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with similar heteroplasmy levels corresponding to a set of clinical
phenotypes (e.g., 50% to 80% m.3243G associated with neuro-
degenerative disease) had a similar transcriptional profile, which
was strikingly different from transcriptional profiles of cybrids with
different heteroplasmy (SI Appendix, Fig. S1). Therefore, the
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To further evaluate the role of NADH oxidation and TCA
cycle-mediated acetyl-CoA production, we determined the effect
of rotenone, a potent complex I inhibitor, on 13C-glucose-
derivation of acetyl-CoA. Rotenone completely eliminated the
incorporation of glucose-derived 13C into acetyl-CoA (Fig. 2G
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into H4 acetylation increasing from about 14% in 0% mutant
cells to about 21% after rotenone inhibition (Fig. 2J and SI
Appendix, Fig. S5 G and H). Thus, glutamine can make a small
contribution to acetyl-CoA for histone acetylation.
Rotenone not only depleted glucose-derived 13C incorpora-

tion into αKG (Fig. 2K) but also resulted in elevated levels of
di- and trimethylation and in the di- and trimethylation to
monomethylation ratio of H3K9 (Fig. 2L). Thus, mitochondrially
generated αKG must play a role in the activity of the JmjC
histone demethylases.
NAD+/NADH ratio is crucial in regulating TCA metabolism,

and was reduced in 100% mutant cells (SI Appendix, Fig. S4 C,
Bottom Left), but it is also known to vary between cellular com-
partments. To assess subcellular levels of NAD+/NADH ratios, we
employed fluorescence lifetime imaging microscopy (FLIM) to
quantify NADH lifetimes in the mitochondria and the nucleus of the
cybrid cell lines. By FLIM, decreased NADH lifetime correlates
with increased free NADH and decreased NAD+/NADH ratio (16).
In the mitochondria, the NAD+/NADH ratio was relatively

stable from 0% to 60% heteroplasmy. It began to decline at 70%
mutant and then dropped precipitously at 90% and 100% mu-
tant (Fig. 3 A and B). Similarly, glucose-derived acetyl-CoA was
sustained in 0% to 70% mutant cells, but then dropped pre-
cipitously at 90% to 100% m.3243G mutant heteroplasmy (Fig.
3C). In parallel, glucose-derived H4 acetylation was sustained up
to 70% mutant, followed by a drop in the 90% to 100% mutant
cells (Fig. 3 D and E).
When impairment of mitochondrial protein synthesis reaches

the level caused by 100% 3243G mutant, respiration is impaired
(SI Appendix, Fig. S6B), the mitochondria can no longer oxidize
NADH back to NAD+, the TCA cycle is inhibited, mitochondrial
production of glucose-derived acetyl-CoA is reduced, and his-
tone acetylation is limited. This limitation is independent of
glucose concentration in the media (SI Appendix, Fig. S7).
In the nucleus, the NAD+/NADH ratio declined sharply from

that of the 0% mutant cells, reaching a minimum in 20% to 60%
mutant cells (Fig. 4 A and B). The nuclear NAD+/NADH ratio then
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drying with N2 gas, and resuspension in 5-sulfosalicylic acid. Samples were
analyzed using an Ultimate 3000 Quaternary UHPLC coupled to a Q Exactive
Plus mass spectrometer (Thermo Fisher Scientific) operating in the positive
ion mode (26, 27). For 13C tracing experiments, isotopic enrichment was
calculated using the FluxFix online calculator (28).

Histone Extraction and Western Blot Analysis. For histone extraction, cells were
switched to experimental media, washed with ice-cold PBS, and 0.5 mL of nuclei
isolation buffer (NIB-250) added and incubated for 5 min. NIB-250 is 15 mM Tris·
HCl at pH 7.5, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 1 mM CaCl2, and 250 mM
sucrose, to which was added 1 mM DTT, 10 mM sodium butyrate, 1× Protein
Inhibitor Mixture (Sigma), and 0.1% Nonidet P-40 (Sigma). Cells were har-
vested by scrapping, pelleted at 600 rcf for 5 min at 4 °C, washed twice with
NIB-250 without Nonidet P-40, and pelleted. Histones were extracted in 0.8 mL
0.4 N H2SO4 for 2 h at 4 °C, the insoluble fraction pelleted at 11,000 rcf for
10 min in 4 °C, and the soluble fraction containing histones precipitated with
0.2 mL 100% TCA at 4 °C overnight. The film-like pellet of histone was sedi-
mented at 11,000 rcf for 10 min at 4 °C, washed with ice-cold 1 mL acetone
with 0.1% HCl plus 2 washes in ice-cold pure acetone, air-dried, and stored at


