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Differential contribution of the mitochondrial
translation pathway to the survival of diffuse large
B-cell lymphoma subsets
Erik Norberg1,6,7, Ana Lako1,7, Pei-Hsuan Chen1, Illana A Stanley1, Feng Zhou1,2, Scott B Ficarro1,2, Bjoern Chapuy3, Linfeng Chen3,
Scott Rodig4, Donghyuk Shin5, Dong Wook Choi1, Sangho Lee5, Margaret A Shipp3, Jarrod A Marto1,2,4 and Nika N Danial*,1

Diffuse large B-cell lymphomas (DLBCLs) are a highly heterogeneous group of tumors in which subsets share molecular features
revealed by gene expression profiles and metabolic fingerprints. While B-cell receptor (BCR)-dependent DLBCLs are glycolytic,
OxPhos-DLBCLs rely on mitochondrial energy transduction and nutrient utilization pathways that provide pro-survival benefits
independent of BCR signaling. Integral to these metabolic distinctions is elevated mitochondrial electron transport chain (ETC)
activity in OxPhos-DLBCLs compared with BCR-DLBCLs, which is linked to greater protein abundance of ETC components. To
gain insights into molecular determinants of the selective increase in ETC activity and dependence on mitochondrial energy
metabolism in OxPhos-DLBCLs, we examined the mitochondrial translation pathway in charge of the synthesis of mitochondrial
DNA encoded ETC subunits. Quantitative mass spectrometry identified increased expression of mitochondrial translation factors
in OxPhos-DLBCL as compared with the BCR subtype. Biochemical and functional assays indicate that the mitochondrial
translation pathway is required for increased ETC activity and mitochondrial energy reserves in OxPhos-DLBCL. Importantly,
molecular depletion of several mitochondrial translation proteins using RNA interference or pharmacological perturbation of the
mitochondrial translation pathway with the FDA-approved inhibitor tigecycline (Tigecyl) is selectively toxic to OxPhos-DLBCL cell
lines and primary tumors. These findings provide additional molecular insights into the metabolic characteristics of OxPhosDLBCLs, and mark the mitochondrial translation pathway as a potential therapeutic target in these tumors.
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Cells adapt their metabolism to satisfy changing biosynthetic
and bioenergetic needs.1,2 Investigation of metabolic reprogramming in cancer has provided insights into the metabolic
control of proliferation and survival.3–5 Although the initial
focus of this field has been aerobic glycolysis (the Warburg
effect),6 increasing evidence points to a complex landscape of
tumor metabolic circuitries beyond aerobic glycolysis, including varied contribution of mitochondria to tumor metabolism as
well as heterogeneity in fuel utilization pathways.7–12
Diffuse large B-cell lymphomas (DLBCLs) are a genetically
heterogeneous group of tumors that can be classified into
distinct molecular subtypes based on gene expression
profiles. The cell-of-origin (COO) classification defined DLBCL
subsets that shared certain components of their RNA profiles
with normal germinal center B cells (GCBs) or in vitroactivated B cells (ABCs), and a third undefined subset
designated ‘type 3’.13 Using an independent approach, the

consensus cluster classification (CCC) framework compared
the transcriptional profiles of DLBCL groups with each other
without referencing normal B cells.14 CCC identified tumorintrinsic distinctions in three highly reproducible clusters; the
B-cell receptor/proliferation cluster (BCR-DLBCL) showing
increased expression of BCR signaling components, the
oxidative phosphorylation cluster (OxPhos-DLBCL) marked
by increased expression of genes encoding for mitochondrial
electron transport chain (ETC) components, and the host
response cluster (HR-DLBCL) characterized by a T-cell-rich
inflammatory immune cell infiltrate.14,15 COO and CC classifications capture different aspects of DLBCL biology. For
example, CCC-defined BCR-DLBCLs include BCR-dependent tumors of both ABC and GCB COO subtypes,16,17
whereas CC-classified OxPhos-DLBCLs include BCRindependent tumors.7,16 Our previous functional analyses of
DLBCL subtypes also uncovered quantitative proteome- and
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metabolome-level signatures associated with differences in
nutrient and energy metabolism.7 Specifically, these studies
showed that BCR-dependent DLBCLs have greater glycolytic
flux typical of the Warburg phenotype. Unlike BCR-DLBCLs,
OxPhos-DLBCLs channel the majority of glucose-derived
pyruvate into the mitochondria, display elevated ETC activity,
ATP production and fatty acid oxidation (FAO). Importantly,
these metabolic distinctions are associated with subtypeselective survival mechanisms. Moreover, acute inhibition of
BCR signaling in BCR-DLBCLs increased their FAO capacity,
thus revealing a reciprocal relationship between BCR signaling and FAO.7 Overall, these findings underscore the utility of
capturing and dissecting metabolic distinctions in DLBCL
subtypes.
The ETC is comprised of a series of large multi-subunit
complexes housed within the mitochondrial inner membrane,
which carry out multiple redox reactions that ultimately lead to
the reduction of molecular oxygen to water. The initial electron
donors for these reactions are supplied by the tricaboxylic acid
cycle in the form of NADH and FADH2. Respiratory chain
complexes I (NADH dehydrogenase also known as NADHubiquinone oxidoreductase), III (ubiquinol-cytochrome c
reductase), and IV (cytochrome c oxidase) extrude protons
across the inner membrane while transferring electrons. The
resulting proton gradient is subsequently coupled with ATP
synthesis by the activity of the F0F1 ATP synthase
(complex V), completing the process of oxidative phosphorylation (OXPHOS). Except for complex II (succinate dehydrogenase), the protein constituents of the ETC complexes
are encoded by two independently transcribed and translated
genomes; nuclear and mitochondrial.18,19 The mitochondrial
DNA (mtDNA) encodes 13 subunits contributing to complexes
I, III, IV, and V, 22 transfer RNAs, and 2 ribosomal RNAs. The
mechanism for decoding the mitochondrial genome requires
nuclear-encoded factors, including ribosomes, translation
initiation, and elongation factors, and tRNA synthetases that
are distinct from the cytoplasmic counterparts dedicated to
translation of nuclear transcripts.20 Mutations in mtDNA and
mitochondrial translation factors are associated with ETC
failure in several human pathologies,20,21 highlighting the
functional relevance of the mitochondrial genome. Functional
fidelity of the ETC not only requires the coordinate synthesis of
respiratory chain subunits encoded by the nuclear and
mitochondrial genomes but also proper assembly and
organization of ETC complexes into higher-order supercomplexes in the inner membrane. The ETC structural
organization is modulated by dedicated chaperones and
assembly factors, mitochondrial membrane morphology, and
membrane lipid composition.22,23 The differences in ETC
activity and OXPHOS dependency among DLBCL subtypes
has prompted investigation of pathways in charge of synthesis
and assembly of respiratory chain complexes and their
contribution to metabolic heterogeneity in DLBCL subsets.
Here we interrogated the mitochondrial translation machinery
and its functional contribution to energy metabolism and
survival of OxPhos-DLBCLs versus non-OxPhos/BCRdependent subtypes.
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Results
Increased expression of mitochondrial translation proteins in OxPhos-DLBCLs. Our previous assessment of the
mitochondrial proteome in OxPhos- and non-OxPhos/BCRdependent DLBCLs revealed the enrichment of several ETC
subunits and ETC assembly factors in OxPhos-DLBCLs that
is consistent with increased ETC activity in this subtype.7
These previous analyses, based on a high-performance,
single-dimension liquid chromatography–tandem mass spectrometry platform,24 quantified predominantly nuclearencoded ETC subunits. Because OxPhos-DLBCLs display
increased activity of several ETC complexes that are
encoded by both the nuclear and mitochondrial genomes,7
we predicted that the protein-level enrichment of ETC
subunits in this subtype would also include mtDNAencoded subunits. To enable more extensive interrogation
of the mitochondrial proteome, we utilized deep efficient
peptide sequencing and quantification (DEEP SEQ) mass
spectrometry25 in conjunction with isobaric tags for relative
and absolute quantification (iTRAQ) labeling. Mitochondria
isolated from three independent OxPhos- and three nonOxPhos/BCR-DLBCL cell lines were analyzed using this
platform. The DLBCL subtype designation of these cells lines
based on the CCC and COO classifications has been
previously reported13,16,26,27 (Supplementary Information).
The DEEP SEQ platform not only quantified the enrichment
of mtDNA-encoded ETC subunits in OxPhos-DLBCLs compared with BCR counterparts but also revealed significantly
higher levels of numerous protein components of the
mitochondrial translation machinery (Figures 1a–e; Table 1;
Supplementary Tables 1 and 2). These analyses indicated
higher expression across several classes of mitochondrial
translation proteins, including mitochondrial elongation factors (TUFM (Tu translation elongation factor, mitochondrial)
and GFM1 (G elongation factor, mitochondrial, 1)), mitochondrial ribosomal proteins (mitochondrial ribosomal protein
(MRP) S5, S7, S9, S16, S22, S25, L12, and L46), and
proteins in charge of mitochondrial tRNA synthesis and
function (DARS2 (aspartyl-tRNA synthetase 2), YARS2
(tyrosyl-tRNA synthetase 2), and PUS1 (pseudouridylate
synthase 1); Figures 1a and b; Table 1). The enrichment in
mtDNA-encoded ETC subunits and mitochondrial translation
proteins in OxPhos-DLBCLs is further consistent with higher
expression of proteins involved in mtDNA maintenance
(SSBP1 (single-stranded DNA-binding protein 1)) and transcription (TFAM (mitochondrial transcription factor A) and
LRPPRC (leucine-rich pentatricopeptide repeat containing
protein)) in this DLBCL subtype18,28 (Figure 1f; Table 1;
Supplementary Table 2).
Genetic and pharmacologic inhibition of the mitochondrial translation pathway is selectively toxic to OxPhosDLBCLs. Elevated levels of mitochondrial translation components in OxPhos-DLBCLs warranted examination of their
contribution to DLBCL survival. To this end, three distinct
components of the mitochondrial translation machinery
(GFM1, TUFM, and MRPS7) were depleted using two
independent short hairpin RNAs (shRNAs) per gene in four
OxPhos- and four non-OxPhos/BCR-DLBCL cell lines, and
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A common outcome of ETC inhibition, for example, following
interference with mitochondrial translation, is the generation of
superoxide.29,30 This led us to predict that the toxic effects of
the above knockdowns may be, in part, dependent on reactive

cell viability was measured. Knockdown of each of these
translation components proved selectively toxic to OxPhosDLBCL cell lines while sparing the non-OxPhos subset
(Figures 2a–c; Supplementary Figure 1).
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Figure 1 Enrichment of mitochondrial translation components in OxPhos-DLBCL mitochondria. Multiplex quantitative proteomic analysis of isolated mitochondria from three
independent OxPhos- (Karpas 422, Pfeiffer, and Toledo) and three non-OxPhos/BCR- (Ly1, DHL4, and DHL6) DLBCL cell lines using DEEP SEQ mass spectrometry. (a) Heat
map illustrating increased levels of mitochondrial translation proteins in OxPhos-DLBCL cell lines compared with BCR counterparts. See also Table 1 and Supplementary Table 2
detailing OxPhos/BCR abundance ratios for the indicated proteins and corresponding amino-acid sequences for the identified peptides. (b) Schematic diagram of
the mitochondrial translation machinery. Highlighted in green are proteins that were enriched in the OxPhos-DLBCL proteomic analysis shown in a, Table 1, and Supplementary
Table 2. (c–f) MS/MS spectra of the indicated unique peptides for GFM1 (c), TUFM (d), MRPS7 (e), and TFAM (f) recorded during DEEP SEQ mass spectrometry analysis of
mitochondrial proteins shown as an example of differentially enriched peptides. Ions of b- and y-type are shown in green and yellow, respectively. Relative protein ratios in BCRand OxPhos-DLBCL cell lines are derived from iTRAQ reporter ion intensities shown in inset mass spectrum. ETC, electron transport chain; mtDNA, mitochondrial DNA; mRNA,
messenger RNA; rRNA, ribosomal RNA; tRNA, transfer RNA
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Table 1 Identification of mitochondrial translation factors and proteins involved in mtDNA maintenance and transcription enriched in the OxPhos-DLBCL mitochondrial
proteome

Gene symbol and protein name
DARS2
Mitochondrial aspartyl-tRNA synthetase 2
GFM1
G elongation factor, mitochondrial 1
MRPL12
Mitochondrial ribosomal protein L12
MRPL46
Mitochondrial ribosomal protein L46
MRPS16
Mitochondrial ribosomal protein S16
MRPS22
Mitochondrial ribosomal protein S22
MRPS25
Mitochondrial ribosomal protein S25
MRPS5
Mitochondrial ribosomal protein S5
MRPS7
Mitochondrial ribosomal protein S7
MRPS9
Mitochondrial ribosomal protein S9
PUS1
Pseudouridylate synthase 1
TUFM
Tu translation elongation factor, mitochondrial
YARS2
Mitochondrial tyrosyl-tRNA synthetase 2
Proteins involved in mtDNA maintenance and transcription
SSBP1
Mitochondrial single-stranded DNA-binding protein 1
TFAM
Mitochondrial transcription factor A
LRPPRC
Mitochondrial leucine-rich pentatricopeptide repeat containing protein
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Table lists the number of unique peptides identified across mitochondrial proteins shown in Figure 1 and their corresponding abundance ratios, which were derived by
summing iTRAQ reporter ion intensities for all peptides mapping to unique genes across replicates per subtype. The amino-acid sequences of unique tryptic peptides
identified for each protein are provided in Supplementary Table 2

oxygen species (ROS). Consistent with this idea, pretreatment
with the antioxidant N-acetyl cysteine (NAC) before knockdown partially, but significantly, rescued cell death in this
setting (Figures 2a–c).
To provide a pharmacologic correlate to these findings, we
tested the effect of tigecycline (also known as Tygacil), an
FDA-approved glycylcycline antibiotic known to inhibit the
prokaryotic ribosome31–33 and to interfere with mitochondrial
translation in eukaryotes without affecting the translation of
mitochondrial proteins encoded by nuclear genes
(Supplementary Figure 2a).34 The effect of tigecycline on
viability of DLBCL subsets was examined at a dose range
of 1–5 μM over a 24–72 h time course (Figures 3a–c;
Supplementary Figure 2b). OxPhos-DLBCLs were selectively
sensitive to tigecycline starting at a dose of 2.5 μM (Figure 3a)
with an average viability of 40% and 28%, following 72 h
treatment with 2.5 and 5.0 μM tigecycline, respectively
(Figure 3c). Of note, this dose range and time course of
tigecycline-induced toxicity is in line with pharmacokinetic
properties and tolerability of this compound in humans.32 The
viability of BCR-DLBCLs was unaffected under these conditions. In comparison, BCR-DLBCLs were selectively sensitive
Cell Death and Differentiation

to the glycolytic inhibitor 2-deoxy-D-glucose (Supplementary
Figure 3), which is consistent with the glycolytic phenotype of
this DLBCL subtype we have previously reported.7 In addition
to interfering with OxPhos-DLBCL survival, tigecycline had a
select antiproliferative effect in this subtype (Figure 3d).
Overall, the above genetic and pharmacologic studies
demonstrate that OxPhos-DLBCLs are particularly vulnerable
to interference with the mitochondrial translation pathway.
Bioenergetic consequences of tigecycline treatment in
DLBCL subtypes. Inhibition of mitochondrial translation is
expected to diminish the activity of respiratory chain
complexes that contain mtDNA-encoded subunits. To verify
the differential effect of tigecycline on ETC complexes, NADH
dehydrogenase (complex I) and succinate dehydrogenase
(complex II) enzymatic activities were measured in mitochondria isolated from cells treated with 1 μM tigecycline for 24 h.
This dose effectively interferes with translation of mtDNAencoded complex I subunit NADH dehydrogenase subunit 4
(ND4) but does not have any cytotoxic effects on DLBCL cell
lines (Supplementary Figures 2a and b), enabling the
examination of tigecycline’s effect on ETC complex activity
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Figure 2 Differential requirement of the mitochondrial translation pathway for the survival of DLBCL subsets. Effect of shRNA-mediated depletion of the mitochondrial
translation elongation factors GFM1 (a) and TUFM (b), and mitochondrial ribosomal protein MRPS7 (c) on the viability of the indicated OxPhos- and BCR-DLBCL cell lines. Blue
bars show rescue of cell viability upon pretreatment with 0.5 mM N-acetyl cysteine (NAC) before shRNA-mediated knockdown. Cell viability was assessed 24 h after knockdown
of the indicated proteins. Error bars ± S.E.M., n = 3–4 independent experiments per condition. **Po0.01; ***Po0.001, comparing the different shRNAs to control or
NAC-treated samples; two-tailed Student’s t-test. See also Supplementary Figure 1
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Supplementary Figures 2 and 3

under conditions where cell survival is not significantly
affected. Tigecycline treatment reduced the NADH dehydrogenase enzymatic activity, but did not affect that of succinate
dehydrogenase, a respiratory complex that is entirely
encoded by the nuclear DNA (Figures 4a and b).
To further evaluate the biochemical basis of reduced
complex I activity in response to tigecycline, we focused on
ETC supercomplex assembly. The supramolecular organization of respiratory chain complexes imparts several bioenergetic benefits, including improved functional efficiency.23 In
particular, the supercomplex containing complexes I, III, and
IV, all of which contain mtDNA-encoded subunits, along with
the two electron carriers cytochrome c and ubiquinone
preserves the stability of complex I,35–37 and significantly
curtails ROS production from this complex.38 As predicted,
tigecycline diminished the abundance of ETC supercomplexes in DLBCL cell lines, and this effect was more prominent
in OxPhos- than BCR-DLBCLs (Figure 4c).
Cell Death and Differentiation

To examine the bioenergetic effects of tigecycline in intact
cells, we initially focused on mitochondrial spare respiratory
capacity (SRC). SRC, the difference between mitochondrial
basal and maximal respiration, reflects the mitochondrial
reserve capacity to produce energy under cellular stress and
increased bioenergetic demand. Alterations in SRC can
significantly impact long-term cellular function and survival.39,40 Compared with BCR-DLBCLs, OxPhos-DLBCLs have
higher basal SRC values (Figure 5a), which is consistent with
higher ETC activity we have previously reported in this subtype.7
In response to tigecyline, OxPhos-DLBCLs showed significantly
larger diminution of SRC (Figure 5b). Consistent with its effect
on ETC activity (Figure 4), tigecycline led to increased
mitochondrial ROS, which was significantly more prominent in
OxPhos-DLBCLs compared with BCR-DLBCLs (Figure 5c).
These measurements were carried out following 24 h treatment
with 1 μM tigecycline, analogous to the conditions used to
measure ETC complex activity and assembly (Figure 4).
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Figure 4 Effect of tigecycline on mitochondrial respiratory complexes. (a, b) Enzymatic activity of NADH dehydrogenase (a) and succinate dehydrogenase (b) in
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experiments. *Po0.05; ***P o0.001; two-tailed Student’s t-test

Differential toxicity of tigecycline in DLBCL subtypes
extends to primary OxPhos- and BCR-DLBCL tumor
cells. We next wished to determine whether the differential
contribution of the mitochondrial translation pathway to the
survival of DLBCL subtypes could be substantiated in
primary DLBCLs. For these studies, we used cryopreserved
viable tumor cell suspensions from primary DLBCLs that
were previously classified as OxPhos- or BCR-DLBCL based
on CCC16 (Figure 6a). In concordance with our findings in cell
lines, primary OxPhos-DLBCL tumor cells were more
sensitive to tigecycline treatment than BCR-DLBCL cells
(Figures 6a and b). Overall, these data suggest select
dependency of primary OxPhos-DLBCLs on the mitochondrial translation pathway.
Discussion
Our studies provide biochemical and functional evidence for the
mitochondrial translation pathway as a survival mechanism that

supports a central metabolic feature of OxPhos-DLBCLs;
increased mitochondrial energy transduction. Guided by our
DEEP SEQ mass spectrometry analysis, we show that genetic
or pharmacologic perturbations of the mitochondrial translation
apparatus lead to subtype-selective toxicity in OxPhos-DLBCL
cell lines and primary OxPhos-DLBCLs. We find that interference with the mitochondrial translation apparatus has a
greater bioenergetic impact on OxPhos- than BCR-DLBCLs
as evident from a significant reduction in mitochondrial
supercomplex abundance, complex I activity, mitochondrial
SRC, and elevated mitochondrial ROS.
During normal ETC activity, ~ 1–2% of the molecular oxygen
is converted into superoxide radicals, the precursor for most
ROS.41 Mitochondrial ROS can have important signaling
functions.42 Defects in the shuttling of electrons through the
ETC complexes can lead to increased electron slippage and
ROS production depending on the specific site at which
electron flow is disrupted.43 This may have deleterious
effects depending on the cellular context.43,44 Increased
Cell Death and Differentiation
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mitochondrial ROS following tigecycline treatment is likely due
to a greater probability of electron slippage when the functional
integrity and organization of ETC complexes is diminished,
which is consistent with previous studies that examined the
consequences of perturbations in mitochondrial translation
factors.29,30 In addition, increased mitochondrial superoxide
levels in the face of decreased SRC is in line with other findings
that have implicated the mitochondrial SRC as an important
determinant of cells capacity to counter oxidative stress.39 In
light of these considerations, it is possible that diminished ETC
function and SRC are part of a vicious cycle of oxidative stress
that contributes to the toxicity associated with inhibition of
mitochondrial translation in OxPhos-DLBCLs. This is also
consistent with our previous findings that OxPhos-DLBCLs
have heightened sensitivity to inhibition of antioxidant
pathways.7
The dependency of OxPhos-DLBCLs on the mitochondrial
translation pathway co-segregates with increased abundance
of mitochondrial translation components, higher ETC activity,
and greater reliance on OXPHOS in this subtype compared
with BCR/Warburg-type DLBCLs. Within this context, our
findings are consistent with an earlier report that identified
Cell Death and Differentiation

tigecycline as a compound with activity in acute myeloid
leukemia (AML).34 Importantly, increased sensitivity of AML
cell lines to tigecycline compared with normal hematopoietic
cells was attributed to higher mitochondrial biogenesis and
electron transport in AML cells. Tigecycline treatment of AML
cells was not associated with an increase in total cellular ROS,
although mitochondrial superoxide was not specifically measured in this setting.34 However, our observations are
consistent with studies in other cell types that reported
increased mitochondrial superoxide content following knockdown of mitochondrial translation factors and examination of
MitoSOX Red and DHR123 probe intensities, which specifically measure mitochondrial ROS.29,45 The basis of the
difference between tigecycline’s effect on ROS content in
DLBCL and AML cells is unclear. It is also possible that
tigecycline may invoke cell context-specific mechanisms that
contribute to its toxicity. In the context of OxPhos-DLBCLs,
rescue studies using NAC support the idea that oxidative
stress is a component of tigecycline toxicity.
Tigecycline selectively inhibits the translation of mtDNAencoded proteins without affecting global translation34
(Supplementary Figure 2a). Structural studies have identified
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a tigecyline-binding pocket in the small (30 S) bacterial
ribosome subunit and specific interactions with rRNA, which
blocks the entry of aminoacyl-tRNA.46 Although the direct
target of tigecyline in eukaryotes is not known, initial structural
modeling predicts a similar pocket for tigecyline binding may
be present in the human small mitoribosome subunit47
(Supplementary Figure 4). However, detailed biochemical
and structural studies are required to characterize the target of
tigecyline in eukaryotes and to uncover the molecular underpinnings of its specificity towards mitochondrial translation and
not the cytosolic translation machinery.

Our results extend the mitochondrial proteomic signature of
OxPhos-DLBCLs to numerous components of the mitochondrial translation machinery, consistent with the functional
significance of this pathway in OxPhos-DLBCLs. These
observations raise the question as to the nature of this
programmatic increase in the expression of the mitochondrial
translation pathway. It is possible that increased level of
mitochondrial translation proteins is transcriptionally regulated. Interestingly, several transcription factors that regulate
OXPHOS genes also activate the expression of mitochondrial
translation factors (cMYC, estrogen-related receptor (ERR),
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and ying and yang 1 (YY1)).48 Evidence in human breast
cancer biopsies indicates a similar increase in expression of
mitochondrial translation factors that appears to be associated
with the expression of nuclear respiratory factor 1 (NRF1), and
peroxisome proliferator-activated receptor gamma coactivator
(PGC) 1-α, which are transcription factors known to stimulate
mitochondrial biogenesis.49 In addition, post-transcriptional
mechanisms that can account for increased expression of
mitochondrial translation proteins cannot be ruled out. The
molecular basis for the observed enrichment of mitochondrial
translation factors in OxPhos-DLBCLs awaits future studies.
The investigation of metabolic distinctions among DLBCL
subtypes has led to the identification of mitochondrial pathways that provide selective pro-survival benefits to OxPhosDLBCLs. Expanding on our previous studies, which identified
mitochondrial FAO as an OxPhos-DLBCL-selective survival
pathway,7 we now show selective dependency of this DLBCL
subtype on the mitochondrial translation pathway. Identification and targeting of OxPhos-dependent survival mechanisms
may have important clinical utility. First, although downstream
inhibitors of BCR signaling, including small-molecule inhibitors
of spleen tyrosine kinase and Bruton tyrosine kinase kinases,
are being evaluated in DLBCL,50,51 there are currently no
clinically approved targeted therapeutic strategies for
OxPhos-type DLBCLs. Second, select targeting of OxPhostype survival mechanisms may have broader implications for
resistance mechanisms that enable tumors to escape inhibition of canonical growth factor signaling, including those
initiated by BCR, RAS, and BRAF signaling pathways.7,52,53
Notably, tigecycline is FDA-approved and is being actively
developed for its potential therapeutic benefits in several
diseases.54 Our findings warrant investigation of the therapeutic utility of tigecycline and other inhibitors of the
mitochondrial translation pathway in DLBCL and other
OxPhos-dependent tumors.
Materials and Methods
DLBCL cell lines. DLBCL cell lines used in this study and their consensus
cluster assignments have been previously described,27,55,56 and further detailed in
Supplementary Information.
Mitochondria isolation. Cells were resuspended in mitochondria isolation
buffer (MIB; 200 mM mannitol, 70 mM sucrose; 1 mM EGTA; 10 mM HEPES, pH
7.4) containing protease inhibitors, homogenized with 20 strokes of a teflon-glass
homogenizer, and resuspended in MIB. The nuclei and cell debris were removed by
two consecutive centrifugations at 1000 × g for 5 min and the supernatant containing
crude mitochondria was centrifuged twice at 9000 × g for 20 min. The resultant
pellet contained mitochondria-enriched heavy membrane (HM) fraction. For enzyme
activity assays, the HM fraction was resuspended in MIB.
Sample preparation and iTRAQ labeling. Isolated mitochondria from
three independent OxPhos- (Karpas 422, Pfeiffer, and Toledo) and three nonOxPhos/BCR- (Ly1, DHL4, and DHL6) DLBCL cell lines were solubilized in 7.2 M
guanidine hydrochloride with 100 mM ammonium bicarbonate and protein
concentrations determined by Bradford assay (Bio-Rad, Hercules, CA, USA).
Equal amounts of protein were reduced with DTT (10 mM final concentration) for
30 min at 56 ºC, and alkylated with iodoacetamide (22.5 mM) for 30 min at room
temperature in the dark. After adding additional DTT (final concentration 20 mM)
and diluting guanidine hydrochloride concentration to 1 M with 100 mM ammonium
bicarbonate, proteins were digested with trypsin overnight at 37 ºC. Digests were
acidified with 10% TFA and desalted by C18. Peptides (50 μg) from the above cell
lines were solubilized in 100 μl of 30% 500 mM triethylammonium bicarbonate, pH
8.5/70% ethanol and 1 U of iTRAQ 8-plex reagent was added to each sample
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(K422-113, Toledo-114, Pfeiffer-115, Ly1-117, DHL4-118, DHL6-119). Reactions
were incubated for 1 h at room temperature, combined, dried by vacuum
centrifugation, desalted by C18, and dried again.
DEEP SEQ mass spectrometry and data analysis. iTRAQ-labeled
peptides (50 μg) were subjected to multidimensional fractionation with a modified
NanoAcquity UPLC system (Waters, Milford, MA, USA) consisting of two binary
pumps, an autosampler, and an additional 6-port, 2-position valve (Valco, Austin,
TX, USA).25 First dimension separations were conducted at high pH (10.0) using a
reversed-phase column (200 μm ID fused silica × 20 cm packed with 5 μM XBridge
C18). In the second dimension, peptides were fractionated by strong anionexchange chromatography (200 μm fused silica x 20 cm packed with 5 μM SAX;
SEPAX technologies, Neward, DE, USA). Peptides were eluted from first and
second dimensions using solutions of acetonitrile and ammonium formate (pH 10),
trapped on the final dimension precolumn (200 μm ID fused silica × 4 cm of POROS
10R2) after in-line dilution with 0.1% formic acid, resolved on an analytical column
(25 μm ID fused silica packed with 100 cm of 5 μm Monitor C18 (Column
Engineering, Ontario, CA, USA), 2–50% B in 580 min, A = 0.1% formic acid,
B = acetonitrile with 0.1% formic acid) and subjected to MS/MS (5600 Triple TOF
mass spectrometer, ABI, Framingham, MA, USA). Replicate analyses were
performed each with eight total fractions.
Raw mass spectrometry data files were converted to .mgf using ABSciex MS Data
Converter version 1.3 (ABSciex, Framingham, MA, USA) and searched using Mascot
version 2.2.1 (Matrix Science, Boston, MA, USA) after recalibration of precursor and
product ions using multiplierz scripts.57,58 Search parameters specified precursor and
product ion tolerances of 0.5 Da, trypsin specificity, up to two missed cleavages, fixed
carbamidomethylation (C), variable oxidation (M), and fixed iTRAQ modification (Nterm, K). Additional multiplierz scripts were used to filter search results to a 1% false
discovery rate, remove reverse database hits and identifications with mass deviations
425 p.p.m., and extract iTRAQ reporter ion intensities, which were corrected for
isotopic impurities as well as minor variations in source protein concentration.
Abundance ratios were derived by summing reporters for all peptides mapping to
unique genes across replicates.
RNA interference. Lentiviral vectors containing short hairpins targeting GFM1
(TRCN0000141319 and TRCN0000144593), TUFM (TRCN0000160152 and
TRCN0000165471), and MRPS7 (TRCN0000117458 and TRCN0000117459) were
purchased from The RNAi Consortium (TRC, The Broad Institute, Cambridge, MA,
USA). An empty pLKO.1 vector was used for control. Viral supernatants were used
to spinfect 5 × 105 cells for 2 h at 460 × g as previously described.7 The effect of
knockdown on cell viability and protein depletion was assessed 24 h after viral
infection. Knockdown efficiency was assessed using western blotting.
Tigecycline treatment. Tigecycline (SRP02356t; Sequoia Research Products, Pangbourne, UK) was prepared as a 1 mM stock solution in IMDM (12440046; Invitrogen, Carlsbad, CA, USA) protected from light as previously described.59
Tigecycline was used at 1–5 μM concentrations for 24–72 h treatment durations as
detailed in figure legends.
Viability and proliferation assays. Cell viability was measured using the
Annexin V/FITC Apoptosis Detection kit (BD Biosciences, San Jose, CA, USA),
followed by flow cytometry. Cell proliferation was measured by EdU uptake. In brief,
cells were seeded at 5 × 105 cells per ml in six-well plates and co-treated with
10 μM EdU and 2.5 μM tigecycline for 24 h. A total of 1 × 105 cells were collected
and stained using the Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay kit
(C10424; Life Technologies, Beverly, MA, USA) following the manufacturer’s
instructions. All data points were subtracted from background and normalized to
untreated controls.
Biochemical measurement of respiratory chain enzyme activity.
NADH dehydrogenase and succinate dehydrogenase activities were measured in
100 and 40 μg, respectively, of isolated mitochondria using immunocapture-based
enzyme activity assays (MitoScience, Eugene, OR, USA) as previously described.7
Analysis of mitochondrial respiratory chain supercomplexes.
Mitochondrial supercomplexes were examined using Blue-Native electrophoresis as
described by Acín-Pérez et al.60 In brief, cells were treated with 1 μM tigecycline for
24 h. Following treatment, 2.5 × 106 cells were collected from each condition,
washed twice in PBS, and permeabilized with 0.2% digitonin (D5628-1G; Sigma,

Mitochondrial translation and DLBCL survival
E Norberg et al

261
St Louis, MO, USA) in PBS for 10 min on ice. Mitochondria were isolated following
centrifugation at 10 000 × g for 5 min at 4 ºC, and solubilized in native sample buffer
(BN2003; Invitrogen) containing 1% digitonin for 5 min on ice. The lysates were
cleared by centrifugation at 18 000 × g for 30 min at 4 ºC. The supernatant was
loaded on a 3–12% Invitrogen Blue-Native gel system (BN1001BOX; Invitrogen)
and transferred to a PVDF membrane. Supercomplexes were probed using an
antibody against a complex III component, ubiquinol-cytochrome c reductase core
protein I (UQCRC1; ab110252; Abcam, Cambridge, MA USA). Mitochondrial
supercomplexes were quantified by densitometry using ImageJ (National Institutes
of Health, Bethesda, MD, USA) and normalized to the mitochondrial aconitase
abundance in each sample.
Measurement of mitochondrial SRC. Oxygen consumption rate (OCR)
was measured in real time using the XF24e Extracellular Flux Analyzer
instrument and the Wave 2.2.0 software (Agilent Technologies, Santa Clara, CA,
USA) as previously described.7 Cells were treated with 1 μM tigecycline for 24 h
before seeding on XF24e V7 plates coated with 50 μg/ml of poly-L-lysine
(P2636; Sigma), and seeded at 3 × 105 cells per well (with the exception of Toledo
and Ly1, which were seeded at 4 × 105 and 3.5 × 105 cells per well, respectively) in
600 μl of sodium bicarbonate-free RPMI medium (US Biological, Salem, MA, USA)
supplemented with standard concentrations of the amino acids, 10% FBS,
10 mM D-glucose, 5 mM sodium pyruvate, and 5 mM L-glutamine. To adhere cells to
poly-L-lysine-coated plates, the plates were centrifuged at 400 r.p.m. and incubated
at 37 °C for 10 min. After baseline measurements, the following order of
additions were made using the instrument’s individual injection ports: 2.5 μM
oligomycin to determine ATP-coupled OCR, 3 μM FCCP to determine maximal
OCR, and a combination of 1 μM antimycin A and 2.5 μM rotenone to inhibit
mitochondrial respiration. SRC was deduced from the difference between
maximal and basal OCR. SRC values for each cell line were normalized to protein
content as measured using a BCA assay (23228; Thermo Scientific, Cambridge,
MA, USA).
Determination of mitochondrial superoxide content. Mitochondrial
superoxide was measured using MitoSOX Red (Molecular Probes, Eugene, OR,
USA) as previously described.7 All values were normalized to mitochondrial
membrane potential as measured by TMRE (Molecular Probes).
NAC treatment. NAC (Sigma) was used as follows. In knockdown studies,
0.5 mM NAC was added directly to the media following infection of DLBCL cell lines
with lentiviral particles bearing shRNA against GFM1, TUFM, and MRPS7. For
reversal of tigecycline effect on ROS accumulation (Figure 5c), cells were pretreated
with 1 mM NAC before tigecycline treatment.
Analysis of primary DLBCL samples. Cryopreserved viable primary
DLBCL samples were obtained according to Institutional Review Board-approved
protocols from Brigham and Women’s Hospital and the Dana-Farber Cancer
Institute. These anonymous primary tumor specimens were considered discarded
tissues that did not require informed consent. Each primary DLBCL sample was
previously classified as BCR- or OxPhos-DLBCL using the CCC.16 For assessment
of tigecycline sensitivity, cryopreserved viable primary DLBCL samples were purified
using a Ficoll gradient as previously described,16 and tumor cells were treated with
the indicated concentrations of tigecycline for 20 h before assessment of cell
viability.
Statistical analysis. All values are presented as mean ± S.E.M. Statistical
significance was determined using two-tailed Student’s t-test. Significance indicated
by P-values as follows: *Po0.05, **Po0.01, ***Po0.001.
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DLBCL cell lines. DLBCL cell lines used

Cell Line

throughout these studies (Karpas 422, Ly4,

Classification
CC

COO

DHL4

BCR

GCB

DHL6

BCR

GCB

Ly1

BCR

GCB

Karpas 422

OxPhos

GCB

designation was determined based on the

Ly4

OxPhos

Type 3

previously described linear predictive score

Pfeiffer

OxPhos

Type 3

(LPS) method, built upon the 23 (of 27) COO

Toledo

OxPhos

Type 3

probe sets represented in the microarray. Cell

DHL2*

OxPhos

N/A

HBL-1‡

N/A

ABC

‡

N/A

ABC

Pfeiffer, Toledo, DHL4, DHL6, Ly1, HBL-1 and
U2932) have been previously described.

1-3

The consensus cluster (CC) assignments of
these DLBCL cell lines have been previously
reported.1,3

The

cell-of-origin

(COO)

4

lines were assigned to the GCB class if their
classification probability was greater than 0.9,
to the ABC class if their probability was less

U2932

than 0.1, and to Type 3 otherwise. See also the above summary table for class designations
per CC and COO classification schemes.
* The SU-DHL-2 cell line displays increased OxPhos characteristics, including elevated fatty
acid oxidation, and lacks functional BCR signaling as evident from the absence of surface
BCR expression and extensive analysis of the BCR signaling axis by CyTOF (N. Danial and
M. Shipp, unpublished data).
‡

Intact BCR signaling and dependency on BCR-mediated survival signaling has been

confirmed for the HBL-1 and U2932 “ABC-type” DLBCL cell lines.5,6

Supplementary Table 1. Identification of mtDNA encoded ETC subunits enriched in the
OxPhos-DLBCL mitochondrial proteome
Gene
Symbol and
Protein
Name
ATP8
COX2

Total
Spectra

Total
Peptides

13
14

2
6

Peptide Sequences
NYNKPWEPK, ICSLHSLPPQS
IFEMGPVFTL, TDAIPGR,
LLDVDNRVVLPIEAPIR,
VVLPIEAPIR, LLDVDNR,
MMITSQDVLHSWAVPTLGLK

log2 Ratio
(OxPhos/BCR)

Ratio
(OxPhos/BCR)

1.31
1.83

2.5
3.6

mtDNA encoded proteins enriched in the same mitochondrial samples from OxPhos- and BCRDLBCL cell lines used to identify and quantitate the protein translation factors in Figure 1. The
number and list of unique tryptic peptides shown for each protein are indicated. Abundance
ratios were derived by summing iTRAQ reporters for all unique peptides per protein.

Supplementary Table 2. Identification of mitochondrial translation factors and proteins
involved in mtDNA maintenance and transcription enriched in the OxPhos-DLBCL
proteome
Gene Symbol and
Protein Name
DARS2
Mitochondrial aspartyltRNA synthetase 2

Total
Unique
Peptides
11

GFM1
Mitochondrial G elongation
factor 1

17

MRPL12
Mitochondrial ribosomal
protein L12
MRPL46
Mitochondrial ribosomal
protein L46
MRPS16
Mitochondrial ribosomal
protein S16
MRPS22
Mitochondrial ribosomal
protein S22
MRPS25
Mitochondrial ribosomal
protein S25
MRPS5
Mitochondrial ribosomal
protein S5

7

MRPS7
Mitochondrial ribosomal
protein S7
MRPS9
Mitochondrial ribosomal
protein S9
PUS1
Pseudouridine synthase 1
TUFM
Mitochondrial Tu
translation elongation
factor

Peptide Sequences
DIESIR, AICIPEGAK, SFQMQYNLR, NTEIGFLQDALSKPHGTVK,
NFAADHFNQEILPVFLNANR, MPTGEIEIK, LECADLLETR, IIDISDVFR,
LMETQEEDVVLLTAGEHNK, QLLMVGGLDR, LRLECADLLETR
FGQLTYVR, IPSISDLK, SFTPVFLGSALK, GIVDLIEER,
SCTEGKGEYTMEYSR, GFLDACEK, ETITAPVPFDFTHK,
AAATDHRQELIECVANSDEQLGEMFLEEK (Ox Met), VIGVLEPLDPEDYTK,
EYGCPCITGKPK, AIYFDGDFGQIVR, DNSHPFVGLAFK, SYQGELK,
EDPTFK, GKDGVGAVMDSMELER, FVLQDGAHHMVDSNEISFIR,
DGVGAVMDSMELER
LVESLPQEIK, AALEAVGGTVVLE, IKAALEAVGGTVVLE, KLVESLPQEIK,
NYIQGINLVQAK, LTEAKPVDK, THFTVR

5

TLATLSENNMEAK, NLVLLVR, DELGDYLKPK,
ADLHDEEDEQDILLAQDLEDMWEQK (Ox Met), FVSDL

2

LVALNLDR, LLGLAGFFPLHPMMITNAER

7

DQAAEGINLIK, VPINDVLAEDK, LKMPPVLEER, IDGLLIDQIQR, TYEDIDKR,
LMTQAQLEEATR, MTGLNLQK

3

SNKEIMEHIR, NMTPSPFLR, ECICEVEGQVPCPSLVPLPK

15

GLHVVEIR, DPEPEDEVPDVK, NVFTMTAK, ILEVR, YEDHTIFHDISLR,
EECGPLPIVVASPR, LTADELWK, YGFLWPGLNVPLMK,
VSGSINMLSLTQGLFR, AIITICR, SKEEQEKVEADMIQQR, GALAETGAGAK,
VEADMIQQR, GAAGFSIGK, KDPEPEDEVPDVK
FYQVPVPLPDR, NCEPMIGLVPILK, FYQVPVPLPDRR, SLMIQTLEAVK,
LLEAFHNQGPVIK, TLMPEK, WMITECR, TSSVFEDPVISK

8
14

4
35

SVTLESK, HLANMMGEDPETFTQEDIDR, LGKHDVTCTVSGGGR,
AIAYLFPSGLFEK, AEAIVYK, QAGLLTTDPR, LLTSQCGAAEEEFVQR,
EQLMFPFHFVDR, RETYTEDFIKK, ETYTEDFIKK, HPEQIFPR,
LSDLDYMQFIR, QIEEFNIGKR, SLLPEK
TIEDDLVSALVR, GYAPESVLER, APGLGLVLER, LSAETLQQVNR
AEAGDNLGALVR, GITINAAHVEYSTAAR, TVVTGIEMFHK, QPMILEK (Ox
Met), TVVTGIEMFHK (Ox Met), TIGTGLVTNTLAMTEEEK (Ox Met),
DPELGLK, KGDECELLGHSK, TTLTAAITK, GTVVTGTLER, ELAMPGEDLK
(Ox Met), ELAMPGEDLKFNLILR, ELAMPGEDLK, FKKYEEIDNAPEER,
HYAHTDCPGHADYVK, KYEEIDNAPEER, TIGTGLVTNTLAMTEEEK,
QIGVEHVVVYVNK, NMITGTAPLDGCILVVAANDGPMPQTR (Ox Met),
ELLTEFGYK, NMITGTAPLDGCILVVAANDGPMPQTR|M2: Oxidation,
GDECELLGHSK, IILPPEK, ADAVQDSEMVELVELEIR, ILAEGGGAK,
QPMILEK, LLDAVDTYIPVPAR, DLEKPFLLPVEAVYSVPGR,
DKPHVNVGTIGHVDHGK, VEAQVYILSK,
NMITGTAPLDGCILVVAANDGPMPQTR, YEEIDNAPEER,
IILPPEKELAMPGEDLK, ADAVQDSEMVELVELEIR (Ox Met),
GEETPVIVGSALCALEGRDPELGLK

Supplemental Table 2. (continued)

Gene Symbol and
Protein Name
YARS2
Mitochondrial tyrosyltRNA synthetase 2

Total
Unique
Peptides
9

Peptide Sequences
AGHNVIALVGGATAR, LGLEALAANHQQLFTDGR, IELPELFDR,
TSPFELYQFFVR, LTGEDVFGITVPLITSTTGAK, NFYIIK, SAGNAVWLNR,
VQLGGSDQLGNIMSGYEFINK, AHSGAQGLLAAQK

Proteins involved in mtDNA maintenance and transcription
SSBP1
Mitochondrial single
stranded DNA binding
protein 1
TFAM
Mitochondrial
transcription factor A
LRPPRC
Mitochondrial leucinerich pentatricopeptide
repeat containing
protein

7

NPVTIFSLATNEMWR, VGQDPVLR, SGDSEVYQLGDVSQK,
QATTIIADNIIFLSDQTK, IDYGEYMDK, DVAYQYVK, IDYGEYMDKNNVRR

11

KPVSSYLR, FKEQLTPSQIMSLEK, ELYIQHAK, ELTLLGKPK,
SAYNVYVAER, SWEEQMIEVGR, EQLPIFK, WRELPDSK,
NLSDSEKELYIQHAK, IYQDAYR, TTELIR

64

DLLQIIFSFSK, YESDMVTGGYAALINLCCR, ISIMAER, YASLLK,
QYFHQLEK, VYLQNEYK, DYLKEAVTTLK, TVLDQQQTPSR, GETDLIQK,
AVKEEGFPIRPHYFWPLLVGR, GFTLNDAANSR, QLILVLCSEENMQK,
AGDMENAENILTVMR (Ox Met), NLDFQK, IWDTLQK, GAYDIFLNAK,
LTDYCK, ALYEHLTAK, SGGLGGSHALLLLR, EAVTTLK,
TKDLPVTEAVFSALVTGHAR, FSPTDFLAK, SEAANGNLDFVLSFLK,
LFECDRDQMYYNLLK, IIETPGIR, IHDVLCK,
SVLELIPELNEKEEAYNSLMK, DILIACR, SYVSEK,
EEGFPIRPHYFWPLLVGR, IQEENVIPR, SCGSLLPELK,
LDSSAVLDTGKYVGLVR, LLMSEDYFTQAMEVK, MNVKIPENIYR,
EKNVQGIIEILK, LQDAINILK, VFNDTCR, TEFAHR, LDSSAVLDTGK,
ILGFMK, SYVSEKDVTSAK, LDLSVR, ADAVWNK,
DLPVTEAVFSALVTGHAR, LDDLFLKR, CVANNQVETLEK, SSLLLGFR,
SNTLPISLQSIR, SELHLMDR, LGAVYDVSHYNALLK, DAHLLVESK,
NVQGIIEILK, VIEPQYFGLAYLFR, LIITQVR, IPENIYR, MEEANIQPNR,
AKYESDMVTGGYAALINLCCR, AFAETHIK, KIIETPGIR,
HDKVEDALNLKEEFDR, AILQENGCLSDSDMFSQAGLR,
EQNIVFNAETYSNLIK, LVELTQK

Table lists the amino acid sequence of unique peptides identified across mitochondrial proteins
shown in Figure 1 and Table 1.

Supplementary Figure 1. Biochemical and functional outcomes of shRNA-mediated
depletion of mitochondrial translation components. (a-c) Protein levels of GFM1 (a), TUFM
(b), and MRPS7 (c) 24 h after the indicated DLBCL cell lines were infected with lentiviruses
carrying shRNAs or control viruses as in Figure 2. Knockdown efficiency for each hairpin was
calculated by quantifying band intensities using the ImageJ software, and found to be
comparable across the two subtypes (P > 0.05). Intensity of the Tubulin signal was used for
normalization. (d) Expression of mtDNA encoded proteins (ND4 and COX2) and nuclear
encoded mitochondrial protein ATP5B following TUFM depletion. (e) Changes in maximal
mitochondrial oxygen consumption rates (OCR) following depletion of TUFM in DLBCL cell lines.
Antibodies used in (a-d) were as follows; anti-GFM1 (HPA 034765; Sigma, St. Louis, MO, USA),
anti-TUFM, anti-MRPS7, anti-COX2 (ab85438, ab140149, and ab110258, respectively; Abcam,
Cambridge, MA, USA), anti-ND4 (SC20499, Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA), anti-ATP synthase subunit beta (ATP5B) (MS503, Mitoscience, Eugene, OR, USA), antiβ-Tubulin (05-661; Millipore, Billerica, USA), and anti--actin (A2228, Sigma, St. Louis, MO,
USA).

Supplementary Figure 2. (a) Expression levels of mtDNA encoded proteins (ND4 and COX2)
and nuclear encoded mitochondrial protein ATP5B following treatment with 1.0 and 2.5 M
tigecyline for 24 h. (b) Viability of OxPhos- and BCR-DLBCL cell lines following treatment with 1
M tigecycline over a 72 h time course.

Supplementary Figure 3. Viability of OxPhos- and BCR-DLBCL cell lines following treatment
with 2.5 M 2-deoxy-D-glucose (2DG) over a 72 h time course.

a

b

Supplementary Figure 4. Structural modeling of tigecycline binding to the small
mitoribosome subunit. (a) Tigecycline binding pocket in the small bacterial (30S) ribosomal
subunit based on the solved structure of tigecyline:bacterial ribosome complex (PDB
ID:4YHH1).7 (b) Docking of tigecycline onto the solved structure of the human small
mitochondrial ribosome8 (PDB ID:3J9M2). Tigecycline is represented as red stick and rRNA
molecules are in gray. Docking and graphical representation were performed by AutoDock49
and PyMOL (The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC.).
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