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ABSTRACT

Mitochondrial RNA processing is an essential step for the synthesis of the components of the electron transport chain in
all eukaryotic organisms, yet several aspects of mitochondrial RNA biogenesis and regulation are not sufficiently understood.
RNA interactome capture identified several disease-relevant RNA-binding proteins (RBPs) with noncanonical RNA-
binding architectures, including all six members of the FASTK (FAS-activated serine/threonine kinase) family of proteins. A
mutation within one of these newly assigned FASTK RBPs, FASTKD2, causes a rare form of Mendelian mitochondrial
encephalomyopathy. To investigate whether RNA binding of FASTKD2 contributes to the disease phenotype, we identified the
RNA targets of FASTKD2 by iCLIP. FASTKD2 interacts with a defined set of mitochondrial transcripts including 16S ribosomal
RNA (RNR2) and NADH dehydrogenase subunit 6 (ND6) messenger RNA. CRISPR-mediated deletion of FASTKD2 leads to
aberrant processing and expression of RNR2 and ND6 mRNA that encodes a subunit of the respiratory complex I. Metabolic
phenotyping of FASTKD2-deficient cells reveals impaired cellular respiration with reduced activities of all respiratory
complexes. This work identifies key aspects of the molecular network of a previously uncharacterized, disease-relevant RNA-
binding protein, FASTKD2, by a combination of genomic, molecular, and metabolic analyses.
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INTRODUCTION

Mitochondria require a dedicated transcription and trans-
lation machinery to synthesize a subset of the membrane
proteins constituting the electron transport chain (ETC).
Mitochondrial DNA (mtDNA) is transcribed bidirectionally
giving rise to polycistronic light-strand and heavy-strand
transcripts that mature by extensive nucleolytic processing.
Typically, the polycistronic precursor transcripts are pro-
cessed by the excision of tRNAs flanking most protein-cod-
ing genes and the two ribosomal RNAs, a process that is
referred to as the tRNA punctuation model (Ojala et al.
1981b). However, the maturation of some of the mitochon-
drial transcripts, such as CYB, ND5, ND6, ATP8/6, and
COX3, also relies on activities other than the mitochondrial
tRNA processing machinery (Brzezniak et al. 2011; Sanchez
et al. 2011). As both nuclear and mitochondrial genes code
for components of the ETC, intricate coordination of the
output from both genomes is required to ensure proper stoi-

chiometry of the respiratory enzyme complexes. Regulation
of mitochondrial gene expression is exerted post-transcrip-
tionally as the steady-state levels of transcripts derived from
common polycistronic precursors vary extensively in their
abundance (Piechota et al. 2006; Nagao et al. 2008). Approx-
imately 1400 nuclear genes are essential for multiple aspects
of mitochondrial homeostasis including, among others, as-
sembly of the ETC and mitochondrial transcript process-
ing (Calvo et al. 2006; Pagliarini et al. 2008; Wolf and
Mootha 2014). The identification of proteins binding polya-
denylated transcripts in human cells by interactome capture
revealed that many proteins lacking classical RNA-binding
domains associate with RNA in human and mouse cells
(Baltz et al. 2012; Castello et al. 2012; Kwon et al. 2013).
Potentially, these previously unknown RBPs may include
factors that are relevant for mitochondrial RNA process-
ing, as human mitochondrial RNAs bear poly(A) tails that
enable their oligo(dT)-mediated capture (Chang and Tong
2012).
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Mitochondria have been implicated in a multitude of cel-
lular pathways, including oxidative phosphorylation and ap-
optosis, and contribute to diverse biological processes such
as aging or neurodegenerative diseases (Calvo and Mootha
2010; Koopman et al. 2013). Defects of mitochondrial res-
piration are associated with a wide spectrum of clinical
manifestations and, given the dual genetic origin of the com-
ponents of the ETC, elucidating their molecular causes often
is not straightforward (Fernández-Vizarra et al. 2009).

Mutations within dozens of the RNA-binding proteins de-
tected by interactome capture, including FASTKD2 (FAS-in-
duced serine/threonine kinase domain containing protein 2),
which lacks canonical RNA-binding domains, have been as-
sociated with Mendelian diseases. Mutated FASTKD2 has
been identified as the likely cause of an atypical form of in-
fantile mitochondrial encephalomyopathy in a consanguine-
ous family of Bedouin origin (Ghezzi et al. 2008). FASTKD2
is a member of the human FASTK protein family, formed
by six architecturally related proteins named FASTK and
FASTKD1-5 that localize to mitochondria (Ghezzi et al.
2008; Pagliarini et al. 2008; Simarro et al. 2010). FASTK
has been proposed to act as a protein kinase (Tian et al.
1995), but critical active site residues are not conserved with-
in the family (Simarro et al. 2010). FASTK family proteins
harbor the FAST_1 and FAST_2 domains of currently un-
known function as well as the RAP domain that, based on
homology modeling, may act as an RNA-binding module
(Lee and Hong 2004). FASTKD3 is the first FASTK family
member shown to be required for mitochondrial function,
but the underlying molecular mechanisms have remained
unexplored (Simarro et al. 2010). Taking the RNA-binding
activity of FASTKD2 (Castello et al. 2012) and early work
implicating FASTK family proteins inmitochondrial physiol-
ogy (Ghezzi et al. 2008; Simarro et al. 2010) as a basis, we de-
cided to explore whether it functions in mitochondrial RNA
metabolism.

RESULTS AND DISCUSSION

FASTKD2 associates with a select spectrum of
mitochondrial transcripts

All members of the FASTK protein family have independent-
ly been detected as RNA-binding proteins in mRNA interac-
tome data sets obtained from cells of murine and human
origin (Baltz et al. 2012; Castello et al. 2012; Kwon et al.
2013). In particular, FASTKD2 and -4 were captured by poly-
adenylated transcripts in all three mRNA interactome stud-
ies published to date (Fig. 1A). With the ultimate goal of
gaining insight into the molecular functions of FASTKD2,
potentially helping to understand the reported hereditary
form of encephalomyopathy associated with FASTKD2 mu-
tations, we set out to identify its associated transcripts. To this
end, we used the green fluorescent protein (GFP)-nanotrap
system (Rothbauer et al. 2008) to trace and stringently purify

FASTKD2 fused to a C-terminal GFP tag expected not to
interfere with the N-terminal mitochondrial localization sig-
nal of FASTKD2 (Ghezzi et al. 2008). Although the initial val-
idation of FASTKD2 as an RNA-binding protein confirmed
the copurification of an N-terminally GFP-tagged construct
with polyadenylated transcripts (Castello et al. 2012), the
mitochondrial localization of this construct was not tested.
C-terminally tagged FASTKD2-GFP colocalizes with mito-
chondria based on the overlapping staining pattern with
Mitotracker dye both in transfected MCF-7 and U2OS cells
(Fig. 1B).
To assess RNA-binding of FASTKD2-GFP, we purified

the protein from UV-irradiated stable cell lines, and radioac-
tively labeled cross-linked transcripts by polynucleotide ki-
nase treatment after gradual nucleolytic trimming. Analysis
of the immunoprecipitate by gel electrophoresis and autora-
diography revealed the crosslink-dependent copurification
of RNAwith FASTKD2-GFP (Fig. 1C). Near equal expression
levels of endogenous and tagged FASTKD2 were achieved
by careful titration of the tetracycline concentration used to
induce expression of the tagged protein in the stably transfect-
ed cells (Fig. 2A). Tomaximize the purification of FASTKD2-
associated transcripts and minimize the inclusion of RNAs
bound to potentially interacting proteins, we applied high-
ly stringent wash conditions and assessed the recovery of
FASTKD2 by gel electrophoresis (Fig. 2B). We then isolated
cross-linked transcripts from the immunoprecipitates of
three individual single-cell clones using cell lines expressing
the mitochondrial localization signal (MLS) of FASTKD2
(amino acids 17–68) fused to GFP as a background control.
RNA was isolated from immunoprecipitates, reverse

transcribed and cloned by a modified version of the iCLIP
(individual nucleotide resolution UV cross-linking and im-
munoprecipitation) protocol (Konig et al. 2010). The circu-
larization-based cDNA cloning procedure applied by iCLIP
facilitates the detection of the crosslink site position, thus
achieving a high spatial resolution of the resulting RNA–pro-
tein crosslinkmaps (Urlaub et al. 2002; Konig et al. 2010).We
obtained cDNA libraries from three independent cell clones
for both FASTKD2-GFP and the MLS-EGFP control (Table
1). These cDNA libraries were subsequently sequenced and
PCR amplification artifacts removed with the help of the
random barcodes that were included in the library amplifica-
tion primers using the iCount pipeline (Konig et al. 2010).
Alignment of the reads to the human nuclear and mitochon-
drial genomes revealed for all replicates of the MLS-GFP and
FASTKD2-GFP libraries that the read density for mitochon-
drial genes was higher by several orders of magnitude than
for genes encoded by the nuclear genome, a result that is con-
sistent with the mitochondrial localization of both constructs
(Fig. 2C). To gain insight into the mitochondrial target spec-
trum of FASTKD2, we aligned cross-link sites with a low false
discovery rate (FDR) with the mitochondrial genome. The
resulting peak map revealed the selective association of
FASTKD2 with a subset of mitochondrial transcripts (Fig.
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2D). To calculate the enrichment of a given crosslink peak in
the FASTKD2-GFP versus MLS-GFP libraries, we processed
the data using the DESeq2 pipeline (Anders and Huber
2010). Enrichment and P-values were then plotted for all de-
tected crosslink peaks with a low FDR (Fig. 2E) and specific
peaks defined by stringent cutoff values (log2-fold enrichment
≥4, −log10 P-value ≥2) (Fig. 2E,F). We detected several high-
confidence crosslink sites within the 12S and 16S ribosomal
RNAs (RNR1 and RNR2, respectively) and some of the trans-
fer RNAs encoded on the heavy strand (Fig. 2F). In addition,
high-confidence crosslink peaks are foundwithin themRNAs
of the complex III subunit CYB, and the cytochrome c oxidase
subunits COX1 andCOX2 (Fig. 2F). Analysis of the high-con-
fidence light-strand crosslink peaks suggested specific inter-
actions of FASTKD2 with the mRNA encoding subunit 6
of respiratory complex I (ND6), 7S RNA (a short RNA
of ∼200 nucleotides [nt] length also known as RNA18) and
mitochondrial prolyl-tRNA (TRNP), also evident by visual

inspection of the heat map of the low FDR peak data (Fig.
2D). For RNR2 the high-confidence crosslink sites cluster
near the 5′ end of the transcript (pos. 1726–1883), whereas
peaks within tRNA genes are preferentially located near the
D-stem or the anti-codon loop. Nearly all of the highly en-
riched heavy-strand crosslink peaks are located in regions
corresponding to mature mitochondrial transcripts. A signif-
icantly enriched peak in FASTKD2-GFP libraries correspond-
ing to a precursor transcript maps to a region downstream
from themature 7S RNA transcript, suggesting an interaction
of FASTKD2with a precursor transcript in the region between
7S RNA and the downstream TRNP.

Depletion of FASTKD2 affects the levels of several
of its target transcripts

To analyze the consequences of FASTKD2 deficiency in a cell-
based model, we established the depletion of the protein in
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FIGURE 1. FASTKD2 is a mitochondrial RNA-binding protein. (A) Domain structure and detection of FASTKD proteins in published mRNA inter-
actome data sets. (MLS) mitochondrial localization signal, (LC) low complexity region, (FAST_1/FAST_2) FAST domains. (B) Colocalization of
FASTKD2-GFP with mitochondria in transiently transfected U2OS and MCF-7 cells (stained with Mitotracker dye). (C) Validation of FASTKD2-
GFP as an RNA-binding protein. FASTKD2-GFP UV-cross-linked transcripts were trimmed by incubation with a serial dilution of RNase A, labeled
with polynucleotide kinase and [γ-32P]ATP, complexes separated by denaturing gel electrophoresis and visualized by autoradiography after transfer to
a PVDF membrane.
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HEK293 cells both by RNA interference (RNAi) and the Cas9
nuclease-based CRISPR system (Hsu et al. 2013). RNAi faith-
fully reduced the expression of FASTKD2 protein (Fig. 3A)
and mRNA (Fig. 3B) to ∼15% of control levels. Complete
depletion for FASTKD2 was achieved via the CRISPR/Cas9
nuclease system (Sanjana et al. 2014). Tomimic the mutation
causing the loss of function of FASTKD2 reported for two pa-
tients suffering from early onset encephalomyopathy (Ghezzi
et al. 2008), we chose a guide RNA sequence that induces

cleavage of genomic DNA in the immediate vicinity of the
R432 codon of FASTKD2, which is nonsense mutated in af-
fected patients. We isolated several independent clonal cell
lines without detectable FASTKD2 expression, referred to as
FASTKD2 NULL cells (Fig. 3C). Sequencing of the genomic
DNA of these cell lines confirmed successful nonsense muta-
genesis of all alleles encoding FASTKD2 (Fig. 3D).
Based on the iCLIP data, we analyzed the processing and

steady-state levels of FASTKD2 target RNAs in cells depleted
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FIGURE 2. Identification of FASTKD2 interacting transcripts in HEK293 cells. (A) Titration of tetracycline concentrations required for equal expres-
sion of endogenous FASTKD2 and FASTKD2-GFP. The asterisk denotes a lower molecular mass species of unknown identity. (B) Analysis of
FASTKD2-GFP immunoprecipitates by polyacrylamide gel electrophoresis and silver stain. (C) Crosslink site density plot for iCLIP cDNA libraries
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for FASTKD2 by RNAi or CRISPR. Depletion of FASTKD2
by RNAi leaves the noncoding heavy-strand transcripts un-
changed (Fig. 3E, left panels; Fig. 3F black bars). In contrast,
CRISPR-mediated depletion of FASTKD2 causes a profound
and selective reduction of 16S mitochondrial rRNA (RNR2)
(Fig. 3E, top panel; Fig. 3F). However, the levels of 12S rRNA
(RNR1), which arises from the same polycistronic heavy-
strand precursor transcripts, are largely unaffected (Fig. 3E,
F). Fully consistent with the results reported here, depletion
of FASTKD2 by RNAi was just found in to cause misassemb-
ly of the mitochondrial ribosome and impaired mitochon-
drial protein synthesis in human immortalized fibroblasts
(Antonicka and Shoubridge 2015). Our observations for
FASTKD2 also complement a recent report implicating
RAP, a protein of Arabidopsis thaliana that shares the RAP
domain with FASTKD2, in precursor processing of the small
ribosomal subunit RNA in chloroplasts (Kleinknecht et al.
2014). Despite this surprising similarity, our data suggest
that FASTKD2 may function somewhat differently, as we
did not observe the accumulation of ribosomal precursor
transcripts upon depletion of FASTKD2. Moreover, the un-
changed levels of RNR1 suggest that the biogenesis of the
common precursor of RNR1 and RNR2 is unaffected in the
absence of FASTKD2. Thus, selective depletion of RNR2
may occur due to its aberrant processing or due to ribosome
misassembly. Indeed, recent studies suggest that failure to as-
semble RNR2 with mitochondrial ribosomal proteins leads
to its selective depletion, which has been proposed to be me-
diated by the mitochondrial degradosome (Antonicka and
Shoubridge 2015; Tu and Barrientos 2015).
The levels of isoleucyl tRNA (TRNI), one of the heavy-

strand-encoded tRNAs highly enriched in FASTKD2-GFP
libraries, are unaffected by depletion of FASTKD2 by RNAi
and CRISPR/Cas9-mediated mutagenesis (Fig. 3E,F). We
next analyzed the expression of the heavy-strand protein-
encoding transcripts bound by FASTKD2. The mRNA levels
of the complex IV components COX1 and COX2 are un-
affected or mildly reduced by either form of depletion of
FASTKD2 (Fig. 3E,F). Complex IV was found to be most se-

verely affected in patients with mutated FASTKD2 (Ghezzi
et al. 2008). We therefore also examined the expression of
the mitochondrial mRNA encoding the complex IV subunit,
COX3, even though this transcript did not classify as a direct
FASTKD2 target (Fig. 2F). Comparable to the remaining mi-
tochondrial complex IV subunit RNAs, the levels of COX3
mRNA appear to be mildly affected by both RNAi- and
CRISPR-mediated loss of FASTKD2 (Fig. 3E,F). Similarly,
both modes of FASTKD2 depletion only mildly reduce the
levels of the remaining FASTKD2 protein-coding heavy-
strand target transcript, the complex III subunit mRNA
CYB (Fig. 3E,F).
Depletion of FASTKD2 by RNAi or CRISPR affects ND6

RNA processing and levels (Fig. 3E,F). As suggested by
Jourdain et al. (2015), depletion of FASTK has a similar ef-
fect on expression of the ND6 mRNA as loss of FASTKD2.
This study concludes that a mitochondrial form of FASTK
regulates the exonucleolytic processing of the 3′-end of the
ND6 transcript in cooperation with the mitochondrial de-
gradosome (Jourdain et al. 2015). However, our low FDR
FASTKD2 crosslink sites cluster within the coding region
of the ND6 transcript, suggesting that FASTKD2 may deter-
mine the fate of the mature forms of ND6, possibly in addi-
tion to a role in precursor processing.
Expression of 7S RNA is strongly induced by both modes

of depletion of FASTKD2 (Fig. 3E,F). This observation is
consistent with an induction of mitochondrial transcrip-
tion, a possible consequence of perturbed mitochondrial
homeostasis (Metodiev et al. 2009), as 7S RNA levels have
previously been proposed to correlate with de novo tran-
scriptional activity in mitochondria (Terzioglu et al. 2013).
Interfering with FASTKD2 expression by RNAi or CRISPR
leaves TRNP steady-state levels unchanged (Fig. 3E,F).
Taken together, both depletion of FASTKD2 by RNAi and
CRISPR mutagenesis affect the levels of several mitochondri-
al transcripts. CRISPR-mediated loss of FASTKD2 causes
transcript-specific mitochondrial RNA expression defects
characterized by a drastic reduction of 16S ribosomal RNA,
loss of mature ND6 mRNA and the induction of 7S RNA.

TABLE 1. Summary statistics for genomic mapping and random barcode evaluation of FASTKD2-GFP and MLS-GFP cDNA libraries

Cell line MLS-GFP FASTKD2-GFP

Replicate number 1 2 3 1 2 3
Initial sequencing reads 131,934,543

100%a

After experiment separation 22,240,321 21,165,609 22,869,088 20,835,753 17,587,180 22,740,088
17%a 16%a 17%a 16%a 13%a 17%a

After mapping to human genome (unique hits) 12,854,926 13,189,145 15,283,924 13,116,022 13,545,405 17,925,854
58%b 62%b 67%b 63%b 77%b 79%b

After mapping and random barcode evaluation 447,504 1,069,127 2,823,635 3,814,187 2,274,754 2,789,984
3%c 8%c 18%c 29%c 17%c 16%c

aWith respect to initial sequencing reads.
bWith respect to total reads after experiment separation.
cWith respect to mapped reads.
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FASTKD2 is required for mitochondrial translation

To assess the physiological consequences of the RNA process-
ing defects on mitochondrial function, we measured the
metabolic parameters of control and FASTKD2-depleted
cell lines. We first measured basal-, leak-, and maximal res-
piration by micro-respirometry (Divakaruni et al. 2014) after
adaptation of the protocol to HEK293 cells. Consistent with
the less severe changes in mitochondrial RNA processing

(Fig. 3E,F), depletion of FASTKD2 by RNAi results in an
insignificant change of the cellular oxygen consumption
rate (OCR) (Fig. 4A) or the extracellular acidification rate
(ECAR) (Fig. 4B), a parameter used to assess glycolytic activ-
ity (Divakaruni et al. 2014), even though FASTKD2 expres-
sion was efficiently silenced (Fig. 4C). We also measured de
novo mitochondrial protein synthesis by metabolic labeling
in the presence of emetine, an inhibitor of cytoplasmic but
not mitochondrial translation. Even though the depletion
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FIGURE 4. Metabolic analysis of cells depleted of FASTKD2. (A) Oxygen consumption rate (OCR) of HEK293 cells depleted of FASTKD2 by RNAi
([siCtrl] control siRNA; [siFASTKD2] FASTKD2 targeting siRNA pool; [Basal] basal respiration; [Oligo] leak respiration in the presence of oligomy-
cin; [FCCP1] uncoupled respiration in the presence of 200 nM FCCP (carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone); [FCCP2] uncoupled
respiration in the presence of 250 nM FCCP; [A + R] residual respiration in the presence of antimycin a and rotenone). (B) Extracellular acidification
rate (ECAR) of cells depleted of FASTKD2 by RNAi. Maximum ECAR measured in the presence of oligomycin (Oligo) was set to 100%. (C)
Confirmation of RNAi-mediated depletion of FASTKD2 by Western blot. (D) Metabolic labeling of de novo synthesis of mitochondrial proteins
in cells depleted of FASTKD2 by RNAi (left panel) or CRISPR-mediated mutagenesis (right panel) in the presence of emetine. (CBB) Coomassie bril-
liant blue stain. (E) OCR of HEK293 cells depleted of FASTKD2 by CRISPR. Abbreviations are as in A. (F) ECAR of cells depleted of FASTKD2 by
CRISPR. (G) Relative growth of cells depleted of FASTKD2 by CRISPR in galactose media. (H) Western blot analysis of expression of FASTKD2 in
crude mitochondrial preparations isolated from cells depleted of FASTKD2 by CRISPR. (I) Activity of ETC complexes in cells depleted of FASTKD2
by CRISPR. Values were normalized by the activity of citrate synthase and are stated for both cells depleted of FASTKD2 by CRISPR-mediated
mutagenesis and Cas9-expressing control cells. (J) mtDNA levels of cells depleted of FASTKD2 by CRISPR. Values are stated as relative ratios of
COXI (mitochondrial) to β-actin (nuclear) amplicons as determined by quantitative reverse transcriptase PCR.
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of FASTKD2 by RNAi does not appreciably affect the steady-
state levels or processing pattern of RNR2 on Northern
blots (Fig. 3E, top panel on the left), it appreciably reduces
global mitochondrial translation (Fig. 4D left panel). The
fact that the metabolic activity of siRNA-treated cells appears
largely unaltered despite a generalized reduction of mito-
chondrial translation suggests a remarkable capacity of the
cells to buffer perturbations of mitochondrial protein syn-
thesis for limited periods of time. Genomic deletion of
FASTKD2 by CRISPR-mediated mutagenesis impairs global
mitochondrial translation to an even greater extent than
RNAi-mediated depletion, thus confirming the importance
of the protein for mitochondrial protein synthesis (Fig. 4D
right panel).

Lack of FASTKD2 compromises cellular respiration

Against the background of the apparently high functional
stability of mitochondrial functions to RNAi-mediated
FASTKD2 depletion, we also analyzed the metabolic param-
eters of FASTKD2 NULL cells. Of note, CRISPR-mediated
loss of FASTKD2 causes a pronounced decrease of both basal
andmaximal respiration (Fig. 4E, 0–20 or 40–80min, respec-
tively). The OCR is diminished for all three tested clonal
FASTKD2 NULL cell lines, compared with the rates mea-
sured for the Cas9 control and parental cell lines. In addition
to reduced oxygen consumption, each of the FASTKD2-defi-
cient cell lines also displays an increased ECAR (Fig. 4F), sug-
gesting that the energy deficit arising from dysfunctional
oxidative phosphorylation may be compensated by an in-
creased rate of glycolysis. As cells with defects in oxidative
phosphorylation frequently exhibit diminished prolifera-
tion in media containing galactose as the main carbohydrate
(Robinson et al. 1992), we compared the growth rates of
FASTKD2 WT (wild type) and NULL cells in glucose- versus
galactose-containing media. Whereas both FASTKD2 WT
and NULL cell lines show lower proliferation rates in gal-
actose compared to glucose media, the FASTKD2 NULL
cells are far more severely affected (Fig. 4G). Therefore,
FASTKD2-deficient cells display multiple signs of a marked
defect in cellular respiration.

We alsomeasured the activity of the complexes of the respi-
ratory chain in crude mitochondria isolated from FASTKD2
NULL or the control WT cell lines (Fig. 4H). All activities
were normalized to citrate synthase activity measured in
the respective mitochondrial preparations. Consistent with
the generalized defect in mitochondrial translation of
FASTKD2-depleted cells, all mitochondrially encoded ETC
complexes display diminished activities (30%–60% of
WT levels, Fig. 4I). Of all ETC complexes, it appears as if
NADH:ubiquinone oxidoreductase (complex I) is the most
severely affected (∼30%ofWT levels, Fig. 4I, first panel), con-
sistent with one of its subunit transcripts, ND6, being strongly
affected by both modes of depletion of FASTKD2. Of note,
succinate dehydrogenase (complex II) activity was unaffected

(Fig. 4I, second panel), consistent with its subunits and as-
sembly factors being encoded by the nuclear genome.
Note that 7S RNA is a polyadenylated mitochondrial tran-

script of ∼200 nt length with poorly defined functions (Ojala
et al. 1981a; Clayton 1984; Mercer et al. 2011). According
to the current model of mitochondrial DNA replication, a
nonpolyadenylated fragment of 7S RNA, produced by early
termination, serves as an RNA primer for the replication of
mitochondrial heavy-strand DNA (Agaronyan et al. 2015).
To assess a possible functional consequence of altered 7S
RNA expression upon depletion of FASTKD2, we deter-
mined the mitochondrial DNA content of FASTKD2 WT
and NULL cell lines. mtDNA levels are slightly increased
in FASTKD2 NULL cells compared to WT controls (Fig.
4J). Importantly, this excludes mtDNA depletion as a cause
of the respiration defect of FASTKD2 NULL cells. Further
contributions of altered 7S RNA expression to the pheno-
type of FASTKD2-deficient cells are difficult to assign, as
this transcript still awaits further functional characterization
(Ojala et al. 1981a; Clayton 1984). Taken together, CRISPR-
mediated deletion of FASTKD2 has drastic effects on
both mitochondrial gene expression and physiology. Both
the broadly compromised cellular respiration and induced
glycolysis are consistent with the drastic depletion of the
large mitochondrial ribosomal subunit RNA (RNR2) associ-
ated with the complete loss of FASTKD2 expression. Never-
theless, the activity of ETC complexes remains detectable in
FASTKD2 NULL cells, which suggests residual respiratory
chain protein synthesis in the absence of FASTKD2.

CONCLUSIONS

The FASTK family represents an emerging family of RNA-
binding proteins. Despite early evidence that FASTK family
proteins localize to mitochondria and, as demonstrated for
FASTKD3, affect cellular respiration (Simarro et al. 2010),
mechanistic and functional information is only now begin-
ning to emerge. A recent high-throughput screen for factors
involved in mitochondrial RNA processing implicated
FASTKD4 in the regulation of the turnover of a select spec-
trum of mitochondrial transcripts (Wolf and Mootha
2014). With the aim to identify the molecular underpinnings
of a rare form of encephalomyopathy associated with mutat-
ed FASTKD2 (Ghezzi et al. 2008), we here propose a mech-
anistic model for its function. Our identification of the
molecular targets of FASTKD2 by iCLIP yields a high-resolu-
tion map normalized to exclude PCR amplification-induced
artifacts and controlled for specificity. The ensuing charac-
terization of the expression of FASTKD2-bound transcripts
upon depletion of FASTKD2 by RNAi or the CRISPR/Cas9
system provides insights into FASTKD2 function in mito-
chondrial biology and pathophysiology. In combination
with the metabolic analyses we thus establish the physiolog-
ical consequences of a genomic deletion of FASTKD2 in cul-
tured human cells.
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The effects of FASTKD2 deficiency appear to be cell type-
and tissue-specific, as the originally reported complex IV
deficiency was only detectable in muscle biopsies but not
in fibroblasts of the affected patients (Ghezzi et al. 2008).
The variable capability of different cell types to compensate
for the consequences of impaired mitochondrial translation,
as suggested by a recent study (Richman et al. 2015), may
at least to some degree explain the apparently contrasting
consequences of the loss of FASTKD2 in different tissues
or cell types. Alternatively, the lack of FASTKD2 might be
compensated for by further, tissue-specific factors such as
other mitochondrial granule components or FASTK family
proteins. It therefore remains to be determined to which
degree FASTKD- and other mitochondrial RNA granule pro-
teins cooperate or are functionally interdependent, as sug-
gested by the comparable effects of FASTK (Jourdain et al.
2015) and FASTKD2 (this study) depletion on ND6 expres-
sion. Future work on the other members of the FASTK family
of proteins will help complete the picture of their mode of
function.

MATERIALS AND METHODS

Expression and detection of GFP-fusion proteins

All constructs were inserted into pcDNA5/FRT/TO-GFP, a deriva-
tive of pcDNA5/FRT/TO (Invitrogen) with a Gly/Ser-linker EGFP
construct inserted between the NotI and ApaI restriction sites.
The open reading frame of FASTKD2 comprising amino acids me-
thionine 17, the conserved start codon, to glutamine 710 (Ghezzi
et al. 2008) was amplified by PCR using the primers FASTKD2_F
(5′-AGCTGGTACCATGAATAACAAAGCG-3′, start codon under-
lined) and FASTKD2_R (5′-ACGTCTCGAGTTGTGTGCTTTG-
CAC-3′). The mitochondrial localization signal of FASTKD2 (ami-
no acids 16–68) was amplified using the primers FASTKD2_F and
MLS_R (5′-ACGTCTCGAGCATTCTGTTATGAAAGTTATTTAA-
AATG-3′). The resulting amplicons were inserted into pcDNA5/
FRT/TO-GFP using the XhoI and KpnI restriction sites, thus gen-
erating C-terminal GFP-fusion proteins. The constructs were in-
troduced into HEK293 Flip-In TRex cell lines according to the
manufacturer’s recommendations (Life Technologies) using Effec-
tene transfection reagents (Qiagen). For fluorescence microscopy,
pcDNA5/FRT/TO-based constructs expressing FASTKD2-GFP or
GFP only were transiently transfected into MCF-7 or U2OS cells.
Forty-eight hours after transfection, the cells were incubated for
30 min with 250 nM Mitotracker deep red CMX ros (Life Technol-
ogies), fixed with formaldehyde and visualized using a Leica SP2
confocal microscope.

UV-cross-linking, immunoprecipitation, and labeling
of FASTKD2-associated transcripts

Induced HEK293 Flp-In TRex cell lines expressing FASTKD2-GFP
(10 ng/mL tetracycline, 16 h) were washed twice with PBS and irra-
diated with UV light at 254 nm (150 mJ/cm2) on ice. Immediately
after irradiation, cells were lysed in three cell pellet volumes of lysis
buffer (100 mM KCI, 5 mM MgCl2, 10 mM Tris–HCI pH 7.5,

0.5% NP-40, 4 mMDTT, 100 U/mL RNasin [Promega], 200 µM ri-
bonucleoside vanadyl complex [NEB], EDTA-free protease in-
hibitor cocktail [Roche]). Lysates were incubated with 50 U/mL
of DNase I (Takara) and indicated concentrations of RNaseA
(Sigma) for 10 min at 37°C. Subsequently the lysates were chilled
on ice and cleared by centrifugation at 16,000g for 20 min at 4°C.
Fusion proteins were captured by incubation with 10 µL of pre-
equilibrated magnetic particle suspension (GFP-Trap_M, Chromo-
tek) per mL of lysate with rotation for 2 h at 4°C. Beads were recov-
ered and washed four times with high salt buffer (500 mMNaCl, 20
mM Tris–HCl pH 7.5, 1 mM MgCl2, 0.05% NP40, 0.1% sodium
dodecyl sulfate, EDTA-free protease inhibitor cocktail). Subse-
quently, beads were washed two times with PNK buffer (50 mM
Tris–HCl pH 7.5, 50 mM NaCl, 10 mM MgCl2, 0.5% NP-40, 5
mMDTT). Beads were resuspended in the original bead suspension
volume and incubated with 1 U/μL T4 polynucleotide kinase (NEB)
and 0.1 μCi/μL [γ-32P]ATP (Hartmann Analytics) for 30 min at 37°
C and 800 rpm to label the 5′-end of cross-linked RNAs. The mag-
netic beads were then washed five times with PNK buffer free of
DTT. Immunoprecipitates were resolved on 4%–12% gradient
gels (BioRad) and blotted on PVDF membranes. Cross-linked
RNA–protein complexes were visualized by autoradiography using
a phosphorimager (Fuji).

Identification of FASTKD2-associated
transcripts by iCLIP

Cell lines expressing FASTKD2-GFP or MLS-GFP were subjected to
UV cross-linking and lysis as described above. The cleared lysates
(typically 2 mL) were then mixed 1:4 with 5× High Salt Buffer
(1.25 MNaCl, 100 mMTris–HCl pH 7.5, 0.5% sodium dodecyl sul-
fate). The lysates were precleared by incubation with 60 µL of equil-
ibrated blocked magnetic particle suspension (Chromotek) per mL
of lysate (1 h, 4°C, gentle rotation). GFP-fusion proteins were then
captured from precleared lysates by incubation with 60 µL of GFP-
Trap magnetic particle suspension (GFP-Trap_M, Chromotek) per
mL of lysate (2 h, 4°C, gentle rotation). Beads were collected using a
magnet and washed twice with high salt buffer. The beads were then
washed twice with medium salt buffer (250 mMNaCl, 20 mMTris–
HCl pH 7.5, 1 mM MgCl2, 0.05% NP-40, 100 U/mL RNasin, 200
µM ribonucleoside vanadyl complex, EDTA-free protease inhibitor
cocktail) and once with low salt buffer (150 mMNaCl, 20 mMTris–
HCl pH 7.5, 1 mMMgCl2, 0.01% NP-40, 50 U/mL RNasin, EDTA-
free protease inhibitor cocktail). Beads were resuspended in 1 mL
low salt buffer without RNasin and incubated (3 min, 37°C, 1 100
rpm) with 4 U of RNase I (Life Technologies) and 4 U of Turbo
DNase (Life Technologies). Beads were washed once with high
salt buffer, twice with low salt buffer, resuspended in 20 µL of
PNK mix (70 mM Tris–HCl pH 6.5, 10 mM MgCl2, 5 mM DTT,
250 U/mL T4 polynucleotide kinase [NEB], 500 U/mL RNasin)
and incubated with agitation (1 100 rpm) for 20 min at 37°C.
Beads were then washed twice with high salt buffer, twice with
low salt buffer and incubated for 16 h (1 100 rpm, 16°C) in 20 µL
ligation mix (50 mM Tris–HCl pH 7.5, 10 mM MgCl2, 10 mM
DTT, 500 U/mL T4 RNA ligase 1, 500 U/mL RNasin, 1.5 μM pre-
adenylated linker L3 [5′-rApp-AGATCGGAAGAGCGGTTCAG-
ddC-3′], 20% PEG-400 [Sigma]). The beads were washed three
times with high salt buffer, twice with low salt buffer, proteins di-
gested with proteinase K and samples processed for all subsequent
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steps as described previously (Konig et al. 2010). cDNA libraries ob-
tained after PCR amplification with universal Solexa primers (25 cy-
cles) were multiplexed and sequenced using an Illumina HiSeq2000
platform. Mapping of the retrieved reads to the hg19 assembly of
the human genome (considering only single hits in the genome),
random barcode evaluation, and evaluation of the significance of
crosslink sites (Fig. 2D) were carried out as previously described
(Konig et al. 2010). Low FDR (<0.05) crosslink site counts of the
three replicates sequenced for each MLS-GFP and FASTKD2-GFP
were then used to compute log2(enrichment) and log10(P-value) us-
ing DESeq2 (Anders and Huber 2010).

Cell culture, depletion of FASTKD2 by RNAi,
and CRISPR-induced mutagenesis

Cells were cultured at 37°C, 95% humidity and 5% CO2 in 1× high-
glucose DMEM supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin sul-
fate. For galactose cultivation experiments, cells were cultured in
DMEM without glucose and glutamine (Life Technologies) plus 2
mM L-glutamine, 0.9 g/L D-galactose or 4.5 g/L D-glucose, 10%
dialyzed fetal bovine serum, and 1 mM pyruvate. Depletion of
FASTKD2 by RNAi was achieved by transfection of Dharmacon
smartpool siRNAs targeting FASTKD2 using the MISSION siRNA
universal negative control (Sigma) for control experiments and
Lipofectamine RNAiMAX reagent (Life Technologies) as suggested
by the manufacturer. Typically, cells were harvested and analyzed 72
h after transfection. To achieve the genomic deletion of FASTKD2
by CRISPR/Cas9-mediated mutagenesis, the annealed oligonucleo-
tides FASTKD2_1269F (5′-CACCGCAAGGTTTTCAAATAAAAT-
G-3′) and FASTKD2_1269R (5′-AAACCATTTTATTTGAAAACC-
TTGC-3′) were inserted into pXPR_001 (obtained from Addgene)
via the BsmBI restriction sites. The resulting plasmid was introduced
into HEK293 Flp-In TRex cells by lentiviral infection using standard
procedures. Infected cell pools were selected with 100 µg/mL zeocin,
5 µg/mL blasticidin, and 1 µg/mL puromycin and antibiotic-resis-
tant single-cell clones isolated by limiting dilution. Upon clonal ex-
pansion, loss of FASTKD2 expression was assessed by Western blot
(Protein Tech No. 17464-1-AP). To directly identify the mutations
introduced by CRISPR/Cas9-mediated mutagenesis, the genomic
DNA sequence surrounding the protospacer adjacent motif was
amplified using the primers FASTKD2_gSEQ_F (5′-cggtacccgggg-
atcGGATATATTCTGTTGATCAGGACAGTTGAATTGCTGC-3′,
lower case indicates homology sequences for In-Fusion cloning) and
FASTKD2_gSEQ_R (5′-cgactctagaggatcAGTATGAAGAATAGATA-
GAATGTTTTTCATGTTTAGGGATTCAGG-3′) using Phusion
DNA polymerase (NEB). PCR amplicons were either directly se-
quenced or inserted into linearized pUC19 by In-Fusion cloning
(Clontech) following the manufacturer’s recommendations. After
transformation, plasmids obtained from individual colonies were
subjected to Sanger sequencing.

Analysis of mitochondrial RNA processing
by Northern blotting

Northern blot analysis of mitochondrial transcripts was carried out
essentially as described previously (Jourdain et al. 2013). Briefly, 10
µg of total RNA were resolved by electrophoresis in 1.2% agarose–
formaldehyde gels and blotted by capillary transfer on nylon mem-

branes (Genescreen PlusR, PerkinElmer). Cross-linked membranes
were probed in 50% formamide, 7% SDS, 0.2 M NaCl, 80 mM
sodium phosphate (pH 7.4), 0.1 mg/mL salmon sperm DNA at
60°C or 45°C (for tRNA probes) with antisense riboprobes prepared
by transcription from PCR products. Blots were briefly washed with
1× SSC, 0.1% SDS and afterwards for 30 min with 0.5× SSC, 0.1%
SDS. Bands on blots were detected by phosphorimaging.

Metabolic characterization of cell lines

OCR and ECAR were determined using a Seahorse XFe96 analyzer
(Seahorse Bioscience) as suggested by the manufacturer. Typically,
25,000 HEK293 cells were seeded into poly-L-lysine (PLL) coated
96-well analyzer plates (Seahorse Bioscience) and grown for 16 h
to allow for attachment. OCR and ECAR were recorded in XF assay
medium (base medium plus 25 mM D-glucose, 5 mM pyruvate, 4
mM L-glutamine). Leak respiration was measured after injection
of 2 µM oligomycin, uncoupled respiration after injection of 200
and 250 nM FCCP and residual oxygen consumption in the pres-
ence of 0.5 µM rotenone and 0.5 µM antimycin A. To assess growth
of cells in galactose-containing media, 2500 cells were seeded into
PLL-coated 96-well plates and grown for 16 h in standard medium
to allow for attachment. Cells were washed thrice and further
grown in parallel in either galactose or glucose containing media.
After 48 h, cell numbers were determined using the CyQUANT
Direct cell proliferation assay (Life Technologies) as specified by
the manufacturer.

Pulse labeling of mitochondrial translation products

Labeling of mitochondrial translation products was carried out as
described previously (Sasarman and Shoubridge 2012). Briefly,
500,000 cells were seeded into PLL-coated wells of a six-well plate
on the day before labeling. Cells were washed twice with DMEM
without cysteine and methionine and incubated for 30 min (37°C,
5% CO2, 95% relative humidity) with equilibrated labeling medium
(DMEM without cysteine and methionine, 2 mM glutamine, 10%
dialyzed serum and 1 mM pyruvate). Cytoplasmic translation was
inhibited by addition of 100 µg/mL emetine (Sigma) and plates in-
cubated for further 5 min. Finally, translation products were labeled
by addition of 200 µCi/mL of L-[35S]Methionine (Hartmann
Analytics) for 1 h. Cells were then incubated for 10 min with stan-
dard culturing medium, harvested by scraping in ice-cold PBS, lysed
with RIPA buffer (25 mM Tris–HCl pH 7.5, 150 mMNaCl, 1% NP-
40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM
DTT, EDTA-free protease inhibitor cocktail), cleared by centrifuga-
tion (16,000g, 10 min) and 30 µg aliquots (Bradford assay, BSA stan-
dard) analyzed by SDS gel electrophoresis (15% gels). Gels were
stained with Coomassie brilliant blue, dried, and visualized by
phosphorimaging.

Respiratory chain assays

Cells were resuspended in mitochondrial isolation buffer (250 mM
sucrose, 50 mM KCl, 5 mM MgCl2, 20 mM Tris–HCl pH 7.5) and
lysed by 12 passages through a 27 2/3 G needle. The lysate was cen-
trifuged for 10 min at 600g at 4°C, the supernatant recovered and
crude mitochondria recovered by centrifugation at 14,000g for 15
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min. Mitochondrial pellets were resuspended in a minimal volume
of mitochondrial isolation buffer. The protein concentration of mi-
tochondrial preparations was determined by Bradford assay using
BSA as a standard. Mitochondrial enzyme activities were recorded
using a Tecan infinite M1000pro plate reader equipped with a ther-
mostat essentially as described previously (Sauer et al. 2005). The
following extinction coefficients were used to calculate relative
enzyme activities from absorption values: NADH: ε340–400 nm = 6.1
mM−1 cm−1, cytochrome c: ε550–540 nm = 19.0 mM−1 cm−1, 2,6-
dichlorphenol-indophenol (DCPIP): ε610–750 nm = 22.0 mM−1

cm−1, 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB): ε412 nm = 14.2
mM−1 cm−1. To assay complex I activity, mitochondria were resus-
pended in 25 mM potassium phosphate pH 7.5 plus 5 mM MgCl2
and disrupted by sonication in a BioRuptor device (Diagenode, 20
cycles, 30-sec duty, 30-sec pause at 4°C). Complex I activity (absorp-
tion at 340 nm against absorption at 400 nm as a background) was
recorded as the rotenone-sensitive (20 µM) decylubiquinone reduc-
tase activity (50 mM potassium phosphate pH 7.2, 3 mg/mL BSA,
0.3 mM KCN, 200 µM NADH, 4 µM antimycin A, 60 µM decylubi-
quinone). Complex II activity (absorption at 610 nm against absorp-
tion at 750 nm as a background) was recorded in 20 mM Tris–HCl
pH 7.5, 250 mM sucrose, 50 mM KCl, 5 mM MgCl2, 0.05% Triton
X-100, 20 mM sodium succinate, 40 µM decylubiquinone, 60 µM
DCPIP, 2 mM sodium azide. Prior to measurements, mitochondria
were preincubated for 10 min at 25°C in mitochondrial isolation
buffer containing 2 mM sodium azide and 20 mM succinate.
Complex II–III activity was recorded as succinate:cytochrome c re-
ductase activity (50 mM potassium phosphate pH 7.5, 20 mM
sodium succinate, 1 mMKCN, 10 µM rotenone, 50 µM oxidized cy-
tochrome c) at 550 nm using absorption at 540 nm as a background.
Complex IV activity was recorded as cytochrome c oxidase activity
(250 mM sucrose, 120 mM potassium phosphate pH 7.5, 5 mM
MgCl2, 0.05% laurylmaltoside, 200 µM reduced cytochrome c) at
550 nm using absorption at 540 nm as a background. Complex V
activity (absorption at 340 nm using absorption at 400 nm as a back-
ground) wasmeasured by a coupled assay in assay mixtures contain-
ing 250 mM sucrose, 50 mM KCl, 5 mM MgCl2, 20 mM Tris–HCl
pH 7.5, 250 µM NADH, 1 mM phosphoenolpyruvate, 2 U/mL py-
ruvate kinase, 2.5 U/mL lactate dehydrogenase and 2 mM ATP.
Citrate synthase activity was measured at 412 nm in assay mixtures
containing 200mMTris–HCl, 0.25% Triton X-100, 100 µMDTNB,
300 µM acetyl-coenzyme A, and 0.5 mM oxaloacetate.

Real-time PCR-based quantification of gene expression
and mitochondrial DNA content

RNA was isolated using TRI reagent (Sigma) according to the
manufacturer’s protocol. cDNA was synthesized using Superscript
II reverse transcriptase (Life Technologies) and quantitative PCR re-
actions were set up using a SYBR green PCR master mix (Applied
Biosystems) both as specified by the manufacturer. FASTKD2 ex-
pression was detected using the primers FASTKD2_QF (5′-TCCT-
GAATCCCTAAACATGAAAA-3′) and FASTKD2_QR (5′-GCCA-
TAACTTCCACGAAC TG-3′) using the β-actin transcript BACTF
(5′-TCACCGGAGTCCATCACGAT-3′) and BACTR (5′-CGCGA-
GAAGATGACCCAGA-3′) for normalization. To determine the mi-
tochondrial DNA content, genomic DNA was isolated as previously
described (Guo et al. 2009). Mitochondrial DNA was quantified
using the primers CO1F (5′-ATACTACTAACAGACCGCAACCT-

C-3′) and CO1R (5′-GAGATTATTCCGAAGCCTGGT-3′), whereas
nuclear DNAwas quantified with the primers BACTGF (5′-GAAGG-
ATTCCTATGTGGGCGA-3′) and BACTGR (5′-CAGGGTGAGG-
ATGCCTCTCTT-3′).
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