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Some mitochondrial long noncoding RNAs (lncRNAs) are encoded by nuclear DNA, but the mechanisms that
mediate their transport to mitochondria are poorly characterized. Using affinity RNA pull-down followed by mass
spectrometry analysis, we found twoRNA-binding proteins (RBPs), HuR (human antigenR) andGRSF1 (G-rich RNA
sequence-binding factor 1), that associated with the nuclear DNA-encoded lncRNA RMRP and mobilized it to mi-
tochondria. In cultured human cells, HuR boundRMRP in the nucleus andmediated its CRM1 (chromosome region
maintenance 1)-dependent export to the cytosol. AfterRMRPwas imported intomitochondria, GRSF1 boundRMRP
and increased its abundance in the matrix. Loss of GRSF1 lowered the mitochondrial levels of RMRP, in turn sup-
pressing oxygen consumption rates and modestly reducing mitochondrial DNA replication priming. Our findings
indicate that RBPs HuR and GRSF1 govern the cytoplasmic and mitochondrial localization of the lncRNA RMRP,
which is encoded by nuclear DNA but has key functions in mitochondria.
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Human mitochondrial DNA (mtDNA) contains 13 genes
encoding protein components of themitochondrial oxida-
tive phosphorylation (OXPHOS) system, 22 tRNAs, and
two rRNAs (12S and 16S) (Anderson et al. 1981). However,
a large proportion of mitochondrial proteins necessary
for maintaining mitochondrial structure and function
are encoded by the nuclear genome, synthesized in the cy-
toplasm, and imported into mitochondria. In addition,
several noncoding RNAs (ncRNAs) transcribed in the nu-
cleus but residing in mitochondria also play a key role in
regulating mitochondrial gene expression (Chang and
Clayton 1987; Smirnov et al. 2011). The molecular mech-
anisms regulating the process of RNA import into the mi-
tochondria are only now beginning to emerge. One study
identified a cytosolic protein, rhodanese, as an import fac-
tor directing cytoplasmic 5S rRNA (encoded by nuclear
DNA) into the mitochondrial matrix (Smirnov et al.
2010). Another study implicated the RNA import factor

polynucleotide phosphorylase (PNPase), located in the
mitochondrial intermembrane space (IMS), as a mediator
of the translocation of cytosolic RNAs intomitochondria,
possibly requiring additional proteins to translocate RNA
through the inner membrane (IM) into the matrix (Wang
et al. 2010). Together, these results suggest that a series
of proteins or protein complexes mediates RNA transport
from the nucleus to mitochondria.

Analysis of the mitochondrial transcriptome (our RNA
sequencing [RNA-seq] data [GSE73458]; Mercer et al.
2011) led to the systematic identification of several nucle-
ar DNA-encoded long ncRNAs (lncRNAs) present in the
mitochondrial inner compartment, the matrix. Among
these,RMRP (the RNAcomponent of the RNAprocessing
endoribonuclease [RNase MRP]) was found to associate
with the RNA-binding proteins (RBPs) HuR (human
antigen R) and GRSF1 (G-rich RNA sequence-binding
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factor 1). RMRP is best known for being a component of
the nuclear RNase MRP complex, which participates in
the processing of ribosomal RNA to generate the short
mature 5.8S rRNA (Schmitt and Clayton 1993) and
cleaves B-cyclin (CLB2) mRNA in yeast, lowering B-cyclin
levels during mitosis (Gill et al. 2004). In addition, RMRP
interacts with telomerase to form a complex with RNA-
dependent RNA polymerase activity capable of synthesiz-
ing dsRNA precursors processed by DICER1 into siRNAs
(Maida et al. 2009). As a component of the mitochondrial
RNase MRP, RMRP is important for mitochondrial DNA
replication and RNA processing (Chang and Clayton
1987, 1989). Given the essential mitochondrial functions
of RMRP, identifying RBPs involved in transporting and
modulating RMRP actions in mitochondria is critical.
We thus set out to investigate the interactions of RMRP
with HuR and GRSF1 in depth.
A member of the ELAV (embryonic lethal abnormal vi-

sion) family of RBPs, HuR is a ubiquitous protein that in-
teracts with target RNAs via its three RNA recognition
motifs (RRMs). HuR has been implicated in numerous
post-transcriptional gene regulatory events, including nu-
clear mRNA export, mRNA stabilization, and translation
(Fan and Steitz 1998; Abdelmohsen and Gorospe 2010).
Although HuR is predominantly nuclear, it can shuttle
across the nuclear envelope, in some cases mobilizing
target mRNAs in the process (Gallouzi and Steitz 2001;
Prechtel et al. 2006; Doller et al. 2008; Yi et al. 2010).
Transcriptome-wide analyses of HuR target RNAs using
photoactivatable ribonucleoside-enhanced cross-linking
and immunoprecipitation (PAR-CLIP) revealed numerous
coding RNA and ncRNA ligands for HuR and indicated
that HuR influenced the stability of mature mRNAs and
possibly other aspects of their post-transcriptional fate
(Kishore et al. 2011; Lebedeva et al. 2011; Mukherjee
et al. 2011). Although HuR can also bind ncRNAs (e.g.,
lncRNAs and microRNAs), the impact of HuR on
ncRNAs has been reported for only a few targets (Yoon
et al. 2012, 2013). The RBP GRSF1 is also a ubiquitous
RBP and bears three RRMs. It was first identified as a cy-
toplasmic RBP with high affinity for G-rich sequences
(Qian and Wilusz 1994) and was shown to regulate viral
and cellular RNA metabolism at many levels, including
splicing, polyadenylation, export, and recruitment to
polysomes (Ufer 2012). Recent reports have implicated
GRSF1 inmitochondrial-related processes, as it was found
in submitochondrial domains termed “RNA granules”
and was found to interact physically withmtDNA-encod-
ed transcripts (mtRNAs), regulate mitochondrial gene ex-
pression post-transcriptionally, and help assemble the
mitochondrial ribosome (Antonicka et al. 2013; Jourdain
et al. 2013).
Our results presented here indicate that RMRP, tran-

scribed from nuclear DNA, can be mobilized into the cy-
tosol and accumulate in the mitochondrial matrix by the
RBPs HuR and GRSF1, respectively. These findings sug-
gest novel roles for RBPs in the transport and localization
of ncRNAs to mitochondria and provide new knowledge
of the mechanisms through which regulatory RNAs are
mobilized across cellular organelles.

Results

Transcribed in the nucleus, mitochondria-resident
lncRNA RMRP binds to the RBPs HuR and GRSF1

In order to investigate the mechanisms that govern the
mitochondrial import of RNAs transcribed in the nucleus,
RNA-seq was performed to analyze the transcriptome
profile in the mitoplast, the compartment within the mi-
tochondrial IM (Materials and Methods) of WI-38 human
fibroblasts (GSE73458). We identified numerous ncRNAs
encoded by nuclear DNA, including many ncRNAs that
overlapped with those identified by Mercer et al. (2011)
(Supplemental Fig. S1A). Among the nuclear DNA-en-
coded ncRNAs found in mitochondria from our RNA-
seq analysis (Supplemental Fig. S1B), we focused on
RMRP, the RNA component of the RNase MRP ribonu-
cleoprotein (RNP) complex, which plays a key role in mi-
tochondrial metabolism and gene regulation (Chang and
Clayton 1987).
Tocomprehensively identify all of thecellularRBPs that

interactwithRMRP, we performedRNApull-down assays
followed by mass spectrometry (MS). Biotinylated anti-
sense (AS; binding toRMRP) or sense (S; nonbinding nega-
tive control) oligomers (Supplemental Fig. S2A) were
incubated with whole-cell extracts of human embryonic
kidney 293 (HEK293) cells (Fig. 1A). Streptavidin-coated
agarose beads were used to pull down RNP complexes,
and the bound proteins were separated by SDS-PAGE and
visualized by staining usingCoomassie blue dye. As antic-
ipated,RMRPwas enriched in the pull-downmaterial (Fig.
1B, left), and several protein bandswere readily detected in
samples pulled down with AS oligomers that were either
absent or only weakly present in S oligomer pull-down
samples (Fig. 1B, right). The most prominent bands in
the AS pull-down material were excised and analyzed by
MS. Additional proteins enriched in the AS pull-down
were known RMRP-interacting proteins such as RPP38
and hPOP1 (Lygerou et al. 1996; Pluk et al. 1999; data
not shown). Among the proteins present in the
most prominent bands, we identified two well-known
RBPs: ELAVL1/HuR (∼40 kDa) and GRSF1 (50–60 kDa)
(Fig. 1B, right). HuR was chosen for further analysis, as
earlier cross-linking experiments showed that it inter-
acts with RMRP (Kishore et al. 2011), while similar evi-
dence did not exist for other RBPs from the MS data
set (Supplemental Fig. S2B). GRSF1 was investigated
further because it was one of the prominent mitochon-
drial RBPs found among the proteins identified by MS
(Supplemental Fig. S2C). Other RBPs identified by MS
(Supplemental Fig. S2B, cutoff >15 peptides)were also test-
ed, including HNRNPH, HNRNPF, and HNRNPC; these
RBPs showed only modest interaction with RMRP and
did not influence its subcellular distribution (data not
shown). By Western blot analysis, we confirmed that
HuR andGRSF1were enriched in the AS pull-downmate-
rial (Fig. 1C).
To verify these interactions using other methods, we

carried out RNP immunoprecipitation (RIP) analysis.
After immunoprecipitation using anti-HuR or control
IgG antibodies (Fig. 1D), RNA was extracted from the
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immunoprecipitated material and subjected to RT-qPCR
analysis using RMRP-specific primers. As shown, endoge-
nous HuR associated selectively with endogenous RMRP,
as evidenced by the enrichment in RMRP levels in HuR
immunoprecipitation relative to control IgG immunopre-
cipitation samples from whole-cell and nuclear lysates
prepared from cervical carcinoma HeLa cells (Fig. 1D). A
known HuR target (VHL mRNA, a positive control) was
also enriched in these samples (Supplemental Fig. S2D);
GAPDH mRNA was used as a normalization control.
RIP analysis using IgG and anti-GRSF1 antibodies andmi-
tochondria lysates (Materials and Methods) revealed that

RMRP in mitochondria was strongly enriched in GRSF1
RIP samples (Fig. 1E, left). Also, endogenous RMRP cap-
tured by AS oligomers from mitochondria lysate was
shown to interact with GRSF1 (Fig. 1E, right). Together,
these findings indicate that RMRP can associate with
two RBPs, HuR and GRSF1, present in the nucleus and
mitochondria, respectively.

HuR facilitates the nuclear export of RMRP

A fraction of RMRP is mobilized to the mitochondria to
function in mtDNA replication and RNA processing

Figure 1. HuR and GRSF1 bind RMRP. (A) Schematic representation of RNA pull-down experiments to identify RMRP-associated pro-
teins. Biotinylated oligomers targeting RMRP (AS) or serving as a control (S) were incubated with HEK293 whole-cell extracts and pulled
down using streptavidin beads. The pull-downmaterial was washed, and the associated proteins were resolved by gel electrophoresis; spe-
cific bandswere cut and identified byMS. (B, left) The relative enrichment ofRMRP in the pull-downmaterial wasmeasured by RT-qPCR
analysis. (Right) The two prominent bands in theAS pull-down (at∼40 and 50 kDa) contained the RBPs HuR andGRSF1, respectively. (C )
Western blot analysis revealed a specific association of HuR and GRSF1 with endogenous, affinity pulled down RMRP. AUH levels were
included as a negative, background control. (D) HuR RIP analysis in whole-cell or nuclear lysates of HeLa cells. Following immunopre-
cipitation using anti-HuR antibody or IgG, the presence of HuR in the immunoprecipitatedmaterial was assayed byWestern blot analysis
(left), and the enrichment of RMRP in HuR immunoprecipitation was assessed by RT-qPCR analysis using specific primers (right).
GAPDHor Lamin Bwas detected as a negative control (left), and sample input differenceswere normalized usingGAPDHmRNAdetected
in RNA from the same immunoprecipitation samples (right). (E, left) RMRP levels were measured by RT-qPCR following RIP analysis to
monitor the enrichment ofRMRP in GRSF1 immunoprecipitation relative to control immunoprecipitation samples present inmitochon-
drial lysates (Materials and Methods) after normalization to mt-RNR1 levels. (Right) The levels of GRSF1 associated with endogenous
RMRP—pulled down from mitochondria lysates using AS oligomers as described above—were assessed by Western blot analysis. Data
in B, D, and E are the means and SD from three or more independent experiments.
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(Chang and Clayton 1987, 1989), but the mechanism by
which this nuclear DNA-encoded RNA is transported to
themitochondria is unknown. Since the RBPHuR can ex-
port nuclear mRNAs (Brennan et al. 2000) and binds
RMRP (Fig. 1), we postulated that HuR might help export
RMRP out of the nucleus and thus increase the cytoplas-
mic pool of RMRP. To test this hypothesis, HuR was si-
lenced in HEK293 embryonic kidney cells by siRNA
transfection. HuR levels were strongly reduced in HuR
siRNA relative to control populations, as determined by
Western blot analysis (Fig. 2A, left), in both the nuclear

fraction, where most of HuR resides, and the cytoplasmic
fraction; Lamin B and HSP90 served as specific nuclear
and cytoplasmic markers, respectively (Fig. 2B). While
the steady-state level of RMRP was not affected by HuR
silencing (Fig. 2A, right), we sought to test whether reduc-
ing HuR levels affected the export of RMRP. We investi-
gated this possibility by assessing de novo synthesized
RMRP, which reduced concerns of possible contamina-
tion from pre-existing RMRP and allowed the specific
analysis of newly transcribed RMRP. After a brief incuba-
tion of HEK293 cells with 4-thiouridine (4SU), which was

Figure 2. HuR facilitates the export of RMRP from the nucleus to the cytoplasm. (A,B) Forty-eight hours after transfection of either con-
trol (Ctrl) orHuR-directed (HuR) siRNAs,whole-cell lysates (WCLs) (A) or nuclear (N) and cytoplasmic (C) fractions (B) were prepared from
HEK293 cells, and the levels of HuR in each compartment weremonitored byWestern blot analysis; β-actin (A, left) was used as a loading
control, and nuclear protein Lamin B and cytoplasmic protein HSP90were included asmarkers tomonitor the quality of the fractionation
(B). (A, right) RMRP levels in total RNA were measured in HuR silenced HEK293 cells. (C ) Schematic representation of the metabolic
RNA labeling with 4SU and the total or nascent RNA isolation from nuclear/cytoplasmic cellular fractions. (D) Sixty hours after trans-
fecting HuR siRNA, cells were incubated with 4SU for 12 h, and the nascent 4SU-labeled RNAwas tagged with biotin; after fractionation
of cells into cytoplasmic and nuclear components, the levels of RMRP were measured by RT-qPCR analysis in “total RNA” (including
nascent and pre-existing RNA) as well as in biotinylated, “nascent RNA” pulled down using streptavidin beads. (E,F ) Twenty-four hours
after transfectingHEK293 cellswithHuR siRNA (directed at the 3′ UTRof theHuRmRNA) or control siRNA, Flag-taggedHuR (or control
vector [F-Ctrl]) was cotransfected, and cells were cultured for an additional 48 h. (E)Western blot analysis of HuR, nuclearmarkerHDAC2,
and loading control HSP90 in the fractions is shown. (F ) As above, during the final 12 h, 4SU was added to the culture medium to label
RNA, and then nascent RNAwas biotinylated and isolated from nuclear (Nuc), cytoplasmic (Cyto), or whole-cell (WCL) preparations for
RT-qPCR analysis. Data in A, D, and F are the means and SD from three or more independent experiments.
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incorporated into nascent RNA, 4SU-labeled RNA was
tagged with biotin and affinity-purified using streptavidin
beads (Fig. 2C). RMRP levels were then measured by RT-
qPCR in “total RNA” (including labeled and unlabeled
RNA) and “nascent RNA” (4SU/biotinylated RNA) ex-
tracted from nuclear and cytoplasmic lysates (Fig. 2D).
To monitor the quality of RNA following fractionation,
a nuclear lncRNA (NEAT1) was measured in the nuclear
and cytoplasmic preparations (Supplemental Fig. S3A).
Our results indicate that silencing HuR only modestly in-
creased RMRP levels in the nucleus (Fig. 2D, left), but the
export of nuclear (nascent) RMRP to the cytoplasm was
strongly reduced (by 45%) (Fig. 2D, right), supporting the
notion that HuR contributed actively to the cytoplasmic
export of RMRP. Rescue experiments in which HuR was
reintroduced confirmed this result. As shown, silencing
HuR using siRNA directed at theHuRmRNA 3′ untrans-
lated region (UTR) (Fig. 2E) reduced nascent RMRP export
to the cytoplasm, but this reduction was rescued by over-
expressing a Flag-tagged HuR that lacked a 3′ UTR and
was thus refractory to the silencing intervention (Fig. 2F).

MS analysis revealed thatRMRP associateswith several
nucleoporins, among which two proteins, PHAX and
RanGTPase (data not shown), are important for exporting
U snRNAs in a manner dependent on CRM1 (chromo-
some region maintenance 1), a member of the importin
β superfamily of nuclear transport receptors (Ohno et al.
2000). Since CRM1 is a well-known export factor for
HuR (Brennan et al. 2000), we sought to suppress CRM1
in order to test whether preventing the nuclear export of
HuR would affect RMRP levels in the cytoplasm. Silenc-
ing CRM1 blockedHuR export, increasing its nuclear lev-
els and reducing its cytoplasmic levels (Fig. 3A). When
CRM1 was silenced, cytoplasmic RMRP levels declined
significantly, while RMRP steady-state levels were un-
changed (Fig. 3B). Importantly, there was no additional
decrease in cytoplasmic RMRP when both CRM1 and
HuR were silenced jointly (Fig. 3B), and HuR binding to
RMRP was not affected by CRM1 silencing (Fig. 3C).
These observations support the view that the accumula-
tion ofRMRP in the nucleus was linked to the blocked ex-
port of HuR to the cytosol.

HuR PAR-CLIP analysis (Kishore et al. 2011) indicated
that HuR interacts with both the 5′ and 3′ segments of
RMRP (Supplemental Fig. S3C). A number of in vitro tran-
scribed, biotinylated RNAs spanning the length of RMRP
were synthesized (Fig. 3D; Supplemental Fig. S3D), puri-
fied, incubated with HEK293 cell lysates, and pulled
down using streptavidin beads to detect bound proteins
by Western blot analysis. As shown in Figure 3E, HuR in-
teracted most strongly with the full-length segment as
well as with partial fragments f1 and f5, both of which
contained the predicted 5′ end HuR-binding site; HuR
showed reduced interaction with other fragments but
was absent from the negative control lane (“beads”), and
the negative control protein (GAPDH) did not bind to
the RNAs. Since HuR promoted RMRP export to the
cytoplasm (Fig. 2), we asked whether it might also direct
cytoplasmic RMRP to the mitochondria and increase mi-
tochondrial RMRP levels. We first assessed whether HuR

might be present inside mitochondria. For this, we puri-
fied mitochondria and eliminated any contaminating nu-
clear RNA and protein by incubating the mitochondrial
preparation with RNase A and proteinase K (PK), which
readily enter nuclei through nucleopores but do not pene-
tratemitochondria. After hypotonic shock to lyse the out-
er membrane (OM), we further incubated the contents
protected by the IM (the mitoplast) with RNase A and
PK. As shown, HuR was not present in the purified mito-
plast (Fig. 3F), and HuR silencing did not robustly change
the levels of RMRP in mitochondria (Fig. 3G), suggesting
that simply elevating RMRP in the cytoplasm was not
sufficient to increase the levels ofRMRP in themitochon-
dria, likely because other factors may be involved in
actively promoting the mitochondrial localization of
RMRP. In summary, HuR was found to promote the ex-
port of RMRP to the cytoplasm in a CRM1-dependent
manner (Fig. 3H).

GRSF1 increases RMRP abundance in mitochondria

As described above, GRSF1was also identified as a protein
capable of interacting with RMRP (Fig. 1). To begin
to study the consequences of GRSF1 binding to RMRP,
we first investigated the precise localization of GRSF1
within mitochondria. Western blot analysis confirmed
the presence of GRSF1 inside the matrix, prepared by
sequential incubationwith RNase A and PK before and af-
ter osmotic shock to break the OM in order to eliminate
all contaminating RNA and protein from outside the ma-
trix (Materials and Methods). A control mitochondrial
matrix-resident protein, Aconitase 2 (ACO2), was protect-
ed from digestion (Supplemental Fig. S4A, left). Matrix-
resident RNAs (mt-RNR1, mt-ATP6, mt-CO1, and mt-
CYB) were abundant, as detected by RT-qPCR analysis
(Supplemental Fig. S4A, right), while transcripts residing
in the nucleus (e.g., lncRNAs NEAT1 and MALAT1)
were extremely low. To determine whether there was re-
sidual nuclear contamination, the fusion protein MS2-
YFP, which bears a strong nuclear localization signal,
was expressed in HEK293 cells. In mitoplast fractions,
the mitochondrial matrix protein Twinkle was abundant,
but MS2-YFP was not (Supplemental Fig. S4B), indicating
that themitochondrial preparation was not contaminated
with nuclear components.

HEK293 cells stably overexpressing Flag-tagged full-
length GRSF1 with an N-terminal mitochondrial target-
ing signal (MTS) (Jourdain et al. 2013) showed relatively
high RMRP levels in whole-cell lysates and even higher
levels in the mitochondria, as compared with parental
HEK293 cells (Fig. 4A). Conversely, GRSF1 silencing did
not affect RMRP levels in whole-cell lysates but robustly
reduced RMRP levels in purified mitochondria, as as-
sessed by RT-qPCR analysis (Fig. 4B). This effect appeared
specific, as mt-RNR1 levels were not affected by GRSF1
silencing, while mtATP6 and mt-CYB were lower when
GRSF1 was silenced, as reported (Supplemental Fig.
S4C; Antonicka et al. 2013). We then measured endoge-
nous RMRP levels in mitoplasts isolated from HEK293
cells after silencing GRSF1 or IMMT (also known as
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Figure 3. HuRmodulates CRM1-dependent export ofRMRP. (A) Seventy-two hours after transfection of control (Ctrl) or CRM1 siRNAs,
whole-cell lysates (WCL) andnuclear (Nuc) and cytoplasmic (Cyto) lysateswere prepared, and the levels ofCRM1orHuRwere detected by
Western blot analysis. Lamin B andGAPDH served as loading controls andmarkers of fractionation. (B) After silencing CRM1 andHuR as
inA, the levels of CRM1andHuR (and loading control β-actin) were assessed byWestern blot analysis. (Right) In RNA isolated fromwhole
cells or cytoplasmic fractions, RMRP levels were measured by RT-qPCR and normalized toGAPDHmRNA levels. (C ) Forty-eight hours
after CRM1 silencing, HuR RIP was performed, HuR levels were assayed by Western blot analysis (left), and the enrichment of RMRP in
HuR immunoprecipitation was assayed by RT-qPCR analysis (right). β-Actin was detected as a negative control (left), and sample input
differences were normalized using 18S rRNA (right). (D) Schematic depiction of RMRP and the biotinylated fragments synthesized in vi-
tro. (Top) TwopredictedHuR-binding sites are highlighted. (FL) Full-lengthRMRP; (f1 to f6)RMRP deletion fragments. (E) HuR interaction
with the different segments ofRMRPwas assessed byWestern blot analysis in each of the biotin pull-down reactions. “Input” indicates 16,
8, and 4 μg of lysates, and “beads” indicates pull-down reactionswithout biotinylated RNA. (F ) Forty-eight hours after transfectingHuRor
control siRNAs, HEK293 cells were either left intact (WCL) or fractionated into “cytoplasmic” or “mitoplast” (treated with proteinase K
[+PK] fractions) (Materials and Methods); the levels of HuR and GRSF1 were assessed by Western blot analysis. Nuclear (HDAC2), cyto-
plasmic (GAPDH), and mitochondrial (AUH) proteins served to monitor the quality of the fractionation. (G) Mitochondria was further
digested with RNase A to eliminate all nuclear and cytosolic RNA contamination; the levels of RMRP were measured by RT-qPCR
and normalized to the levels of mt-RNR1. (H) Proposed model of HuR-mediated export of RMRP from the nucleus into the cytoplasm.
Data in B, C, andG are the means and SD from three or more independent experiments. Data in A–C, E, and F are representative of three
independent experiments.
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Figure 4. GRSF1 increases RMRP abundance in mitochondria. (A, left) In HEK293 cells stably expressing GRSF1, the levels of GRSF1,
GRSF1-Flag (arrowhead), AUH, andGAPDHwere assessed byWestern blot analysis. (Right)RMRP levels in total RNA andmitochondrial
RNA (after RNase A treatment to eliminate all external RNA, +RNase A) were measured by RT-qPCR analysis. (B) Seventy-two hours
after transfection of control (Ctrl) or GRSF1 siRNAs, GRSF1 abundancewas assessed byWestern blot analysis, andRMRP levels in whole
cells andmitochondria (+RNaseA) weremeasured byRT-qPCR analysis. (C ) Forty-eight hours after silencingGRSF1 or IMMT inHEK293
cells, mitochondria were isolated and fractionated into mitoplast and the supernatant (Materials and Methods), and RMRP levels were
assessed by RT-qPCR analysis. (D) GRSF1 knockout clonal lines were established in HEK293 cells using CRISPR–Cas9; three clones
from two GRSF1-specific guide RNAs were studied further. In the three clones and parental cells, the levels of GRSF1, PNPase,
TIMM23, and Actin were assessed by Western blot analysis (left), and the levels of RMRP in mitochondria were assessed by RT-qPCR
analysis (right). (E) HEK293 cells were grown on MatTek dishes and stained with Mitotracker or incubated with antibodies recognizing
VDAC1, complex IV, or mitofilin (SupplementalMaterial).Z-sections were obtainedwith iSIM, deconvolved with the iSIM software, and
analyzed with ImageJ software. (F ) Mitochondrial morphology as observed by using transmission electron microscopy (TEM) in GRSF1-
depleted HEK293 cells. Enlarged fields are shown. Bars, 500 and 100 nm. Data in A–E are the means and SD from three independent ex-
periments. Data in A, B, and D–F are representative of three or more experiments.
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mitofilin); after osmotic shock and centrifugation, the su-
pernatants were collected, and the mitoplast pellets were
treated with RNase A/PK as described above
(Supplemental Fig. S4D,E). As shown in Figure 4C,
RMRP levels were significantly lower in mitoplasts from
GRSF1 silenced cells and IMMT silenced cells than
from control cells; mtDNA-encoded RNAs mt-CYB and
mt-RNR1 were detected robustly in the mitoplast prepa-
rations, indicating that the supernatant has negligible
amounts of RNA leaked from mitoplasts (Supplemental
Fig. S4F). These observations further support the idea
that GRSF1 elevates RMRP levels in mitochondria.
Further support for the idea that GRSF1 contributed to

elevating mitochondrial RMRP levels came from studies
in which GRSF1 was knocked out in HEK293 cells using
the CRISPR–Cas9 system (Materials and Methods; Fig.
4D, left). Importantly, knocking out GRSF1 caused a
marked decline in the levels of RMRP in mitochondria,
as assessed by RT-qPCR analysis (Fig. 4D, right), further
supporting a role for GRSF1 in enhancing RMRP presence
in mitochondria.
To testwhether impairment ofGRSF1 andRMRP levels

affected mitochondrial morphology and distribution, we
stained mitochondria from wild-type and GRSF1 knock-
out HEK293 cells using MitoTracker and detected mito-
chondrial structural proteins (VDAC1, complex IV, and
mitofilin) by immunofluorescence. We did not observe
striking changes in the density or morphology of mito-
chondria when comparing wild-type and GRSF1 knock-
out cells (Fig. 4E). However, the signal for an enzyme of
the electron transport chain, complex IV (cytochrome c
oxidase), was significantly lower in GRSF1 knockout cells
(Fig. 4E, graph). We further investigated whether GRSF1
affected membrane and cristae structure by assessing
wild-type and GRSF1-depleted mitochondria using trans-
mission electron microscopy (TEM). As shown in Figure
4F, unlike the highly ordered cristae observed in mito-
chondria from control cells, the mitochondria in GRSF1
silenced cells showed the defects in IM cristae shape
(Fig. 4F). Collectively, these results suggest that mito-
chondrial GRSF1 enhances the accumulation of RMRP
in mitochondria, an effect that was linked to the control
of IM organization and GRSF1 function contributing to
the maintenance of the OXPHOS complex.

RMRP internalization and accumulation
in mitochondria

GRSF1 was previously found to interact with the G-rich
sequence A(G)4A present in the 5′ UTR of m-GPx4
mRNA, which encodes the mitochondrial isoform of
phospholipid hydroperoxide glutathione peroxidase (Ufer
et al. 2008). We found the same A(G)4A motif in the
RMRP sequence as well as a predicted stem sequence
(an internal stem) (Supplemental Fig. S2A). To test more
directly the possibility that GRSF1 promotes the localiza-
tion of RMRP in mitochondria, we measured the import
of exogenous RMRP (bearing a sequence tag for specific
PCR amplification) (Fig. 5A) that was either full-length
(RMRP_FL) or truncated at the 5′ end and hence lacking

the G-rich sequence and the first, conserved, stem–loop
structure (RMRP_f2/f3). Plasmid vectors expressing
tagged RMRP_FL and RMRP_f2/f3 RNAs were created
and transfected into HEK293 cells; after selection and
clonal expansion, mitochondria were isolated from each
cell population for in vivo import analysis. As measured
by using specific PCR primers that selectively recognize
the PCR tag, both RMRP transcripts were express-
ed at comparable levels (RNase− samples), while only
RMRP_FL was effectively protected from degradation
(RNase+ samples), indicating that the RMRP_FL tran-
script was preferentially internalized into mitochondria
(Fig. 5B).
In vitro mitochondrial import assays were then per-

formed using in vitro transcribed, radiolabeled RMRP_FL
and RMRP_f2/f3 and control transcript GAPDH 3′ UTR.
The recombinant transcripts used are shown (Fig. 5C, “in-
put RNA”). The radiolabeled GAPDH 3′ UTR and
RMRP_FL, and RMRP_f2/f3 RNAs were incubated with
isolated mitochondria, and the import into mitochondria
was assessed by measuring radioactive RNA inside mito-
chondria 15min later. As shown in Figure 5C, theGAPDH
3′ UTR andRMRP_f2/f3weremodestly internalized (17%
and 6% of input, respectively), while internalization of
RMRP_FLwas significantlymore robust (74%of the total);
as expected, most of the internalized RMRP_FL was
cleaved into an∼130-nucleotide (nt)-long segment (Chang
and Clayton 1987; Wang et al. 2010). Given that both the
G-rich sequence and the stem structure (Supplemental
Fig. S2A) were absent from RMRP_f2/f3, we generated ad-
ditional mutantRMRPs, as shown (Fig. 5D, top), and stud-
ied their import into mouse liver mitochondria.
Radiolabeled RMRP wild type, RMRP lacking the G-rich
element [GGGG(67–70nt)→TTTT,mut1],RMRPunable
to form a stem [CCCG (77–80 nt)→AAAT, mut2], and
RMRP bearing both mutations (mut1+2) were incubated
with mouse liver mitochondria, and, 15 min later, the
amount of radiolabeled RNA in the mitochondria was as-
sessed. As shown (Fig. 5D), compared with RMRP wild
type, the G-rich mutant (mut1) showed slightly lower
RMRP import, the stem–loop mutant (mut2) showed im-
port comparablewith thatofRMRPwild type, and thedou-
ble mutant (mut1+2) showed a robust reduction in signal.
InputRNAandprotein (AUH) are shown (Fig. 5D, bottom).
Finally, the import of radiolabeled RMRP wild type into
mitochondria prepared from wild-type HEK293 cells was
not significantly different from that imported into mito-
chondria from GRSF1 knockout HEK293 cells (Fig. 5E).
Collectively, these data indicate that GRSF1 does not
directly import RMRP into mitochondria but contributes
to its accumulation in the matrix.

Impact of GRSF1 on themitochondrial function ofRMRP

While GRSF1 appeared important for retaining RMRP in
the mitoplast, GRSF1 itself did not appear to transport
RMRP through the mitochondrial membranes and into
the matrix. The TOM/TIM machinery imports proteins
from the cytosol through both mitochondrial membranes
and into the matrix. PNPase is an RNA import factor
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located in the IMS thatmediates the translocation of cyto-
solic RNAs into mitochondria (Wang et al. 2010). Thus,
we set out to investigate whether these transport factors

were implicated in the import of RMRP. Silencing the
TOM/TIM components TOMM40 and TIMM23 in wild-
type and GRSF1 knockout HEK293 cells did not affect

Figure 5. RMRP import assays. (A, top) Schematic depiction of RMRP_FL and RMRP_f2/f3 harboring a PCR tag at the 3′ end that were
cloned into plasmid pCDNA3. (Bottom) The predicted secondary structure of RMRP_f2/f3. (B) Mitoplasts isolated from clonal HEK293
populations expressing RMRP_FL or RMRP_f2/f3 were treated with RNase A or left untreated, and the levels of each ectopic transcript
were assayed by RT-qPCR analysis. (C–E) In vitro RNA import assays. (C ) In vitro radiolabeled RNAs were incubated with mouse liver
mitochondria for 15 min at 30°C. Nonimported RNAwas eliminated with RNase A, and the remaining RNA was isolated and size-sep-
arated by electrophoresis through 6% urea polyacrylamide gels. TOMM40Western blotting signals were included as loading control. (D)
Radiolabeled wild-type or three mutant RMRPs ([mut1] G-rich; [mut2] stem sequence; [mut1+2] double mutant) were imported into
mouse liver mitochondria. Import assays were performed as described in B using 1× and 2× amounts of radiolabeled RNAs. The mouse
Ccnd1 5′ UTR was used as a negative control RNA, and AUH (detected by Western blot analysis) was the mitochondrial loading control.
(E) Radiolabeled RMRP was imported into mitochondria isolated from wild-type or GRSF1 knockout HEK293 cells. TOMM40 and
TIMM23 Western blot analyses served as loading controls. Data in B are the means and SD from three independent experiments. Data
in C–E are representative of two experiments showing comparable results.

Noh et al.

1232 GENES & DEVELOPMENT



PNPase levels, although it reduced the levels of the mito-
chondrial protein oxoglutarate dehydrogenase (OGDH)
(Fig. 6A). Silencing PNPase did not affect the levels of oth-
er mitochondrial factors tested (Fig. 6B). Neither silencing
intervention affected whole-cell RMRP levels (Fig. 6C,
top), but each significantly lowered the levels of RMRP
found in the mitoplast (Fig. 6C, bottom). These findings
indicate that the PNPase andTOM/TIMmachineries con-
tribute to internalizing RMRP. In light of the fact that
these effects were observed in both GRSF1-expressing
and GRSF1-null cells, our findings indicate that the con-
centration of RMRP in the mitoplast is influenced by
both the import via factors such as PNPase and TOM/
TIM and the presence of GRSF1 in the mitoplast.
Next, we investigated whether the reduced RMRP

abundance by GRSF1 depletion influenced mitochondrial
functions. We first examined the impact of GRSF1 levels
on cellular oxygen consumption rate (OCR) by using a
Seahorse instrument. As shown in Figure 7A (left), silenc-
ing GRSF1 in HeLa cells impaired mitochondrial respira-
tion, reduced basal OCR, and lowered ATP turnover
rate (right); likewise, GRSF1 knockout clones (Fig. 4D)
also displayed reduced OCR (Fig. 7B). We observed similar
results from the basal OCR measurement by using
the oxygen biosensor system (Supplemental Fig. S5A).
Furthermore, a reduction of >25% in mtDNA copy num-
ber was also observed in GRSF1-depleted HEK293 cells
(Supplemental Fig. S5B).
Interestingly,we found thatATPsynthesis inwhole-cell

lysateswassignificantly inhibitedbyGRSF1silencing (Fig.

7C, left), and this result might explain the increased phos-
phorylation of the AMP-activated protein kinase (AMPK)
and reduced mitochondrial abundance of ATP5A, a sub-
unit of mitochondrial ATP synthase (Fig. 7C, right).
Although the level of cellular ATP is not a definitivemea-
sure of mitochondrial function (Brand andNicholls 2011),
ourdatasupport the ideathatGRSF1is important formain-
taining mitochondrial OXPHOS capacity, glycolysis, and
bioenergetic function as reported previously (Jourdain
et al. 2013). We also sought to ask whetherRMRP directly
influenced mitochondrial metabolism. Using AS locked
nucleic acids (LNAs) targeting RMRP in HeLa cells,
RMRP levels declined to 45% of the levels seen in control
HeLa cells (Fig. 7D, left). The reduction in RMRP led to a
diminution of basal OCR level as measured using the Sea-
horse analysis (Fig. 7D, right); as anticipated, lowering
RMRP levels also reduced the abundance of mt-ATP6,
mt-CO1, andmt-CYB (Supplemental Fig. S5C).
Finally, we tested whetherRMRPwas implicated in the

replication ofmtDNA. Specifically, we testedwhether the
corresponding reduction in RMRP altered the primer-gen-
erating efficiency and, accordingly, the RNA–DNA transi-
tion sites. We performed ligation-mediated PCR (LMPCR)
(Mueller andWold 1989) to detect free 5′ ends of the newly
synthesized mtDNA (H-strand origin) in both wild-type
and GRSF1 knockout HEK293 cells using the strategy de-
scribed previously (Kang et al. 1997) and detected the am-
plified DNA sequence by next-generation sequencing
instead of conventional sequencing. As shown in Figure
7E, discrete positions were identified as major replication

Figure 6. GRSF1 increases the mitochondrial retention of RMRP. (A,B) Forty-eight hours after silencing TOMM40 and TIMM23 (A) or
PNPase (B) in wild-type and GRSF1 knockout HEK293 cells, Western blot analysis was used to detect the proteins shown. (C ) RNAwas
prepared from whole cells or mitoplasts, and the levels of RMRP were determined by RT-qPCR analysis and normalized with GAPDH
mRNA (top) or mt-RNR1 (bottom).
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initiation sites, similar to those found previously (Chang
and Clayton 1985; Kang et al. 1997), although other sites
(∼nucleotide positions 220, 310, and 440) (described by
Chang and Clayton 1985) were not detected, possibly
due to the short segments of amplified DNA used for the
library (<300 base pairs [bp]) (Supplemental Fig. S5D). As
shown (Fig. 7E), the normalized read counts were signifi-
cantly lower at several of themajor 5′ end positions (at nu-
cleotides 186, 149, and 146; P = 0.0343, 0.007, and 0.0004,
respectively) in GRSF1 knockout cells relative to wild-
type cells, suggesting that primer generation byRMRP en-

zyme activity was lower, and thus DNA replication effi-
ciency was partly reduced in GRSF1 knockout cells.

Moreover, the light strand promoter (LSP) site con-
tained several stretches of guanosine residues. Interesting-
ly, the RNA sequence transcribed from theCSB II element
(5′-GGGGGAGGGGGGG-3′) was proposed as a region of
interaction with RMRP through its complementary se-
quence (5′-CGACCCCUCC-3′) (Chang and Clayton
1989). To test whether GRSF1 was also capable of binding
the G-rich sequence in vitro, the biotinylated RNA corre-
sponding to the L-strand transcript harboring the G-rich

Figure 7. Depletion of GRSF1 impairs mito-
chondrial function. (A, left) Seahorse analysis
to determine OCR in control and GRSF1 si-
lenced HeLa cells under basal condition and af-
ter sequential injection of an ATPase inhibitor
(oligomycin), a mitochondrial uncoupler
(FCCP), and an electron transport inhibitor (an-
timycin A). n = 4. (Right) Basal OCR and ATP
turnover were calculated. (B) OCR measure-
ments were performed as in A in wild-type and
GRSF1 knockout HEK293 clones described in
Figure 4D. (C ) Forty-eight hours after silencing
GRSF1, whole-cell ATP levels were quantified,
and Western blot analysis was performed to
measure the levels of GRSF1, p-AMPKα (AMP-
activated protein kinase [AMPK] phosphorylat-
ed at Thr172), and AMPKα in whole-cell lysates
as well as GRSF1 and ATP5A in mitochondria.
(D) Seventy-two hours after silencingRMRP us-
ing AS locked nucleic acid (LNA), the levels of
remaining RMRP were quantified using RT-
qPCR analysis (left), and OCR was measured
as described in A (right). (E) Free 5′ ends of the
newly synthesized mtDNA (OH) from wild-
type and GRSF1 knockout HEK293 cells were
measured by isolatingmtDNA, and the nascent
mtDNAharboring free 5′ endswas amplified by
ligation-mediated PCR (LMPCR). After ligating
adapters to DNA fragments, paired-end RNA
sequencing was performed. Normalized read
counts were calculated at the single-nucleotide
resolution and are shown as a bar graph
(Supplemental Material). Asterisks indicate
the positions at which GRSF1 knockout cells
showed significantly lower read counts. (F, top)
A mimic of the L-strand transcript harboring a
G-rich sequence (spanning 82 nt upstream of
and 75 nt downstream from the CSB II region)
was transcribed in vitro in the presence of bioti-
nylated CTP. (Bottom) The biotinylated RNA
was then incubated with GST-tagged GRSF1
or control GST recombinant proteins. After
pull-down using streptavidin beads, the pres-
ence of GRSF1 was detected by GST Western
blot analysis. (G) Proposed function of GRSF1
enhancing mitochondrial retention of RMRP
and RMRP-mediated primer generation for ini-
tiating mtDNA replication. The data in A–D
represent themeans andSD fromthree indepen-
dent experiments. Data inC and F are represen-
tative of three different experiments.
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sequenceofCSB IIwasprepared (Fig. 7F, top) and incubated
with GST-tagged GRSF1; pull-down analysis indicated
that GRSF1 was capable of selectively binding this RNA
sequence (Fig. 7F, bottom). Although the assay was per-
formed in vitro, this result suggests that GRSF1 binds
the imported RMRP and may guide the RNase MRP en-
zyme complex to the substrate RNA by targeting G-rich
sequencewithin the CSB II transcript whereRMRP-medi-
ated cleavage occurs, andmtDNA replication can be initi-
ated.Our results further suggest that the levels ofRMRP in
the mitoplast result from the combined impact of the
TOM/TIM protein transport machinery, the RNA import
activity of PNPase, and the association of RMRP with
GRSF1 in the matrix. In summary, our results highlight a
pathway by which RMRP transcribed from nuclear DNA
is exported to the cytoplasm by HuR and is functionally
enabled by GRSF1 in the matrix (Fig. 7G; Supplemental
Fig. S6).

Discussion

mRNA RNP (mRNP) and lncRNA RNP (lncRNP)
complexes

We identified two RBPs, HuR and GRSF1, responsible for
mobilizing RMRP from the nucleus, where it is tran-
scribed, to the mitochondria, where it functions as a
constituent of the mitochondrial RNase MRP. The best-
studied functions for RBPs are pre-mRNA splicing,
mRNA turnover, and translation (Dreyfuss et al. 2002;
Moore 2005; Keene 2007). Relatively less is known about
the impact of RBPs on mRNA maturation, editing, trans-
port, and storage, and still less is known about the impact
of RBPs on the metabolism of lncRNAs, including
lncRNA splicing, stability, and localization. The informa-
tion emerging on lncRNA–RBP complexes (lncRNPs),
systematically cataloged by Li et al. (2015), suggests that
the same RBPs can bind coding RNA and ncRNA and af-
fect their post-transcriptional fate in variousways. Indeed,
there are increasing examples of RBPs that bind both
mRNAs and lncRNAs; for example, HNRNPK binds
Oct1 mRNA and lncRNA XIST (Iwasaki et al. 2008;
Chu et al. 2015), AUF1 binds DICER1 mRNA and
lncRNA NEAT1 (Abdelmohsen et al. 2012; Yoon et al.
2014), and KSRP binds NPM mRNA and lncRNA H19
(Cammas et al. 2014; Giovarelli et al. 2014).

Export of HuR RNPs

The main RBPs investigated here, HuR and GRSF1, have
been found to bind both coding RNAs and ncRNAs. A
vast collection of HuR targetmRNAs have been identified
and studied, including the TP53, VHL, MYOD, and BCL2
mRNAs (Srikantan and Gorospe 2012). Several HuR
target lncRNAs have also been described, including
lincRNA-p21 and HOTAIR (Yoon et al. 2012, 2013);
many more have been identified by PAR-CLIP analysis
(Lebedeva et al. 2011;Mukherjee et al. 2011). Collectively,
for these target RNAs, HuR has been reported to primarily
influence their relative stability and rates of translation.

Less-understood functions of HuR include splicing,
RNA storage in granules, and export of target RNAs.
HuR has been proposed to act as a key regulator of the

nuclear export of several mRNAs (CD83, COX2/PTGS2,
FOS, and HuR/ELAVL1 mRNAs) (Gallouzi and Steitz
2001; Prechtel et al. 2006; Doller et al. 2008; Yi et al.
2010). Export of these mRNA ligands has been linked to
the transport ofHuRacross thenuclear envelope, a process
that requires the HuR nucleocytoplasmic shuttling
domain (HNS) as well as several components of the trans-
port machinery—primarily CRM1 but also transportins 1
and 2 and importin-1α. As shown in Figure 3, CRM1 was
important for the export of nuclear HuR and RMRP to
the cytosol. Phosphorylation of HuR by kinases Cdk1,
PKC, and p38 also modulates its export to the cytoplasm
(Eberhardt et al. 2012). It will be interesting to examine
whether signalingpathwaysthat trigger activationof these
kinases modulate the nuclear export of HuR–RMRP com-
plexes. Importantly, exposure to stress agents,which often
require acute increases inATPgeneration, can lowerCdk1
activity and increase PKC and p38 activities, all of which
promote the export of HuR to the cytoplasm. It will be im-
portant to explore the possibility that specific stimulimay
selectively regulate HuR–RMRP export to the cytoplasm.
It will also be important to study whether HuR transports
RMRP to the periphery of the mitochondria or instead re-
leasesRMRP upon exit to the cytoplasm, and other factors
transport RMRP to the mitochondria.
HuR binding to target RNAs is also tightly regulated.

Notably, kinases CHK2, p38, and PKC have been shown
to alter HuR binding to specific mRNAs (Eberhardt et al.
2012). It will be interesting to determine whether these
stress-activated kinases influence HuR binding to RMRP
and whether binding is affected by stimuli that elicit mi-
tochondrial responses.

GRSF1-facilitated localization of RMRP
in the mitochondrial matrix

The othermain RBP examined here, GRSF1, also interacts
with mRNAs (e.g., the mitochondrial GPX4 [m-GPX4]
mRNA) (Ufer et al. 2008). Our results do not establish
the precise pathways of RMRP transport through the
OM, but RMRP is likely taken up via the generic import
machinery (TOMM40 complex) to enter the IMS (Fig. 6).
The transport of RMRP from the IMS to the matrix
is not fully understood, but the ensuing presence of
GRSF1–RMRP complexes in the matrix was associated
with the accumulation of RMRP in the matrix (Fig. 4). A
survey of GRSF1-binding partners in HEK293 cells (Jour-
dain et al. 2013) revealed an interaction between PNPase
(PNPT1) and GRSF1; this was a provocative finding, as
PNPase was localized in the IMS anchored to the IM and
regulates the import of RNA into the matrix (for review,
see Wang et al. 2010). We were unable to verify a physical
interaction between PNPase and GRSF1 (data not shown)
but did obtain evidence that the TOM/TIM import ma-
chinery was implicated in importing RMRP into the ma-
trix (Fig. 6). We propose that, once RMRP reaches the
matrix, GRSF1 associates with RMRP and increases
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RMRP presence in the matrix (Fig. 4), in turn modulating
RMRP’s impact on mitochondrial respiration and (albeit
modestly) the generation of RNA primers formtDNA rep-
lication (Fig. 7).

As shown in Figure 7, A and B, GRSF1 reduction or loss
reducedmitochondrial respiration and loweredRMRP lev-
els in thematrix (Fig. 4B,D). While suppressingRMRP lev-
els also lowered mitochondrial respiration (Fig. 7D), the
lower mitochondrial respiration due to loss of GRSF1
could not be definitively attributed to the reduced levels
of RMRP, since GRSF1 binds to several mtDNA-encoded
transcripts (ND6 mRNA, lncRNAs cytb, and ND5) and
regulates the abundance of numerous other mRNAs and
encoded proteins (Antonicka et al. 2013).

Consequences of RMRP mislocalization

As the catalytic RNA component of RNase MRP, RMRP
critically affects mitochondrial functions, including the
initiation of mtDNA replication. Accordingly, RMRP
mutations have been associated with certain pathologies,
primarily the disease cartilage–hair hypoplasia (CHH),
characterized by short stature, sparse hair, immune defi-
ciencies, anemia, impaired bone growth, and increased
cancer risk. The most frequent mutation (70A>G) (Her-
manns et al. 2006) is in a region of putative interaction
with GRSF1, adjacent to a G-rich stretch (Supplemental
Fig. S5E), and perhaps interferes with the interaction of
GRSF1 andRMRP. It will be interesting to test the relative
affinity ofwild-typeRMRP and the 70A>GRMRPmutant.
Another mutation described recently, 27G>C, disrupts
base-pairing in the P3 domain ofRMRP (Cherkaoui Jaouad
et al. 2015). Interestingly, we found less abundance (Fig.
5B, in vivo support assay) and no maturation of RMRP in
in vitro import assays after truncating the 5′ end of
RMRP, including the P3 domain (Fig. 5C). These observa-
tions support the idea that CHH-causing mutations may
affect sites of RMRP interaction with proteins important
for RMRP function (e.g., RNase MRP) as well as RMRP
transport and localization in mitochondria.

More globally, dysregulated mitochondrial function
is associated with various different physiologic and
pathologic processes in the cardiovascular, immune,
neurological, and musculoskeletal systems. At present,
GRSF1 has not been linked to specific diseases but
was shown to be critical for controlling the differentia-
tion of mammalian embryonic stem cells (Sampath
et al. 2008). On the other hand, HuR has been linked ex-
tensively to the maintenance of organ homeostasis, for
example, by modulating gastrointestinal function, cell
senescence, cell proliferation, myogenesis, and the
stress and immune responses (Srikantan and Gorospe
2012). HuR has also been implicated in numerous dis-
ease processes, including the prevention of neurodegen-
erative disease (Skliris et al. 2015) and the exacerbation
of cancer, cardiovascular pathologies, and aberrant im-
mune responses (Srikantan and Gorospe 2012; Suresh
Babu et al. 2015).

A full understanding of how HuR-regulated mitochon-
drial function influences disease awaits further studies.

However, recent reports have begun to link HuR to
mitochondria-regulated processes; for example, in mice
lacking HuR in B lymphocytes, aberrant mitochondrial
function caused excess reactive oxygen species and B-
cell death (Diaz-Muñoz et al. 2015). The neurodegenera-
tion observed in mice lacking HuR in hippocampal neu-
rons was also attributed to mitochondrial dysfunction
due to an inability of the neurons to defend against oxida-
tive damage or maintain energy homeostasis (Skliris et al.
2015). Similarly, in a mouse model of amyotrophic lateral
sclerosis (ALS), mutant SOD sequestered HuR, thereby
preventing its interaction with cellular mRNAs and trig-
gering mitochondrial dysfunction, oxidative stress, and
cell death (Lu et al. 2009). Investigating the contribution
of RMRP nuclear export and mitochondria localization
by HuR and GRSF1 will add critical insight into an ex-
panding number of mitochondrial processes implicating
coding and noncoding RNPs.

Materials and methods

Cell culture, transfection, and plasmids

HumanHeLa andHEK293 cells were cultured inDMEM (Invitro-
gen) supplemented with 10% (v/v) FBS and antibiotics. All
siRNAs, including control siRNA (UUCUCCGAACGUGUCA
CGUdTdT) and siRNAs targeting HuR (CGUAAGUUAUUU
CCUUUAAdTdT), GRSF1 (GUGCCUCUCUGCUGCCGCA),
IMMT (AAUUGCUGGAGCUGGCCUUUU), CRM1 (Santa
Cruz Biotechnology, sc-35116), and PNPase (Santa Cruz Biotech-
nology, sc-61371), were transfected at 50 or 100 nM final concen-
tration using Lipofectamine 2000 (Invitrogen) and analyzed 48 or
72 h later. Negative control or AS LNA oligomers targeting
RMRP (Exiqon) were transfected at 30 nM final concentra-
tion. The plasmid expressing GRSF1 (pci-GRSF1-HA) and
GRSF1-Flag-expressing HEK293 cells were previously reported
(Jourdain et al. 2013). pMS2-YFP was described previously (Lee
et al. 2010). Flag-tagged HuR was described previously (Yi et al.
2010). RMRP_FL and RMRP_f2/f3 were cloned into pcDNA3
and used to generate stable cell lines expressing ectopic RMRP.
CRISPR–Cas9 deletion of GRSF1 expression is explained in the
Supplemental Material. TEM was performed using conventional
methods (Supplemental Material).

Subcellular fractionation

Whole-cell, cytoplasmic, and nuclear fractions were prepared as
explained in the Supplemental Material. Crude mitochondria
and mitoplast and submitochondrial fractions were prepared as
described in the Supplemental Material.

Protein analysis: Western blot, immunoprecipitation,
and immunofluorescence

For Western blot analysis, protein lysates were prepared and
analyzed as explained in the Supplemental Material. To detect
mitochondrial interactions of GRSF1 with RNA, isolated mito-
chondria were lysed in mitochondrial extraction buffer, and im-
munoprecipitation was performed following the procedure as
previously described (Jourdain et al. 2013) with minor modi-
fications. Immunofluorescence analysis is explained in the
Supplemental Material.
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MS

Samples were separated by SDS-PAGE through a 4%–12% gradi-
ent gel and visualized by Coomassie brilliant blue staining.
Protein bands were excised, and protein identification was per-
formed at the Mass Spectrometry and Proteomics Facility, Johns
Hopkins University. After in-gel trypsin digestion, trypsin-gener-
ated peptides were analyzed by liquid chromatography-coupled
tandem MS (LC-MS/MS). Proteins were identified by matching
tandem mass spectra with peptide sequences using the search
software Mascot. After the database search, Scaffold software
was used for validation of the identified peptides.

RNP analyses: RIP and biotin pull-down assay

RIP analysis from whole-cell extracts was carried out as pre-
viously described (Lee et al. 2010) and is explained in the
Supplemental Material. To synthesize biotinylated transcripts,
PCR fragments were prepared using forward primers that con-
tained the T7 RNA polymerase promoter sequence, as described
(Supplemental Material; Abdelmohsen et al. 2012). Primers
used to prepare biotinylated transcripts are listed below
(Supplemental Table S1).

RNA detection

Trizol (Invitrogen) was used to extract total RNA, and acidic phe-
nol (Ambion) was used to extract RNA for RIP analysis (Lee et al.
2010). Reverse transcription was performed using random hex-
amers and reverse transcriptase (Invitrogen). qPCR was per-
formed using gene-specific primers (Supplemental Table S1) and
SYBRGreenmastermix (Kapa Biosystems) using theApplied Bio-
systems 7300 instrument.

RNA import assay

Measurement of RNA import assay into purified mitochondria
was performed as previously described (Wang et al. 2010)withmi-
nor modifications. Detailed method for isolating purified mito-
chondria from mouse livers or HEK293 cells are described in
the Supplemental Material.

Biotinylation and purification of 4-SU-labeled RNA

For metabolic labeling of nascent RNA, 4-SU (Sigma) was added
to a 100 μM final concentration in the culture medium for 12
h. After RNA was extracted, 4SU-labeled RNA was biotinylated
and pulled down using streptavidin beads, isolated, and used for
RT-qPCR analysis (details are in the Supplemental Material).

Measurement of oxygen consumption

A Seahorse XF24 extracellular flux analyzer (Seahorse Bioscienc-
es) was used tomeasure OCR according to the manufacturer’s in-
structions. Basal OCR was measured for 3 min every 8 min for
four points, followed by sequential injection of 3 μM oligomycin,
1 μM FCCP, and 1 μM antimycin A. Each treatment was mea-
sured for 3 min every 8 min for three points. The number of
live cells was counted (TC20, Bio-Rad) and used for data
normalization.
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