, such as when
resting cells are induced to proliferate. Inhibition of HDACs or MCTSs decreases acetate export
and lowers pHi;, particularly compromising pH; maintenance in acidic environments. Global
deacetylation at low pH is reflected at a genomic level by decreased abundance and extensive
redistribution of acetylation throughout the genome. Thus, acetylation of chromatin functions as a
rheostat to regulate pH; with important implications for mechanism of action and therapeutic use
of HDAC inhibitors.

INTRODUCTION

Targeted acetylation of lysine residues of histone proteins at distinct genomic loci is linked
to regulation of essentially all DNA-templated processes, including transcription,
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replication, repair, recombination, and the formation of specialized chromatin structures
such as heterochromatin (Kouzarides, 2007). For example, alterations in histone acetylation
at select gene promoters—via recruitment of histone acetyltransferases (HATS) and histone
deacetylases (HDACs) by sequence-specific DNA-binding transcription factors—regulate
the transcriptional activity of the targeted genes (Ferrari et al., 2012). Histone acetylation
regulates such DNA-templated processes by influencing the local chromatin structure and by
regulating the binding or exclusion of bromo-domain-containing proteins to and from the
chromatin (Shogren-Knaak et al., 2006; Taverna et al., 2007). The role of histone acetylation
has largely been interpreted in this local, site-specific context (Margueron et al., 2005; Zhou
et al., 2011). However, histone acetylation levels also differ at a cellular or global level
(Horwitz et al., 2008; VVogelauer et al., 2000). Examination of acetylation by methods that
assess total histone content—such as western blotting (WB) or immunohistochemistry (IHC)
—has revealed heterogeneity in the levels of global histone acetylation in different tissues
and cell types (Ferrari et al., 2012; Iwabata et al., 2005; Suzuki et al., 2009). IHC studies on
a variety of primary cancer tissues have shown that an increased prevalence of cells with
lower cellular levels of histone acetylation is associated with more aggressive cancers and
poorer clinical outcome such as increased risk of tumor recurrence or decreased survival
rates (Elsheikh et al., 2009; Fraga et al., 2005; Manuyakorn et al., 2010; Seligson et al.,
2005, 2009). Such associations underscore the biological relevance of global differences in
histone acetylation levels. However, very little is known about what function(s) the changes
in global levels of histone acetylation serve for the cell. While a few studies have shown the
necessity for a pool of acetyl coenzyme A (ac-CoA) to maintain global histone acetylation
(Friis et al., 2009; Takahashi et al., 2006; Wellen et al., 2009), the biological factor(s) in
response to which global histone acetylation levels change and what cellular processes are
affected by this outcome have remained unknown (Friis and Schultz, 2009).

Cycles of histone acetylation and deacetylation occur continuously and rapidly throughout
the genome, consuming ac-CoA and generating negatively charged acetate anions in the
process. Since ac-CoA and acetate anions participate in many metabolic processes, we
hypothesized that histone acetylation may be linked to certain metabolic or physiologic cues.
We therefore systematically studied how global levels of histone acetylation change in
response to alterations of various components of the standard tissue culture medium
(Dulbecco’s modified Eagle’s medium, DMEM). Strikingly, we found that as intracellular
pH (pH;) is decreased, histones become globally hypoacetylated in an HDAC-dependent
manner. The resulting free acetate anions are transported with protons by the proton (H*)-
coupled monocarboxylate transporters (MCTSs) to the extracellular environment, thereby
reducing the intracellular H* load and resisting further reductions in pH;. As pH; increases,
the flow of acetate and protons is favored toward the inside of the cell leading to global
histone hyperacetylation. Our data reveal that chromatin, through the basic chemistry of
histone acetylation and deacetylation, coupled with MCTs, function as a system for
rheostatic regulation of pH;.

Glucose, Glutamine, or Pyruvate Is Required to Maintain Global Histone Acetylation

The metabolites in standard DMEM that are required to maintain a pool of ac-CoA for
histone acetylation have not been systematically identified. Thus, we began by asking if any
or all of the ac-CoA producing sources in DMEM are required to maintain steady-state
levels of histones H3 and H4 acetylation. These sources potentially include glucose (G),
glutamine (Q), pyruvate (P) and the 14 other amino acids (aa) present in DMEM. HelLa and
MDA-MB-231 (231) cells were cultured for 16 hr in complete medium or in medium
lacking all or one of the potential ac-CoA sources. Simultaneous removal of GQP and aa led
to significant (~40%-99%) reduction in the acetylation of multiple lysine residues on
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histones H3 and H4 (Figures 1A and S1A, lane 2, available online). Elimination of G, Q, P,
or aa individually had little or no effect on histone acetylation. These results suggest that the
pool of ac-CoA that is used for histone acetylation derives from one or more of these carbon
sources.

To determine which of these carbon sources are necessary to maintain histone acetylation,
Hela, 231, and IMR90 normal primary lung fibroblasts were cultured for 16 hr in medium
with all ac-CoA sources, none, or a single ac-CoA source. Cells that - were cultured in only
G, Q, or P maintained normal levels of histone acetylation in cancer cells and substantial
amounts in IMR90 fibroblasts (Figures 1A, 1B, and S1A). However, histone acetylation was
significantly reduced in the presence of all other aa. We conclude that G, Q, or P—but not
the remaining aa present in DMEM—are sufficient to maintain normal levels of histone
acetylation. It is interesting that, in the absence of GQP and aa, although histone acetylation
was significantly decreased, we observed up to an 8-fold increase in tubulin acetylation
(Figures 1C and S1B). Higher tubulin acetylation suggests that cellular pools of ac-CoA are
not completely depleted when GQP are removed. Therefore, the loss of histone acetylation
may be partly due to selective allocation of ac-CoA to other molecular processes under GQP
starvation.

Minimal Amounts of G or Q Are Required to Maintain Normal Levels of Histone Acetylation

We next tested whether global levels of histone acetylation change with varying
concentrations of G or Q as the sole ac-CoA source. As expected, at zero concentration of G
or Q, histone acetylation was significantly reduced after 16 hr of culture (Figures 1D and
S1C, lanes 6 and 12). It is surprising however, that global levels of histone acetylation
remained largely unchanged over a 45-fold range of G concentration (0.1-4.5 g/l) and a 20-
fold range of Q concentration (0.1-2 mM) (Figures 1D and S1C), which include
concentrations insufficient to maintain cell growth and replication. These data indicate that
global levels of histone acetylation do not change dose-dependently in response to variation
in G and Q concentrations within the range tested.

Vitamins, Calcium, and Phosphate Do Not Affect the Global Levels of Histone Acetylation

We next asked whether global levels of acetylation change in response to the vitamins,
cofactors, or salts present in DMEM (see Supplemental Experimental Procedures). Culturing
HelLa cells for 16 hr in media with varying amounts of vitamins and cofactors in the
presence or absence of carbon sources did not significantly affect the global levels of histone
acetylation (Figure S1D). Calcium (Ca%*) can enhance the permeability of the mitochondrial
membrane to ac-CoA in the presence of phosphate (Benjamin et al., 1983). However,
reducing the amount of Ca2* in the presence or absence of phosphate did not lead to
significant changes in the global levels of histone acetylation in HeLa or 231 cells after 16
hr of culture (Figures 1E and Figure S1E). We conclude that global levels of histone
acetylation do not change significantly in the absence of vitamins and cofactors or Ca2* and
phosphate.

Global Levels of Histone Acetylation Change in Response to pH

Finally, we asked whether the buffering component and the resulting pH of the medium
could affect histone acetylation. Changes in pH, are known to induce corresponding changes
in pH; (Fellenz and Gerweck, 1988; Mizuno et al., 2002). We measured pH; in our cell lines
at different bicarbonate concentrations (i.e., different pH, levels) using the pH-sensitive dye
BCECF-AM (see Experimental Procedures). Consistent with previous reports (Wong et al.,
2002), we found that decreasing pHg led to decreasing pH;j, with the range of pH; changes
(6.3-7.3) being more restricted than that of pHg changes (5.9-7.6) (see top graphs in Figures
2A and S2A). Varying bicarbonate concentration from 45 mM to 10 mM resulted in pHe
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values that led to slight changes in pH; and histone acetylation (Figures 2A and S2A, lanes
1-3). However, decreasing bicarbonate from 10 mM down to 1 mM resulted in pH¢ values
that resulted in pronounced effects on pH; and significant reductions in histone acetylation
as assessed by WB (Figures 2A and S2A, lanes 3-5) and immunofluorescence (Figure 2B).
Acetylation of the cytoplasmic pool of histones was affected by pH in a similar manner
(Figures 2C and S2B). The effect of pH, on histone acetylation was not limited to cancer
cells but was also observed in H1 human embryonic stem cells, IMR90 normal primary lung
fibroblasts, and even in Saccharomyces cerevisiae, suggesting that changes in histone
acetylation in response to varying pH is a fundamentally conserved process (Figure S2C). It
is important to note that acetylation in yeast was reduced at levels of pH, (~pH 4.0) that
have the most pronounced effects on pH; (Valli et al., 2005).

Histone acetylation was also significantly reduced at low pH when the culture medium was
buffered with HEPES instead of bicarbonate (Figures 2D and S2D). This suggests the
reduction in acetylation at low pH was in fact due to changes in pH and not to a reduction in
bicarbonate concentration. The reduction in acetylation was also not due to changes in
acetyl-CoA concentration (Figures 2E and S2E) but was dependent on the activity of class |
and Il HDACs. Treatment of cells with HDAC inhibitors Trichostatin A (TSA) and sodium
butyrate, but not nicotinamide, prior to lowering the pH, blocked the effects of pH on
acetylation (Figures 2F and S2F). In addition, deletion of the major HDACs, RPD3 and
HDAL, in yeast also greatly diminished the pH-induced hypoacetylation, confirming the
requirement for HDAC activity (Figure S2C, lanes 13 and 14). In all pH-related
experiments, histone methylation levels at multiple sites were largely unaffected, suggesting
that the effect of pH on histone acetylation is not due to general impairment of the cellular
posttranslational machinery (Figure 2G). It is interesting that tubulin acetylation was only
minimally affected as pH; decreased, indicating some degree of specificity for histone
acetylation (Figures 2H and S2G). We conclude that global levels of histone acetylation
change in response to pH;, with increased deacetylation of histones occurring at lower
values of pH;.

The pH-Induced Changes in Histone Acetylation Levels Do Not Require Specific Carbon
Sources or Salts

Lowering pHg in the presence of only G, Q, or P resulted in reduction of histone acetylation
(Figures 3A and S3A), indicating that the effect of pH on histone acetylation is independent
of the source of ac-CoA. Next, we asked if specific salts are required for hypoacetylation of
histones at low pH. Cells were cultured at normal and low pHg in the presence and absence
of sodium (Na*) or chloride (CI7), using Q as the ac-CoA source. We found that global
histone acetylation decreased in low pHj regardless of the presence of either ion (Figures 3B,
3C, S3B, S3C). Ca%* and phosphate were also not required for pH-mediated changes of
histone acetylation levels, regardless of whether the cells were deprived of these salts for
several days prior to lowering the pH (Figures 3D and S3D) or deprived at the same time the
pH was decreased (Figure S3E). We conclude that the alteration of histone acetylation levels
in response to pH does not depend on a specific carbon source or extracellular Na*, CI~,
Ca?* or phosphate.

Acetylation of H4K16 Is Decreased and Drastically Redistributed at Low pH

To determine how the pH-induced changes in global levels of acetylation map to specific
genomic loci, we treated HeL a cells for 4 hr at pH, 7.4 or pH 6.5 and then performed
chromatin immunoprecipitation sequencing (ChiP-seq) analysis of H4K16ac. (For each pH
treatment, both input and immunoprecipitated DNA were sequenced.) Consistent with the
global decrease in H4K16ac levels, there were significant reductions in both the number of
base pairs covered as well as the total number of genomic loci significantly associated with
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H4K16ac at low pH (Figure 4A). Clustering of the significant peaks of H4K16ac revealed
drastic redistribution and decreased overall intensity of this acetylation site at low pH.
Figure 4B shows the clusters of H4K16ac peaks (heat maps), the average value of each
cluster (line graphs), and the genomic distribution of the peaks (pie charts) with associated
gene ontology. Cluster 1 contained 2,751 peaks of H4K16ac in high pH, which were
essentially fully deacetylated at low pH. These peaks are mostly near transcription start sites
(TSS) and introns of genes whose gene ontology (GO) terms include in protein synthesis
and cell cycle control. Cluster 2 contained 595 peaks that were present at both pH values but
with much decreased intensity at low pH. More than 90% of cluster 2 peaks occur at TSS
and introns of genes enriched in GO terms encoding ribonucleoproteins including
mitochondrial and cellular ribosomal protein genes as well as, interestingly, the NuA4 HAT
complex that acetylates histone H4 (Arnold et al., 2011). Cluster 3 contained 1,971 new
peaks of H4K16ac at low pH, which are mostly in regions away from TSS and are
associated with GO terms including spindle organization and replicative senescence.

We also performed mRNA sequencing (mMRNA-seq) under the same conditions to correlate
the redistribution of H4K16ac to changes in gene expression. Compared to high pH, 740
genes were upregulated greater than 2-fold at low pH, including histone genes and genes
involved in regulation of transcription, signaling, and metabolism (Table S1). A total of 838
genes were downregulated greater than 2-fold at low pH with functions in plasma membrane
and extracellular matrix biology (Table S1). It was surprising that there were no significant
changes in the average expression of genes in the three acetylation clusters (Figure 4C). We
conclude that treatment at low pH results in elimination of most H4K16ac peaks and re-
establishment of less than half as many peaks with lower intensity at new genomic locations
predominantly away from TSS regions. This redistribution does not significantly correlate
with gene expression after 4 hr of treatment at low pH.

Changes in Histone Acetylation in Response to Nutrient Availability and pH Occur via
Different Mechanisms

We next performed kinetic experiments to compare the histone acetylation changes that
occur in response to the acidification of the intracellular milieu to those resulting from
changes in nutrient availability. First, we performed time course experiments to examine the
kinetics of the decrease in acetylation upon each type of treatment. HelLa and 231 cells were
cultured for 1, 2, 4, 8, and 16 hr at normal or low pH in the presence or absence of GQP
(Figures 5A and S4A). Removal of GQP at normal pH resulted in a gradual decrease in
histone acetylation over 16 hr (compare solid and dashed green lines). In contrast,
acidification of the medium in the presence of GQP resulted in an abrupt decrease in
acetylation at 1 hr, which then remained relatively constant over time (compare solid green
and orange lines). In addition, removal of GQP in the low pH medium resulted in a sharp
decrease in acetylation during the first hour, followed by a gradual decline over 16 hr
(compare solid and dashed orange lines). These data indicate that the kinetics of
hypoacetylation in response to acidic pH; and to GQP deprivation are markedly different.

Second, we performed time course experiments to investigate the kinetics of the recovery of
histone acetylation in cells that were returned to steady-state culture conditions after being
treated at low pH or being deprived GQP. HeLa and 231 cells were cultured for 16 hr at pH,
7.4 or 6.5. A cohort group of cells were cultured for 16 hr in medium with or without GQP
at pHe 7.4. In each case, the cells were then returned to normal culture conditions for various
amounts of time as shown in Figures 5B and S4B. The recovery of acetylation upon
returning GQP was gradual and required ~24 hr to return to steady-state levels (compare
purple and green lines). The recovery of acetylation upon return to a normal pH, was much
faster (compare purple and orange lines). These data show that the Kinetics of acetylation
recovery are also different for cells treated at low pH versus those that have been GQP
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starved. Together with the differential effects on tubulin acetylation, we conclude that
medium acidification and nutrient deprivation affect histone acetylation by distinct
mechanisms.

Decreased pH Results in an HDAC-Dependent Excretion of Acetate and Protons by MCTs

Since the levels of acetylation were regulated in response to pH, we hypothesized that
histone acetylation may impact cellular control of pH;. While deacetylation of lysines in and
of itself has no net effect on pH;, export of free, negatively charged acetate anions, which are
membrane impermeable (Walter and Gutknecht, 1984), through the H*-coupled MCTs
would buffer against further acidification of pH; by decreasing the intracellular H* load. As
obligate H* symporters, MCTs 1-4 bidirectionally cotransport acetate and other small
organic anions—such as lactate—with a H*, thereby participating in pH; regulation (Boron
et al., 1988; Halestrap and Meredith, 2004).

To determine if HDAC-derived acetate anion is excreted increasingly as pH decreases, we
incubated cells with 3H-acetate in complete medium for 1 hr in order to label histone acetyl
groups (Carmen et al., 1996). Following a 30 min chase, HeLa and 231 cells were treated in
media of varying pH, which was assayed for released tritium (3H) at the indicated time
points in Figure 6A. (Note that at each time point, the entire volume of medium was
removed for liquid scintillation counting and fresh medium was added.) Incubation in
decreasing pH, resulted in immediate, dose-dependent increases in the appearance of 3H for
up to 30 min, which we attribute to acetate anion released from the cell (Figure 6A). The fast
nature of the response is consistent with other regulators of pH; (Hulikova et al., 2011). To
determine if global histone acetylation is affected in a similarly short time period, we
performed kinetic studies analogous to those done in Figure 5 but on a shorter time scale.
Loss of global acetylation at most sites examined was detected by WB at 30 min after
lowering pHe (Figure S5A). It is possible that histones are deacetylated at earlier time points
but at levels below the sensitivity of the antibodies used in this study. Indeed, we detected
recovery of acetylation as early as 5 min after return to normal pH, (Figure S5B). We
conclude that global deacetylation of histones in response to pH is associated with increased
excretion of acetate anion from cells.

The appearance of 3H in the media at both normal and low pH was significantly decreased
by treating cells for 30 min with the MCT1/MCT4 inhibitor a-cyano-4-hydroxycinnamate
(CNCn) after the labeling step but before addition of medium at normal or low pH (Figure
6B). In addition, the class | HDAC inhibitor TSA inhibited the increase in the appearance

of 3H in the media at low pH, (Figure 6C). These data suggest that histones are globally
deacetylated at low pH in an HDAC-dependent manner with subsequent excretion of acetate
anion and protons from the cell through the MCTs.

The potential of HDAC-dependent, H*-coupled acetate excretion to regulate pH; depends
upon sufficient rates of acetate excretion. To determine the rate of acetate excretion from
cells, we used an enzyme-based assay to measure the amount of acetate in culture media
from 231 cells incubated in DMEM of varying pHe for 30 min. Assuming an average cell
volume of 500 fl (Kim et al., 2007), we found that, as the pH, was decreased in a stepwise
manner, the rate of acetate anion excretion increased from ~0.43 mM/min at pH, 7.4 to
~0.74 mM/min at pH, 6.7, reaching a rate of ~0.96 mM/min at pH, 6.1 (Figure 6D). This
rate of acetate and H* secretion is within the range of other known regulators of pH; such as
NHEZ1, which, for example, secretes protons from acid-loaded (pH; of 6.8) HeLa and MDA-
MB-468 cells at a rate ~0.5 mM/min and ~2.0 mM/min, respectively, at a pH, of 6.8
(Hulikova et al., 2011). Since MCT-dependent efflux of acetate anions and protons has a 1:1
stoichiometry, the acetate efflux rate could significantly contribute to pH; regulation by
enabling efflux of protons at the same rate. It is important to note that levels of acetylation
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were increased in 231 cells that were treated with TSA after they had been cultured at low
pH. (Figure 6E). This suggests that HAT activity is maintained at low pH, thereby ensuring
a steady supply of acetate anions.

Inhibition of HDACs or MCTs Decreases pH;

Our data predict that HDAC inhibition should decrease pH; by preventing the release of
acetate from histones, thereby reducing the ability of MCTs to couple H* efflux to acetate
anion efflux. Treatment with increasing concentrations of TSA in complete medium at
normal pHe resulted in a dose-dependent decrease of pH; in both HeLa and 231 cells
(Figures 7A and S6A, left panel). This effect was not due to passive acidification

of the intracellular environment by TSA—which is weakly acidic—as cotreatment with TSA
and ITSA-1, an inhibitor of TSA (Koeller et al., 2003), blocked the TSA-induced
acidification of pH; (Figures 7A, middle panel and S6A, right panel). Since histone
deacetylation and acetate anion excretion is increased as pH; decreases, we reasoned that
inhibition of HDACs may have more pronounced effects on pH; in more acidic conditions.
Indeed, this was the case. Treatment of cells with 100 nM TSA had little effect on pH; at
normal pH but disrupted the ability of cells to maintain their pH; at lower values of pH,
(Figure 7A, right panel). The effect of HDAC inhibition on pH; was not limited to TSA as
the HDAC inhibitors Panobinostat (LBH589) and sodium butyrate (which are both weak
acids) and Apicidin (a cyclic peptide antibiotic which is not an acid) all caused dose-
dependent decreases in pH; (Figure 7B). Nicotinamide, a sirtuin HDAC inhibitor, had
essentially no effect on pH; at any pH, tested (Figures 7B and S6B).

Our data also predict that inhibition of MCTSs should lead to decreases in pH; by diminishing
the rate of H*-coupled acetate excretion. Indeed, treatment with CNCn in complete medium
with decreasing pHe resulted in decreased pH; (Figures 7C, left panel and S6C, top left
panel). It is important to note that the effects of CNCn on pH; of HeLa cells were most
prominent at lower values of pH., where global histone acetylation is decreased and rates of
acetate anion excretion are increased. In addition, knockdown of MCT1 also resulted in
reduced pH; compared to cells treated with nontargeting siRNAs (Figure 7C, right panel).

Since the effect of MCT inhibition on lowering pH; could potentially be explained by
inhibition of lactate rather than acetate excretion, we examined the rates of lactate excretion
at varying pHe. We found that, as pHg was decreased, the rate of lactate excretion was
drastically reduced in both HeLa and 231 cells (Figures 7D and S6C, lower left panel) and
became even slower than that of acetate excretion at lower values of pH, in G-deprived 231
cells (Figure S6C, lower right panel). It is important to note that MCT inhibition under G-
deprived conditions still resulted in decreased pH; (Figures 7D, right panel and S6C, top
right panel). It is interesting that MCT inhibition by CNCn did not affect pH-induced histone
hypoacetylation, indicating that histone deacetylation is not dependent on acetate excretion
(Figure S6D). Taken together, these results indicate that decreasing acetate release from
histones by HDAC inhibition or efflux from the cell by MCT inhibition results in lower pH;.

Rapid Cell Proliferation Is Associated with Increased pH; and Histone Hyperacetylation

Although our pH experiments were all done at pH, values that are known to occur in certain
cancer tissue (Zhang et al., 2010), we wished to investigate a system in which pH; changes
independently of pH.. Considering that rapidly dividing cells have higher pH; than
nondividing cells (Reshkin et al., 2000), our data predict

that changes in proliferation are associated with changes in histone acetylation. To test this
prediction, we used an in vitro system that mimics the physiological stimulation of T cells to
proliferate by antigen-presenting cells (Trickett and Kwan, 2003). Stimulation of
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proliferation of normal, primary peripheral blood T cells—as evidenced by the incorporation
of 5-ethynyl-2’-deoxyuridine (EdU)—Ied to an increase in overall cell number after 48 hr
(Figure 7E). In agreement with previous reports (Bental and Deutsch, 1994), the activation
of T cells was associated with an increase in pH; independent of changes in pHe. As
predicted, increased pH; was associated with an increase in global histone acetylation
(Figure 7F). These data indicate that in physiological conditions in which pH; is affected
independently of pHe, global histone acetylation levels change correspondingly.

DISCUSSION

Cells have developed multiple mechanisms to maintain and regulate pHj; in response to
changes in pH, or increased acid production within the cell (Casey et al., 2010; Parks et al.,
2011). These mechanisms include Na*/H* and Cl~/bicarbonate exchangers, H* pump
ATPases, and bidirectional transport of organic acids by H*-coupled MCTs (Cardone et al.,
2005; Wahl et al., 2002). Notably, the MCTs contribute to pH; regulation particularly at low
pH, values (Cardone et al., 2005) in tissues such as muscle during exercise (Messonnier et
al., 2007) and in certain cancer cells (Wahl et al., 2002). Our data now reveal that the
dynamic acetylation and deacetylation of histones together with flux of acetate anions and
protons in and out of the cell through the MCTs provides an additional mechanism for cells
to modulate their pH;. Deacetylation of histones releases acetic acid from chromatin. Owing
to its pKa of 4.74, acetic acid immediately releases a proton that is readily accepted by the e-
amino group (pKa 10.5) of the deprotonated lysine within physiologically relevant pH
range. The impermeability of the acetate anion to the plasma membrane necessitates a
transporter for the movement of acetate in and out of the cell. This need is met in part by the
proton-coupled MCTs, imparting chromatin with the capability to serve as a buffer of pH;.
Whether the acetate molecules serve additional functions once excreted from the cell
remains to be determined.

The mechanism(s) by which pH affects global histone acetylation levels remains to be
determined, but our data suggest that HAT activity is not compromised and that the activity
of HDAC:s is required. It is possible that, at low pHj levels, the balance of histone
acetylation and deacetylation is shifted toward the latter, resulting in continual generation of
free acetate anions for H* transport by MCTs. This would result in the appearance of
globally hypoacetylated histones but increased production of acetate anions due to continued
activity of HATSs (see Graphical Abstract). Different sites of histone acetylation may also
respond differently to changes in pH. We consistently observed more reduction in global
levels of histone H4 than H3K18ac, suggesting that some fraction of H3K18ac may be
protected against or unresponsive to pH alterations.

At a molecular level, global hypoacetylation of H4K16 at low pH is associated with
elimination of 82% of peaks that are normally present at high pH and with decreased
intensity of the remaining 18% of the peaks. Conversely, novel peaks of H4K16ac are
established at low pH, covering less than half as many regions of the genome as in a high pH
condition. It is interesting that many more peaks of H4K16ac are associated with promoter
regions at high pH compared to low pH. Despite the widespread decrease and redistribution
of H4K16ac, there was essentially no correlation with the gene expression changes that
occurred at low pH in the same time frame. It is possible that redistribution of H4K16ac
precedes corresponding changes in gene expression that may occur at a later time point or
that other sites of histone acetylation correlate better with transcriptional changes.
Nonetheless, our data suggest that rapid changes in gene expression are decoupled from
hypoacetylation and redistribution of H4K16ac in response to low pH.
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Participation of histone acetylation in pH regulation is consistent with the long-standing
phenomenon that acetyl groups of histones have a rapid turnover rate, on the order of a few
minutes (Waterborg, 2002). Such rapid turnover would be required for cells to respond
swiftly to pH fluctuations. Our data may also be of particular relevance to cancers with low
levels of histone acetylation that display a poor clinical outcome (Manuyakorn et al., 2010;
Seligson et al., 2009; Suzuki et al., 2009). Cancer tissues displaying low levels of histone
acetylation may have enhanced acetate and proton efflux, thereby contributing to an alkaline
pH; and an acidic pHe. Tumor microenvironments are commonly found to be acidic, and
some with pH values below 6.5 have been reported (Zhang et al., 2010). In addition, tumors
with an alkaline pH; and/or acidic microenvironment exhibit more aggressive phenotypes
(Harguindey et al., 2005; Lora-Michiels et al., 2006; Moellering et al., 2008; Perona and
Serrano, 1988; Reshkin et al., 2000; Rofstad et al., 2006). Our data also suggest that the use
of HDAC inhibitors as therapeutic agents in cancer treatment should also be considered
from the additional perspective that HDAC inhibition may disrupt the pH;-buffering
capacity of cells. Indeed, HDAC inhibitors other than those used in this study also lower pH;
(Chung et al., 2008), suggesting an alternative mechanism of action for this class of drugs.
Altogether, our findings uncover chromatin as an essential component of an alternative pH;
regulatory system involving histone acetylation and deacetylation and MCTs.

EXPERIMENTAL PROCEDURES

Cell Culture

Hela, 231, and IMR90 cells were maintained in DMEM supplemented with G, Q, P, sodium
bicarbonate, antibiotics, and 5% dialyzed fetal bovine serum (FBS). Experiments were
performed in the absence of serum, unless otherwise noted. H1 cells were maintained in
mTeSR1 medium (STEMCELL Technologies #05850) on Matrigel. T cells were purchased
from AllCells (PB009-1F) and were maintained in RPMI-1640 (ATCC #30-2001) with 10%
FBS (Hyclone #SV3001403) that was heat inactivated by treatment at 56°C for 1 hr.

WB Analysis

WBs were performed using the LI-COR Odyssey system. Blots were performed on acid-
extracted histones from isolated nuclei or on whole-cell lysates in the case of tubulin,
cytoplasmic histones, and MCT1. A representative blot of three or more independent
biological replicates is shown. Statistical analysis was performed in cases where at least
seven replicate data points were obtained.

Immunofluorescence

Cells were plated on chambered slides (Fisher #12-565-110N) in control medium and then
treated for 16 hr at the indicated pH. Cells were fixed in methanol and stained with the
indicated antibodies at 1:200 dilutions in PBS-Tween with 5% bovine serum albumin. Alexa
Fluor 488 goat anti-rabbit secondary antibody was used at 1:1,000 dilution. Images were
taken using an inverted fluorescent microscope and processed using Slidebook.

Measurements of ac-CoA

Cells grown on 10 cm dishes were treated for 4 hr in DMEM at pH 7.4 or 6.5. The plates
containing cells were then directly submerged in liquid nitrogen and shipped on dry ice to
the University of Michigan Metabolomics Resource Core for mass spectrometry
measurements (Lorenz et al., 2011).
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ChlIP-Seq and mRNA-Seq

Cells were cultured for 4 hr at the indicated pH in complete DMEM. DNA and RNA were
subjected to standard ChIP-seq and mMRNA-seq as previously described (Ferrari et al., 2012).
Briefly, sequenced reads were aligned to the human genome (Hg19), and only those that
matched a unique location with up to two sequence mismatches were retained. To define
peaks of enrichment, we segmented the human genome into 25 bp windows and compared
the ChIP and normalized input DNA read counts in each window. Using the Poisson
distribution, we calculated p values for the enrichment of ChIP reads in each window. A
cutoff p value <10~ was used to maintain a false discovery rate <1%. Significant peaks
were defined as those with a p value <10™* and with significant windows at the same p value
in the two neighboring windows.

Total RNA was extracted from cells using QIAGEN RNeasy Mini kit and treated with
Ambion’s Turbo DNase. Two micrograms of total RNA was used to start the library
preparation according to the manufacturer’s instructions (Illumina TruSeq RNA Sample
Preparation Kit). Libraries were sequenced using Illumina HiSeq system to obtain 50 bp-
long reads. Alignment of MRNA-seq reads to Human genome (Hg19) was performed using
default parameters of Tophat (Trapnell et al., 2009). SAMMate software (Xu et al., 2011)
was used to determine the transcript RPKM (reads per kilobase of exon per million of
reads).

Acetate and Lactate Excretion Assays

Cells grown in 10 cm dishes were incubated in 5 ml of medium at the indicated pH, for 30
min. Acetate was measured using the K-ACET Kkit, and lactate was measured using the K-
LATE kit (Megazyme) according to manufacturer’s instructions. We confirmed the
compatibility of all reagents used in experiments with this kit using the provided standards.
Note that an unknown compound in HelLa cell culture medium interfered with the reactions
of the K-ACET Kkit, precluding direct acetate measurement.

pH; Measurements

Adherent cells were grown on 35 mM poly-lysine-coated glass bottom dishes in the
presence or absence of pharmacological inhibitors or sSiRNA. Cells were loaded with 5
nmol/ml of the pH-sensitive dye BCECF-AM in EBSS for 25 min. We then determined pH;
by obtaining the ratio of emission at 535 nm wavelength for excitation wavelengths of 495
nm and 440 nm. The pH; of non-adherent T cells was obtained by flow cytometry. Cells
were resuspended in Earle’s balanced salt solution (EBSS) and loaded with 5 nmol/ml of the
pH-sensitive dye SNARF-1 for 30 min. The pH; was determined by obtaining the ratio of
emission wavelength of 580 and 640 nm for excitation wavelength of 488 nm. Ratios were
converted to pH using in situ calibration curves as described elsewhere (Nehrke, 2006).

T Cell Stimulation

T cells were stimulated to proliferate using recombinant human IL-2 (Invitrogen #CTP0021)
and CD3/CD28-coated Dynabeads (Invitrogen #111.31D) according to manufacturer’s
instructions. 5-ethynyl-2/-deoxyuridine (Invitrogen #C35002) incorporation was assessed by
flow cytometry according to manufacturer’s instructions.

Additional details are available in the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) WBs of histone acetylation in HeLa cells cultured for 16 hr in DMEM salts and vitamins
with the indicated ac-CoA sources. The bar graph shows average values + SD from 15
independent experiments and p value derived from the Student’s t test.
(B) WBs of acetylation in normal IMR90 fibroblasts cultured as in (A).
(C) WBs of tubulin and histone H4 acetylation in HeLa cells under conditions of G, Q, and

P deprivation.

(D) WBs of acetylation in HeLa cells cultured at the indicated concentrations of G or Q.
(E) WBSs showing the effects of varying concentrations of Ca2* and phosphate on histone
acetylation in HeLa cells. Lane 1 in each panel (A-E) is the reference condition, the values
of which are set to 1. See also Figure S1.
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Figure 2. Global Levels of Histone Acetylation Decrease when pH; Decreases

(A) Measurements of pH; (mean + SD) as a function of pHg and effects on histone
acetylation in HelLa cells cultured at the indicated pH, for 16 hr in complete DMEM as
assessed by WB. The reference condition is set to 25 mM bicarbonate (lane 2), which
approximates the normal physiological concentration. The bar graph shows average values +
SD from seven independent experiments and p value derived from the Student’s t test.

(B) Immunofluorescent analysis of histone acetylation of HeLa cells cultured as in (A).

(C) WB analysis of H4K5ac in HelLa cells in the indicated histone fractions and pH.

(D) WBs of histone acetylation in HeLa cells cultured in media buffered with HEPES. The
bar graph shows average values = SD from 17 independent experiments and p value derived
from the Student’s t test.

(E) Acetyl-CoA measurements (mean £ SD) in HeLa cells treated for 4 hr at the indicated
pHe.

(F) WBs of histone acetylation in HeLa cells that were treated with or without 5 mM sodium
butyrate, 500 nM TSA, or 2 mM nicotinamide (NAM) for 6 hr in complete DMEM at pH,
7.4, followed by incubation at the indicated pH, for 4 hr.

(G) WBs of histone methylation in HeLa cells cultured at the indicated pH.

(H) WBs of tubulin and histone H4 acetylation in HeLa cells treated for 16 hr at the
indicated pH values. See also Figure S2.
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Figure 3. Changesin Histone Acetylation Levelsin Responseto pH Do Not Require Specific

Carbon Sourcesor Salts
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(A-D) WBs of histone acetylation in HeLa cells cultured for 16 hr in DMEM salts at pHe
7.0 or 6.3 either (A) including the indicated carbon source or including Q but lacking (B)
Na*, (C) CI-, and (D) Ca2* and phosphate. In (D), cells were starved of Ca?* and phosphate
for 3 days prior to pH, treatment. See also Figure S3.
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Figure4. Low pH Causes Global Decrease and Redistribution of H4K 16ac thr oughout the
Genome

The distribution of H4K16ac in HeLa cells treated for 4 hr at pH 7.4 or 6.5 was determined
by ChlP-seq.

(A) Number of DNA base pairs covered by significant (p < 10~4) peaks of H4K16ac and
number of genomic regions (25 bp windows) associated with significant H4K16ac peaks.
(B) Heat maps showing the distribution of H4K16ac peaks at the indicated pH values as the
—log p value of enrichment in £1.5 kb region from the center of each peak. All peaks were
clustered in three groups based on their combinatorial presence in each pH condition. The
number of peaks in each cluster is indicated. The average value of enrichment as —log p
value for each cluster is shown as a line chart below each heat map. The distribution of
peaks in each cluster is shown as a pie chart. The gene ontology (GO) of genes associated
with the peaks of H4K16ac in each cluster is shown. The GO terms include biological
process, cellular component, molecular function, and mouse phenotypes of homologous
gene knockout.

(C) Box plots showing the distribution of expression of genes associated with the H4K16ac
peaks in each cluster under the indicated pH conditions. See also Table S1.
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Figure 5. Nutrient Availability and pH Alter Histone Acetylation Differently

(A and B) WBs of histone acetylation in HeLa cells cultured in DMEM salts (A) for the
indicated amount of time and pH, in the presence (+) and absence (-) of GQP and (B) at
pHe 7.4 with GQP (control), pH, 7.4 without GQP (for GQP recovery), or pH, 6.5 with
GQP (for pH recovery) for 16 hr followed by treatment for the indicated amount of time in
medium at pH, 7.4 with GQP. Membrane images were cropped in order to place them below
the graph at the corresponding time points. See also Figure S4.
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Figure 6. Efflux of Acetatethrough the MCTsat Low pH Is Dependent on HDAC Activity
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(A-C) Liquid scintillation counts (mean + SD) of media from HeLa and 231 cells labeled
with 3H-acetate and treated as indicated in 10% FBS-containing DMEM.
(A) Cells were exposed to media of different pH,, for the indicated time. (B) Cells were

treated with the MCT inhibitor CNCn (10 mM) or dimethyl sulfoxide during the chase and
during subsequent treatment at the indicated pHe. (C) Cells were treated with 500 nM TSA
or DMSO prior to labeling and during subsequent treatment at varying pHe.
(D) Acetate excretion rate (mean + SD) in 231 cells incubated for 30 min in 10% FBS-
containing DMEM without P at the indicated pHe.

(E) WBs of histone acetylation in 231 cells treated for 16 hr in complete DMEM at the

indicated pH, followed by treatment at the same pH, with or without 500 nM TSA. See also

Figure S5.
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Figure7. HDACs, MCTs, and Cellular Proliferation Affect pHj and Global Histone Acetylation
Levels

(A and B) pH; of HeLa cells treated in standard DMEM overnight with (A) the indicated
concentration of TSA (left panel); 250 nM TSA, 50 pM ITSA-1, or both (middle panel); 100
nM TSA followed by 6 hr of culture at the pH, indicated (right panel); or (B) the listed
HDAC inhibitors at the indicated concentrations (NAM = 2 mM nicotinamide).

(C) pH; of HeLa cells in which MCT function was inhibited by treatment for 1 hr with 10
mM CNCn (left panel) or by siRNA-mediated knockdown of MCT1 for 96 hr (right panel)
followed by treatment for 30 min at the pHg shown.

(D) Rates of lactate excretion in HeLa cells after 30 min of treatment in DMEM without G
and P at the indicated pHg (left panel); pH; measurements under identical conditions with 10
mM CNCn or DMSO (right panel).

(E) T cells were stimulated to proliferate by CD3/CD28-coated dynabeads and interleukin-2
treatment for 48 hr. EAU incorporation was determined by flow cytometry, and cell number
was counted with and without 48 hr stimulation.

(F) pHe and pH; values, as well as histone acetylation, of resting and activated T cells after
48 hr. Note that pH; changes independently of pH,. All data (A-F) are presented as mean +
SD. See also Figure S6.
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