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Stop codon read-through (SCR) is a process of continuation
of translation beyond a stop codon. This phenomenon, which
occurs only in certain mRNAs under specific conditions, leads
to a longer isoform with properties different from that of the
canonical isoform. MTCH2, which encodes a mitochondrial
protein that regulates mitochondrial metabolism, was selected
as a potential read-through candidate based on evolutionary
conservation observed in the proximal region of its 39 UTR.
Here, we demonstrate translational read-through across two
evolutionarily conserved, in-frame stop codons of MTCH2
using luminescence- and fluorescence-based assays, and by ana-
lyzing ribosome-profiling and mass spectrometry (MS) data.
This phenomenon generates two isoforms, MTCH2x and
MTCH2xx (single- and double-SCR products, respectively),
in addition to the canonical isoform MTCH2, from the same
mRNA. Our experiments revealed that a cis-acting 12-nucle-
otide sequence in the proximal 39 UTR of MTCH2 is the nec-
essary signal for SCR. Functional characterization showed
that MTCH2 and MTCH2x were localized to mitochondria
with a long t1/2 (>36 h). However, MTCH2xx was found pre-
dominantly in the cytoplasm. This mislocalization and its
unique C terminus led to increased degradation, as shown by
greatly reduced t1/2 (<1 h). MTCH2 read-through–deficient
cells, generated using CRISPR-Cas9, showed increased MTCH2
expression and, consistent with this, decreased mitochondrial
membrane potential. Thus, double-SCR of MTCH2 regulates its
own expression levels contributing toward the maintenance of
normalmitochondrialmembrane potential.

Stop codon read-through (SCR), also known as transla-
tional read-through, is the process in which ribosomes con-
tinue to translate beyond the canonical stop codon, up to a
downstream, in-frame stop codon, resulting in a polypeptide
with a C-terminal extension. The basal levels of SCR, which
occur due to errors during translation termination are very
low (0.01 to 0.1% in mammalian cells) as the termination ma-
chinery is very accurate (1). However, in certain transcripts,
SCR is induced by cis-acting RNA element or trans-acting
factors interacting with the element (2–4). Efficiency of read-

through is much higher than the basal level in case of these
programmed events.
SCR was first described in viruses and has subsequently been

extensively studied (5). Read-through has also been reported in
fungi, protozoans, and insects (6–10). Translational read-
through in mammals has been shown in the following genes:
HBB, MPZ, VEGFA, AGO1, OPRL1, OPRK1, AQP4, MAPK10,
LDHB, MDH1, AMD1, and VDR (2, 3, 11–18). Comparative
genomics analysis and ribosomal profiling studies have not only
identified candidate genes for SCR, they have also suggested
potential double-SCR (read-through across two in-frame stop
codons) candidate genes inDrosophila and Plasmodium (6, 8, 9).
Double-SCR was demonstrated in case of carnation mottle virus
(CarMV) in vitro using rabbit reticulocyte lysate (19). However,
to date, double-SCR has not been experimentally demonstrated
in any living system.
SCR contributes to proteome expansion and adds to func-

tional diversity. In some cases, this process generates proteins
with different cellular localization. e.g. LDHB and MDH1 (14,
17). The read-through protein can also have a function differ-
ent from that of the canonical protein as seen in VEGFA and
AGO1, or different efficiency as seen in VDR (2, 3, 15, 20). The
process of read-through has also been reported to limit the pro-
tein synthesis from the mRNA by causing ribosomal stalling at
the downstream stop codon (16). Recent studies have revealed
the in vivo physiological significance of SCR. AQP4ex2/2

mouse, which lacks the read-through product of AQP4, shows
altered localization and increased expression of AQP4, the ca-
nonical isoform. This study also suggests that AQP4ex plays a
role in neuromyelitis optica (21). Up-regulation of SCR product
ofMPZ in mice leads to a neuropathy that resembles Charcot–
Marie–Tooth disease (22).
One of the genes identified as a potential SCR candidate in

a genome-wide, bioinformatics-based screen was MTCH2, a
gene present in the nuclear genome encoding a mitochondrial
protein (2). MTCH2 is a ;33 kDa outer mitochondrial mem-
brane protein, which is homologous to mitochondrial carrier
proteins. Genome-wide association studies have linked MTCH2
with obesity, diabetes, and Alzheimer’s disease (23–25). The
role of MTCH2 in the regulation of lipid homeostasis has
been shown in zebrafish, Caenorhabditis elegans, and mouse
(26–28). MTCH2 plays a key role in mitochondrial pathway
of apoptosis, mitochondrial metabolism, and mitochondrial
fusion. MTCH2 aids in the recruitment of the pro-apoptotic
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tBID to mitochondria and has a critical function in Fas-
induced liver apoptosis (29).MTCH2 deletion results in em-
bryonic lethality in mice. Skeletal muscle-specific deletions
of MTCH2 in mice results in increased mitochondrial mass
and metabolism granting protection against diet-induced obe-
sity (30). In this study, we demonstrate double-SCR ofMTCH2.
We identify a cis-acting RNA signal element that drives the dou-
ble-SCR. This process regulates the expression of MTCH2 by
generating a highly unstable isoform with cytoplasmic localiza-
tion. UsingMTCH2 read-through–deficient cells, generated by
CRISPR-Cas9 system, we show that this process is vital for the
maintenance of themitochondrial membrane potential.

Results

Evolutionary conservation at the proximal 39 UTR of MTCH2

In our previous study, we had predicted SCR inMTCH2 (2).
This prediction was based on an evolutionarily conserved stop
codon (UAG), 30 nucleotides downstream of the canonical
stop codon. Also, the sequence between the two stop codons
and their in-frame nature is highly conserved in mammals.
Interestingly, the conservation at both amino acid and nucleo-
tide level extends beyond the downstream stop codon in most
mammals until another in-frame stop codon, UAA, which is
105 nucleotides downstream of the canonical stop codon (Fig.
1A and Fig. S1). This observation suggests a possibility of trans-
lational read-through across two stop codons of MTCH2,
which will be referred to as “double-SCR.” Thus, there could be
three isoforms from the same mRNA: translation termination
at the first stop codon (UGA) results in the canonical isoform
MTCH2; read-through across the first stop codon and termina-
tion at the second stop codon (UAG) results in an isoform with
11 extra amino acids at the C terminus (termed MTCH2x);
read-through across the first and the second stop codons (dou-
ble-SCR), and termination at the third stop codon (UAA)
results in an isoform with 36 extra amino acids at the C termi-
nus (termedMTCH2xx) (Fig. 1B).

Evidence for double-SCR in ribosome profiling data

To gather more evidence for SCR in MTCH2, we analyzed
ribosome profiling data available in the Sequence Read Archive
(SRA) of NCBI. Ribosome profiling reveals ribosome-bound
regions of mRNAs, which indicates translation in that region.
Ribosome profiling has been successfully used to predict SCR
(8). We analyzed ribosome footprints on MTCH2 mRNA as
described previously (3). 39 UTR downstream of the two inter-
stop codon regions (ISR1 and ISR2) was used as control to
know the level of background reads. Interestingly, ribosome
footprints were enriched in ISR1 and ISR2 of MTCH2 mRNA
compared with the rest of the 39 UTR. It is important to note
that the sequences of ISR1 and ISR2 are unique toMTCH2. No
other mammalian gene has sequence similar to these. There-
fore, the presence of ribosome footprints in ISR1 and ISR2
strongly indicates double-SCR. Ribosome footprints in ISR1
and ISR2 ofMTCH2were detected in liver, kidney, primary ke-
ratinocytes, embryonic stem cells, neural stem cells, and bone
marrow-derived dendritic cells (Fig. 1C and Fig. S2). The rela-
tive density of the ribosomal footprints in ISR1 and ISR2 varies

among different cell types suggesting cell/tissue-specific regula-
tion. These observations provided more evidence for double-
SCR inMTCH2.

Single-SCR in MTCH2

Because double-SCR implies single-SCR, we first investi-
gated read-through across the canonical stop codon (UGA).
We employed an established luciferase-based read-through
assay for this (2, 3). We cloned the MTCH2 coding sequence
upstream of the firefly luciferase (FLuc) coding sequence along
with the first 45 nucleotides of the 39 UTR (ISR1 and first 12
nucleotides from ISR2 (12ISR2)). MTCH2 and FLuc were in-
frame. The second stop codon (UAG) was removed such that
read-through across the first stop codon generates luciferase
enzyme whose activity can be quantified (schematic in Fig. 2A).
A construct without any ISR and another construct where a
scrambled sequence of the same length was inserted in place of
ISR1 1 12ISR2 served as negative controls. Read-through effi-
ciency was calculated using a construct without any stop codon
between MTCH2 and FLuc. These constructs were transfected
in HEK293 cells and read-through activity was quantified as
FLuc activity relative to the co-transfected Renilla luciferase
(RLuc) activity. Interestingly, the construct with ISR1 1 12ISR2

showed a significant luciferase activity much above the back-
ground activity seen in negative controls. The efficiency of
read-through in this assay was 596 10% (Fig. 2A, left). The con-
struct with only ISR1 (without 12ISR2) exhibited just about 5%
read-through indicating the necessity of 12ISR2 in this process
(Fig. S3). Because we used an exogenous strong overexpression
system in these assays, even the negative control showed higher
basal read-through than the normal translational error rate.
Nevertheless, it was much lower than the MTCH2 read-
through efficiency in the presence of ISR1 1 12ISR2. RT-PCR
analysis showed that all these constructs resulted in a compara-
ble amount of luciferase RNA (Fig. 2A). Similar results were
obtained by in vitro translation using rabbit reticulocyte lysate
(Fig. 2A, right). Furthermore, we could also observe read-
through product byWestern blotting (Fig. 2B).
To further confirm this phenomenon, we replaced the cod-

ing sequence of firefly luciferase with that of GFP in all con-
structs (schematic in Fig. 2C). GFP will be translated only if
there is read-through across the canonical stop codon of
MTCH2. When transfected in HEK293 cells, the construct with
the ISR11 12ISR2 region showed fluorescence much above the
background level. This observation was made by both fluores-
cence microscopy and flow cytometry. Efficiency of SCR was
636 3.1% based on flow cytometry analysis (Fig. 2C).
To determine whether ISR1 1 12ISR2 could drive SCR in a

heterologous system, dual luciferase-based read-through assay
was carried out.We cloned the ISR11 12ISR2 region along with
distal (39 end) 99 nucleotides of the coding sequence of
MTCH2 between RLuc and FLuc such that all were in-frame
(schematic in Fig. 2D). In this construct, FLuc is expressed only
if there is SCR. We observed significant FLuc activity in
HEK293 cells transfected with the construct containing ISR11
12ISR2 compared with the construct that lacks this region.
Based on the activity of a construct without any stop codon
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between RLuc and Fluc, the efficiency of single-SCR in this
assay was estimated to be 276 1.5% (Fig. 2D).

Double-SCR in MTCH2

We performed the experiments described above to test dou-
ble-SCR. For luminescence-based assay, we cloned MTCH2

coding sequence along with ISR1 and ISR2 upstream of and in-
frame with the coding sequence of FLuc (schematic in Fig. 3A).
FLuc activity is expected only if there is translational read-
through across both the stop codons (UGA and UAG). A con-
struct without ISR2, but with both the stop codons, served as
negative control. When transfected in HEK293 cells, we
observed significant FLuc activity compared with the negative

Figure 1. Mammalian MTCH2 has potential to undergo double stop codon read-through during translation. A, alignment of amino acid sequences
potentially encoded in the proximal 3' UTR of MTCH2 from multiple mammalian species. Position of the canonical stop codon (UGA), first (UAG), and second
(UAA) downstream in-frame stop codons are shown. Two inter stop codon regions (ISR1 and ISR2) are indicated. Peptide used to raise a specific antibody is
also shown. Conserved amino acids are shown in gray background. B, schematic of three potential MTCH2 isoforms generated from the same mRNA depend-
ing on the site of translation termination. C, MTCH2 ribosome profile inmouse liver (SRR1630813) showing the presence of ribosomes in ISR1 and ISR2. Position
of start codon and three in-frame stop codons are shown. A zoomed in portion near the stop codons is shown in the inset.
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control indicating double-SCR. The efficiency of this event was
10.756 0.8%, which was estimated based on another construct
without any stop codon between MTCH2 and FLuc. In vitro
translation using rabbit reticulocyte lysate also showed compa-
rable results (13.76 3.4%; Fig. 3A). Furthermore, we could also
demonstrate double-SCR using GFP as reporter instead of

FLuc (schematic in Fig. 3B). The construct with both ISR1 and
ISR2 showed more fluorescence intensity of GFP compared
with the negative control demonstrating translational read-
through across two stop codons. Efficiency of double-SCR was
11.5 6 1.1% based on this assay (Fig. 3B). Dual luciferase assay
also showed double-SCR with an efficiency of 5.15 6 0.45%

Double-stop codon read-through of MTCH2

17012 J. Biol. Chem. (2020) 295(50) 17009–17026



(Fig. 3C). Notably, the efficiency of double-SCR was much less
compared with that of single-SCR in all assays.

Identification of cis-acting RNA signal sequence required for
SCR

To identify the cis-acting RNA signal sequence that drives
read-through, we made two sets of mutations in 12ISR2. This
sequence was chosen as it was common in our constructs that
demonstrated single- and double-SCR (Figs. 2A and 3A). Inter-
estingly, constructs having ISR1 and mutated 12ISR2 showed
reduced translational read-through in luminescence-based
assay (Fig. 4A). Although the ISR1 1 12ISR2 region contains a
potential stem-loop secondary structure, mutations that can
potentially disrupt the predicted structure did not bring down
its ability to induce translational read-through (Fig. S4).
Remarkably, 12ISR2 alone could induce read-through across the
canonical stop codon inMTCH2 as efficiently as ISR11 12ISR2.
Furthermore, 12ISR2 could also drive double-SCR in MTCH2.
These observations were made in HEK293 cells as well as in
vitro using rabbit reticulocyte lysate (Fig. 4, B and C, and Fig.
S5, A and B). These results demonstrate that the 12ISR2

sequence drives translational read-through across both stop co-
dons inMTCH2. We then tested if this element can drive read-
through in a heterologous system. We cloned the 12ISR2

sequence between RLuc and FLuc such that all were in-frame.
FLuc activity is expected only if the 12ISR2 sequence drives
read-through across the stop codon of RLuc.When transfected
in HEK293 cells, we observed significant FLuc activity much
above the background level showing that the 12ISR2 is the signal
sequence that drives the SCR in MTCH2. However, the effi-
ciency was much less compared with the construct containing
a part of MTCH2 coding sequence before the stop codon (Fig.
4D). Overall, these results show that double-SCR ofMTCH2 is
a programmed event driven primarily by the 12ISR2 sequence.

Detection of endogenous SCR products

To detect endogenous translational read-through products,
we first analyzed the available MS data for peptides generated
after translational read-through in MTCH2. The analyses
revealed the presence of read-through–specific peptides in
mouse brain and liver. We detected peptides that spanned
across both stop codons further indicating double SCR (Table
S1). Encouraged by this observation, we raised a polyclonal
antibody against the peptide, RCGAGTVTFL, which is gener-
ated only after read-through across the canonical stop codon in
MTCH2 (Fig. 1A). Because this peptide is predicted to be pres-

ent in both read-through products, an antibody against it is
expected to detect both MTCH2x (34.42 kDa) and MTCH2xx
(37.43 kDa) isoforms. We performed Western blotting using
this antibody with the lysate from HEK293 cells. The assay
detected a distinct band around the expected size of MTCH2x
(Fig. 5A). The intensity of this band was reduced in cells trans-
fected with MTCH2-specific shRNAs, showing that the band
indeed represents an isoform of MTCH2 (Fig. 5B). The anti-
body could also detect overexpressed MTCH2x in HEK293
cells (Fig. 5C). A commercially available MTCH2-specific anti-
body could differentiate MTCH2 (canonical) and MTCH2x
isoforms in HEK293 lysates after prolonged electrophoresis.
Quantification of the bands revealed that MTCH2x represents
about 20% of the total MTCH2 protein under the conditions
tested (Fig. 5D). Furthermore, endogenous MTCH2x was
detected in the mitochondrial extracts from mouse heart, kid-
ney, liver, lung, and skeletal muscle tissues indicating transla-
tional read-through in vivo (Fig. 5E). Together, these results
demonstrate the presence of endogenous MTCH2x. However,
surprisingly, the MTCH2x antibody did not detect any band
corresponding to the double-SCR product, MTCH2xx, in the
conditions we tested.

Double-SCR of MTCH2 makes the protein vulnerable for
proteasome-mediated degradation

To understand why endogenous MTCH2xx was undetect-
able byWestern blotting, we expressed this isoform in HEK293
cells exogenously by cloning under the cytomegalovirus pro-
moter with FLAG-HA tag; the first and second in-frame stop
codons were mutated to sense codons (UGA to UCA and UAG
to UCG) to maximize its expression. Remarkably, the FLAG-
HA-MTCH2xx expression level was very low compared with
that of FLAG-HA-MTCH2 and FLAG-HA-MTCH2x isoforms,
when tested under identical conditions. RT-PCR revealed com-
parable expression of all three isoforms at the RNA level (Fig.
6A). The level of FLAG-HA-MTCH2xx increased when cells
were treated with MG132, an inhibitor of proteasome, suggest-
ing that this isoform is more susceptible for proteasome-medi-
ated degradation (Fig. 6B). We then treated transfected cells
with translation inhibitor cycloheximide (CHX) to estimate the
t1/2 of FLAG-HA–taggedMTCH2 isoforms. AlthoughMTCH2
and MTCH2x isoforms were stable until 4 h after CHX treat-
ment, MTCH2xx was undetectable within 1 h after CHX treat-
ment (Fig. 6C). In fact, MTCH2 and MTCH2x were detectable
even after 36 h of CHX treatment (Fig. S6A). We then cloned
ISR2 at the 39 end of the coding sequence of GFP to investigate

Figure 2. Demonstration of translational read-through across the canonical stop codon ofMTCH2. A, luminescence-based assay: plasmid expressing in-
frameMTCH2-(UGA)-(ISR11 12ISR2)-FLuc and its variants were transfected in HEK293 cells. FLuc activity relative to the activity of co-transfected Renilla lucifer-
ase (RLuc) is shown (left). A construct without ISR1 1 12ISR2 between MTCH2 and FLuc, and another construct with a nonspecific sequence between them
served as negative controls. RT-PCR of FLucmRNA is shown. The constructs were subjected to in vitro transcription and in vitro translation using rabbit reticulo-
cyte lysate. Luciferase activity is shown (right). B,Western blotting-based assay: HEK293 cells were transfected with MTCH2-(UGA)-(ISR11 12ISR2)-Myc/His con-
struct. His-tagged translational read-through product was enriched using Ni-NTA column and was detected by Western blotting using anti-His antibody. RT,
read-through. C, fluorescence-based assay: HEK293 cells were transfected with constructs similar to the one described in A, but the coding sequence of FLuc
was replacedwith GFP. Fluorescence was analyzed by flow cytometry (graph) and fluorescencemicrocopy (images below). Scale bar, 50mm. Graph shows the
mean intensity of GFP fluorescence relative to that of co-transfected RFP fluorescence. D, dual luciferase-based assay: 99 nucleotides from the 39 end of the
MTCH2 coding sequence and ISR1 1 12ISR2 were cloned between the coding sequences of RLuc and FLuc (see schematic). All were in-frame. This construct
was transfected in HEK293 cells and FLuc activity relative to RLuc is shown. All graphs showmean6 S.E. (n = 3). Results are representatives of at least three in-
dependent experiments done in triplicate. Two-tailed Student’s t test was used to calculate the p value. *, Welch’s correction was applied. MTCH, MTCH2;
12ISR2, first 12 nucleotides of ISR2 (UCCCAGAUGCAC); CDS, coding sequence.
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its effect on the expression of GFP. Translation of ISR2 drasti-
cally reduced the expression of GFP. However, the correspond-
ing RNA levels were comparable. Insertion of an in-frame stop
codon between GFP and ISR2 completely rescued the GFP
expression demonstrating that the peptide sequence encoded in
ISR2 is responsible for the reduced t1/2 (Fig. 6D and Fig. S6B).
Similar observations were made by flow cytometry and fluores-
cence microscopy (Fig. 6E). Treatment of cells with MG132
increased the expression of GFP-ISR2 showing the involvement
of proteasome-mediated degradation of ISR2-tagged GFP (Fig.
6F). Similarly, addition of ISR2-encoded peptide at the C ter-
minus of mitochondrially targeted red fluorescent protein
(mtDsRed) abolished its expression (Fig. S6C). Together, these
results show that the amino acid sequence encoded by ISR2
makes the MTCH2xx isoformmore susceptible to proteasome-
mediated degradation compared with two other isoforms.

Double-SCR of MTCH2 changes the localization of the isoform
generated

MTCH2 is an outer mitochondrial membrane protein. Mis-
localized mitochondrial proteins undergo proteasomal degra-
dation (31–33). Hence, we investigated the localization of
FLAG-HA–tagged MTCH2x and MTCH2xx. To maximize
their expression, the canonical stop codon (for MTCH2x and
MTCH2xx) and the first in-frame stop codon (for MTCH2xx)
were mutated to sense codons as described above. Western
blotting analysis of mitochondrial and cytosolic fractions
revealed that, like MTCH2, MTCH2x was found predomi-
nantly in mitochondria (exogenous (Fig. 7A) and endogenous
(Fig. 7B)). Although the expression level of MTCH2xx was
much less, it was predominantly present in the cytoplasm (Fig.
7A). Similar observations were also made by fluorescence mi-
croscopy in primary bovine aortic endothelial cells and
HEK293 cells (Fig. 7C and Fig. S7, A and B). Thus, double-SCR
of MTCH2 changes the localization as well as the stability of
the isoform generated.

Double-SCR of MTCH2 determines the cellular MTCH2 level

The short t1/2 ofMTCH2xx implies that double-SCR reduces
the expression levels of MTCH2 by engaging the translation
machinery in generating this unstable isoform. To investigate
this aspect, we deleted 69 nucleotides from the ISR1 1 ISR2
region inHEK293 cells using the CRISPR-Cas9 system. Because
the deleted region includes 12ISR2, read-through across the stop
codon will not occur in these cells (termed DRTMTCH2). Dele-
tion was confirmed by PCR of that genomic region, and by
sequencing the PCR product (Fig. 8A).Western blotting further

confirmed the deletion as MTCH2x antibody failed to show
any band in DRTMTCH2 cells. However, there was a 2-fold
increase (2 6 0.4, n = 3 experiments) in the expression of total
MTCH2 protein in DRTMTCH2 cells compared with the WT
cells (Fig. 8B). Because unstable MTCH2xx is not produced in
DRTMTCH2 cells, MTCH2 mRNAs generate only the canonical
MTCH2 isoform increasing its level. Thus, double-SCR deter-
mines the cellularMTCH2 level.

Double-SCR of MTCH2 is required to maintain normal
mitochondrial membrane potential

Finally, we investigated the functional significance of double-
SCR of MTCH2. Because MTCH2 is a regulator of oxidative
phosphorylation, we analyzed the mitochondrial membrane
potential (DCm) in DRTMTCH2 cells using JC-1 dye. This fluo-
rescent dye has two emission peaks depending on its oligomeri-
zation status, which in turn is determined by its cellular local-
ization. Ratio of its fluorescence at these two peaks (l594 to
l538) is an indicator of DCm. This assay revealed significantly
lower DCm in DRTMTCH2 cells (Fig. 8C). This observation is
consistent with previous reports (26, 34, 35), where reduced
DCmwas observed whenMTCH2was overexpressed. Further-
more, the ATP level in DRTMTCH2 cells was also lower than
that inWT cells (Fig. 8D). However, there was no change in the
total mitochondrial mass in DRTMTCH2 cells compared with
the WT cells (Fig. 8E). To understand the mechanism behind
reducedDCm and ATP in DRTMTCH2 cells, we investigated the
expression of genes that encode mitochondrial respiratory
chain complexes, which are responsible for the maintenance of
normal DCm. MTCH2 knockout cells show increased expres-
sion of genes that encode mitochondrial subunits of the respi-
ratory chain complexes (30, 36). We measured the expression
of MT-ND1 (complex I), MT-CYB (complex III), MT-CO1
(complex IV), andMT-ATP6 (complex V) by quantitative real-
time PCR. Our analyses showed that expression of these genes
was reduced in DRTMTCH2 cells compared with WT cells
explaining reducedDCm and ATP inDRTMTCH2 cells (Fig. 8F).
Consistent with the reduced DCm and low levels of cellular
ATP concentration,DRTMTCH2 cells showed reduced prolifera-
tion compared with the WT cells (Fig. 8G). Together, these
results demonstrate that programmed double-SCR of MTCH2
contributes to the maintenance of normal DCm by regulating
theMTCH2 level.

Discussion

Organisms have evolved multiple mechanisms including al-
ternative splicing, alternative initiation, RNA editing, post-

Figure 3. Demonstration of SCR across the canonical and the first in-frame stop codons ofMTCH2 (double-SCR). A, luminescence-based assay: plasmid
expressing in-frame MTCH2-(UGA)-ISR1-(UAG)-ISR2-FLuc and its variants were transfected in HEK293 cells. FLuc activity relative to the activity of co-trans-
fected RLuc is shown (left). A construct without ISR2 served as negative control. RT-PCR of FLucmRNA is also shown. The same constructs were subjected to in
vitro transcription and in vitro translation using rabbit reticulocyte lysate. Luciferase activity is shown (right). B, fluorescence-based assay: HEK293 cells were
transfected with constructs similar to the ones described in A, but the coding sequence of FLuc was replaced with that of GFP. Fluorescence can be observed
only if there is double-SCR. Fluorescence was analyzed by flow cytometry (graph) and by fluorescence microcopy (images below). Scale bar, 50 mm. Graph
shows the mean intensity of GFP fluorescence relative to that of co-transfected RFP fluorescence. C, dual luciferase-based assay: 99 nucleotides from the 39
end of the MTCH2 coding sequence, ISR1 and ISR2 were cloned between the coding sequences of RLuc and FLuc (schematic). All were in-frame. Although
RLuc activity is expected all the time, FLuc activity is expected only if there is double-SCR. This construct was transfected in HEK293 cells and FLuc activity rela-
tive to RLuc is shown. All graphs showmean6 S.D. (n = 3). Results are representatives of at least three independent experiments done in triplicate. Two-tailed
Student’s t test was used to calculate the p value. *, Welch’s correction was applied.MTCH, MTCH2; CDS, coding sequence.
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Figure 4. First 12 nucleotides of ISR2 (12ISR2) constitutes the RNA signal necessary for the SCR ofMTCH2. A,mutations in 12ISR2 reduce read-through
across the canonical stop codon. Constructs having ISR1 and mutated 12ISR2 were transfected in HEK293 cells and luciferase-based read-through assay was
performed. Sequence of 12ISR2 is shown. Mutated residues are underlined. RT-PCR of luciferase mRNA is shown (right). B, 12ISR2 can drive read-through across
the canonical stop codon of MTCH2. A construct having just 12ISR2 between MTCH2 and FLuc was used (schematic). Results of luciferase-based read-through
assay carried out in HEK293 cells are shown. C, 12ISR2 can drive double-SCR ofMTCH2. Construct having ISR11 12ISR2 alongwith the two stop codons between
MTCH2 and FLucwas used (schematic). Results of luciferase-based read-through assay carried out in HEK293 cells are shown. D, 12ISR2 is sufficient to drive SCR
in a heterologous context. 12ISR2 sequence was cloned between RLuc and FLuc such that all were in-frame. FLuc activity is expected only if the 12ISR2 sequence
drives read-through across the stop codon of RLuc. Results of luciferase-based read-through assay carried out in HEK293 cells are shown. All graphs show
mean6 S.D. (n = 3). Results are representative of at least three independent experiments done in triplicate. Two-tailed Student’s t test was used to calculate
the p value.MTCH, MTCH2; 12ISR2, first 12 nucleotides of ISR2 (UCCCAGAUGCAC).

Figure 5. Detection of endogenous MTCH2x. A,Western blotting performed using an antibody (anti-MTCH2x) generated against the peptide encoded by
the ISR1 (RCGAGTVTFL) in HEK293 cell lysate. B,Western blotting performed using the same antibody in HEK293 cells transfected withMTCH2-specific shRNAs.
C, detection of exogenous overexpressed MTCH2x by anti-MTCH2x antibody in HEK293 cells. D, amount of MTCH2x relative to MTCH2 was estimated by per-
forming a prolonged SDS-PAGE followed by Western blotting using anti-MTCH2 antibody that can potentially recognize all isoforms. Quantification is shown
below (mean6 S.D., n = 3). Lysates from cells overexpressingMTCH2 orMTCH2x (without any tag) were used to distinguish endogenous MTCH2 andMTCH2x.
E, detection of endogenousMTCH2x inmitochondrial extracts frommultiplemouse organs.

Double-stop codon read-through of MTCH2

J. Biol. Chem. (2020) 295(50) 17009–17026 17017



Double-stop codon read-through of MTCH2

17018 J. Biol. Chem. (2020) 295(50) 17009–17026



translational modification, and SCR to expand their proteome.
SCR has been reported in all domains of life. Although pre-
dicted (6, 8, 9), translational read-through across two stop co-
dons (double-SCR) has not been demonstrated in any life form.
Here, we demonstrate programmed double-SCR in mamma-
lian MTCH2 mRNA. This process generates an isoform that is
predominantly cytoplasmic in its localization, unlike the ca-
nonical isoform. This mislocalization and the unique C termi-
nus makes this long isoform vulnerable for proteasome-medi-
ated degradation. Ultimately, this process reduces the total
amount of MTCH2 generated from MTCH2 mRNA. Thus,
double-SCR of MTCH2 regulates its own expression. Our
results also show that this process is vital for the maintenance
of normalDCm (Fig. 9).
Physiological DCm varies from280 to2160 mV depending

on the cell type and age (37). Higher DCm will result in exces-
sive production of harmful reactive oxygen species, whereas
lower DCm cannot generate sufficient quantity of ATP to meet
the energy demand of the cell. Such variations are observed
during physiological and pathological conditions. Several
chronic diseases including atherosclerosis and type II diabetes
are associated with increased cellular reactive oxygen species
(38). Therefore, it is vital for eukaryotic cells to maintain physi-
ological level ofDCm.
The DCm is primarily regulated by the phosphorylation sta-

tus of the complex proteins. It is also regulated allosterically by
the cellular ATP level (37). Alterations in the cellular MTCH2
level can change the mitochondrial membrane potential
(DCm). For example, MTCH2-deficient hematopoietic stem
cells show increased DCm (36). Conversely, overexpression of
MTCH2 results in reduced DCm in HEK293 cells, DA3 cells,
andmouse kidney (26, 34, 35). One way of changing the expres-
sion of MTCH2 is by altering the efficiency of double-SCR. An
increase in the efficiency of this process will lead to a reduced
MTCH2 level as the product is easily degraded. On the other
hand, a decrease in the same will increase the MTCH2 level.
trans-Acting factors such as micro-RNAs or RNA-binding pro-
teins can serve as regulators by binding to the cis-acting RNA
signal as reported previously (2, 3). Furthermore, abnormal
changes in this read-through process can result in pathological
consequences as DCm determines the cellular reactive oxygen
species level. For example, higher DCm will result in excessive
production of harmful reactive oxygen species (38).
Mitochondrial proteins are typically targeted to their desti-

nation (i.e. mitochondria) via a mitochondrial targeting signal,
usually present at the N terminus. Interestingly, MTCH2 iso-
forms lack such a signal. One possibility is thatMTCH2 reaches
mitochondria by piggybacking another mitochondrial protein
with a mitochondrial targeting signal. The unique C terminus

ofMTCH2xxmay not allow such interaction explaining its pre-
dominantly cytoplasmic location.
Our experiments on the mechanism of the SCR revealed a

12-nucleotide sequence (12ISR2, UCCCAGAUGCAC) present
at the 59 end of ISR2 as the primary signal essential for both sin-
gle- and double-SCR of MTCH2. Although this sequence was
sufficient to induce SCR even in a heterologous context, the ef-
ficiency was not as high as observed in MTCH2 context. This
suggests that the sequence upstream of the canonical stop
codon of MTCH2 also plays a role in SCR. However, this
upstream sequence alone was not sufficient to induce read-
through as seen in our read-through assays. Interestingly, we
observed a stretch of rare codons in the coding sequence of
MTCH2 very close to the canonical stop codon (Fig. S8). Rare
codons can potentially slow down the translating ribosomes,
and ribosomal pausing is associated with SCR (39, 40). There-
fore, the rare codon stretch near the canonical stop codon of
MTCH2 might serve as the secondary signal that drives SCR,
when the primary signal (12ISR2) is also present.
Regulation of gene expression by programmed SCR has been

reported previously in two genes: mammalian AMD1 and yeast
PDE2. In case of AMD1 (encodes adenosylmethionine decar-
boxylase 1), translational read-through across the canonical
stop codon results in ribosomal stalling at the downstream stop
codon limiting the synthesis of AMD1 protein (16). Transla-
tional read-through of Saccharomyces cerevisiae PDE2 (enco-
des phosphodiesterase 2) creates an extension of 22 amino
acids, which results in proteasome-dependent degradation
instead of localization to the nucleus (41). Furthermore, non-
programmed molecular errors or mutations that lead to SCR
will also result in longer proteins that are degraded quickly (42,
43). Thus, SCR not only contributes to proteome expansion, it
also regulates gene expression. The full potential of this process
in cellular and organismal physiology remains to be uncovered.

Experimental procedures

Cell culture

HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, HiMedia) supplemented with 10% fetal bo-
vine serum (FBS, Gibco) and 1% antibiotics (10,000 units/ml of
penicillin, 10,000 mg/ml of streptomycin, Lonza). Bovine aortic
endothelial cells were cultured in DMEM/F-12 (1:1, Sigma)
supplemented with 10% FBS and 1% antibiotics. Cells were
maintained at 37 °C in a humidified atmosphere with 5%CO2.

Construction of plasmids

The luciferase reporter constructs used for read-through
assays were made in the pcDNA3.1B backbone as described (3).
For single-SCR assay, a partial coding sequence of MTCH2

Figure 6. Double-SCR ofMTCH2 reduces the stability of the protein generated. A and B,Western blotting of lysates of HEK293 cells transfected with plas-
mids expressing FLAG-HA-taggedMTCH2 isoforms. RT-PCR results show comparable expression of all three constructs at the RNA level. In B, cells were treated
with 10 mM MG132 for 5 h. Assays were done 24 h after transfection. C, t1/2 of FLAG-HA–tagged MTCH2 isoforms. HEK293 cells transfected with plasmids
expressing MTCH2 isoforms were treated with 100 mg/ml of CHX for the indicated duration and their lysates were used for Western blot to check the expres-
sion of FLAG-HA–tagged isoforms. D, ISR2 sequence was cloned downstream of and in-frame with the coding sequence of GFP such that ISR2 is translated
alongwith GFP. Western blotting and RT-PCR analyses of GFP expression with or without ISR2 or with a stop codon between them, in transfected HEK293 cells
are shown. E, fluorescence microscopy images and flow cytometry analyses (mean6 S.D., n = 3) of HEK293 cells transfected with GFP-expressing constructs
described in D, scale bar, 50mm. Two-tailed Student’s t test was used to calculate the p value. F,Western blotting image showing increased expression of GFP-
ISR2 in cells treated withMG132.
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Figure 7. Differential localization of MTCH2 isoforms. A, plasmids expressing FLAG-HA–tagged isoforms of MTCH2 were transfected in HEK293 cells. Mito-
chondrial and cytoplasmic fractions from these cells were used for Western blotting. VDAC and a-tubulin were used as markers for mitochondria and cyto-
plasm, respectively. B, mitochondrial localization of endogenous MTCH2 and MTCH2x in HEK293 cells. Prohibitin was used as a marker for mitochondria. C,
confocal fluorescence microscopy images showing cellular localization of GFP-tagged MTCH2 isoforms in primary bovine aortic endothelial cells. MitoTracker
Red CMXRos was used to stainmitochondria. Percentage of GFP-positive cells in case of GFP-MTCH2xx was less compared with GFP-MTCH2 and GFP-MTCH2x.
One such cell is shown. Scale bar, 10mm.

Double-stop codon read-through of MTCH2

17020 J. Biol. Chem. (2020) 295(50) 17009–17026



(source: HEK293 cells) along with 45 nucleotides of the 39UTR
(i.e. ISR1 1 12ISR2) were cloned (between HindIII and BamHI
sites) upstream and in-frame with the coding sequence of firefly
luciferase (FLuc) without its start codon. The second stop
codon (UAG) was mutated to UAU such that read-through

across the canonical stop codon will result in FLuc activity. For
double-SCR assays, the coding sequence ofMTCH2 along with
ISR1 and ISR2 were cloned (between HindIII and BamHI sites)
upstream of and in-frame with FLuc without its start codon. A
linker sequence (59-GGCGGCUCCGGCGGCUCCCUCGUG-
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CUCGAG-39) was inserted between MTCH2 and FLuc. Muta-
tions were generated by PCR-based site-directed mutagenesis
method. The GFP reporter constructs for GFP-based read-
through assay were made by replacing FLuc with GFP in the
constructs described above. pcDNA3.1B Myc/His vector was
used for Western blotting-based translational read-through
assay.
Plasmid constructs for dual-luciferase–based read-through

assay were prepared in pcDNA3.1B vector. Renilla luciferase
(RLuc) was cloned between HindIII and BamHI sites. FLuc
with a linker and without AUG was cloned between XhoI and
ApaI sites. Test sequences (ISR1 1 12ISR2 and ISR1 1 ISR2)
were cloned between BamHI and XhoI sites. A positive control
was created by mutating the stop codon of RLuc (UAA) to
UCA.
FLAG-HA-MTCH2, FLAG-HA-MTCH2x, and FLAG-HA-

MTCH2xx constructs were made in pIRESneo-FLAG/HA plas-
mid (between NotI and EcoRI sites). For GFP-based localiza-
tion studies, MTCH2, MTCH2x, and MTCH2xx were cloned
in pEGFP-C1 vector between KpnI and BamHI sites. For con-
stitutive overexpression of MTCH2x, the canonical stop codon
UGA was mutated to UCA. For constitutive overexpression of
MTCH2xx, the first (UGA) and second (UAG) stop codons
were mutated to UCA and UCG, respectively. To test if the
translation of ISR2 would reduce the expression levels of the
tagged protein, ISR2 was cloned (between BamHI and NotI)
downstream of and in-frame with GFP (cloned between Hin-
dIII and BamHI sites) in pcDNA3.1B vector. ISR2 was also
cloned (between KpnI and BamHI) downstream of and in-
frame with mtDsRed (cloned between HindIII and KpnI sites)
in pcDNA3.1B. All constructs were confirmed by sequencing.

Amino acid and nucleotide sequence alignment

The nucleotide sequences of the 39 UTR of MTCH2 mRNA
from multiple mammals were obtained from NCBI. They were
in silico translated using Expasy Translate tool to obtain the
potential peptide sequences encoded by them. The amino acid
sequences were aligned using Clustal Omega to analyze the
conservation of the 39UTR ofMTCH2.

Antibodies

Polyclonal antibody specific to the C terminus extended
region of MTCH2x was generated by injecting rabbits with the
synthetic peptide RCGAGTVTFL. The same peptide was used
for affinity purification of the antibody (Abgenex). Anti-

MTCH2 (Sigma, SAB1101408 (Immunogen, amino acids 104-
115 of human MTCH2) and Thermo Fisher Scientific, PA5-
25406 (Immunogen, amino acids 75-103 of human MTCH2)),
anti-HA (Sigma, 11867423001), anti-His (Sigma, SAB1305538),
anti-GFP (BioLegend, 902602), anti-GAPDH (Sigma, G9295),
anti-Actin (Sigma, A3854), anti-Prohibitin antibody (Thermo
Fisher Scientific, MA5-12858), anti-VDAC antibody (Bio-
Legend, 820701), anti-a-tubulin (Thermo Fisher Scientific,
62204), horseradish peroxidase-conjugated secondary antibod-
ies (Thermo Fisher Scientific), and Alexa Fluor-conjugated sec-
ondary antibodies (Molecular Probes) were used at concentra-
tions recommended by themanufacturer.

Analysis of ribosomal profiling data

Ribosome profiling datasets were downloaded from NCBI's
SRA using SRA Toolkit. Adapter sequences were first removed
from the FASTQ files using the Fastp tool. Bowtie 2 was used
for aligning the datasets to the mouse transcriptome. Reads
having at least 24 nucleotides and a perfect match (no mis-
matches or gaps) with the reference sequence of the MTCH2
(NM_001317242) were considered as MTCH2-specific ribo-
some-protected fragments. Datasets that displayed 50% or
higher coverage of the inter stop codon regions (ISR1 and ISR2)
with a decrease in ribosome density after the second in-frame
stop codon (i.e. at least a 4-fold decrease in the ribosomal foot-
print density in the 39 UTR compared with that in the ISRs)
were considered positive for translational read-through of
MTCH2.

Analysis of MS data

MS raw files were downloaded from the ProteomeXchange
Consortium using Aspera Connect. All the raw files were ana-
lyzed using MaxQuant version 1.6.2.6. Each raw data set was
searched against a fasta file containing the whole mouse pro-
teome (downloaded from the UniProt) along with 400 possible
MTCH2xx protein sequences (all possible combinations of
amino acids in place of the canonical stop codon and the first
in-frame stop codon). The number of missed cleavages was set
to 5 with the false discovery rate for peptide spectrum matches
set to 0.05. Protein false discovery rate filter was disabled.
Default values were used for all other parameters. In-house
Python scripts were used to identify peptides aligning to the ca-
nonical coding sequence and ISRs of MTCH2. Using the
“tblastn” tool, we made sure that the identified peptides were
unique to the coding sequence and ISRs ofMTCH2.

Figure 8. Double-SCR ofMTCH2 is required to maintain normal mitochondrial membrane potential. A, CRISPR-Cas9 technique was used to delete the
most part of ISR1 and ISR2 in the genome of HEK293 cells (termed DRTMTCH2). Deletion was confirmed by PCR amplification from genomic DNA using primers
flanking the targeted region, and by sequencing the product. Sequencing was performed using a reverse primer that generated reverse-complement
sequence. A part of this is shown as an electropherogram. The deleted part in ISR1 and ISR2 is shown in gray background. Three in-frame stop codons are
shown in boldface. B, Western blotting showing the absence of MTCH2x and increased levels of MTCH2 in DRTMTCH2 cells compared with the WT cells (WT).
Long and short exposures are shown for MTCH2. C, JC-1 fluorescence profile shows reduced mitochondrial membrane potential in two different DRTMTCH2

clones (left). H2O2 treatment was used as a positive control for mitochondrial membrane depolarization. Ratio of fluorescence at l594 to l538 is shown (right)
(n = 4). D,DRTMTCH2 cells show reduced ATP levels compared with the WT cells. Cells were incubated in serum-free DMEM containing 10 mM galactose for 48 h
before measuring ATP levels using a luminescence-based assay (n = 3). E,WT and DRTMTCH2 cells have comparable mitochondrial mass. The flow cytometry
was performed using the fluorescent probe, nonyl acridine orange (NAO) (n = 3). F, quantitative real-time PCR analyses of the expression of mitochondrial
genes that encode components of the mitochondrial respiratory chain complexes in WT and DRTMTCH2 cells. Expression of mitochondrial genes relative to
that of ACTB (b-actin) was calculated using the 22DDCtmethod (n = 3). *, p, 0.01. G, proliferation profile of WT and twoDRTMTCH2 clones. MTT assay was used
to quantify proliferation (n = 4). Brightfield images of cells at 0 day and 3rd day are shown. Scale bar, 50mm. All graphs showmean6 S.D. Results are represen-
tatives of at least three independent experiments done in triplicate. Two-tailed Student’s t test was used to calculate the p value, except in G, where a two-way
analysis of variance test was used.
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Translational read-through assays

Luminescence-based assays—HEK293 cells were seeded in
24-well–plates at 75–95% confluence. They were transfected
with 500 ng/well of luciferase-encoding plasmids using Lipo-
fectamine 2000 (Invitrogen). In single luciferase assays, 25 ng/
well of RLuc was co-transfected as a transfection control.
Twenty-four hours after transfection, FLuc and RLuc activities
were measured using Dual-Luciferase Reporter Assay System
(Promega) in Glomax Explorer (Promega). For in vitro assay,
the constructs were linearized using NotI or ApaI enzyme. The
linearized plasmid was in vitro transcribed using T7 RNA poly-
merase (Thermo Fisher Scientific) at 37 °C for 2 h. Twomg of in
vitro transcribed RNAwas in vitro translated using rabbit retic-
ulocyte lysate system (Promega) at 30 °C for 2 h. Luciferase ac-
tivity was measured as described above.
Fluorescence-based assay—500 ng/well of GFP-encoding

plasmids were transfected in HEK293 cells seeded in a 24-well–
plate using Lipofectamine 2000. Fluorescence was analyzed
both by fluorescence microscopy (Olympus IX73) and flow
cytometry (CytoFLEX S, Beckman Coulter).
Western blotting-based assay—Lysates of cells transfected

with Myc/His constructs were subjected to Ni-NTA enrich-
ment by incubating with Ni-NTA-agarose beads overnight
(Thermo Fisher Scientific). His-tagged proteins were eluted
(elution buffer: 300 mM NaCl and 100 mM imidazole in 20 mM

phosphate buffer), and the elutions were subjected to Western
blotting analysis to detect the read-through protein using anti-
His antibody.

RNA isolation and RT-PCR analysis

Total RNA was isolated using TRI reagent (Sigma). cDNA
synthesis was carried out using the oligo(dT) universal reverse

primer with RevertAid RT enzyme (Thermo Fisher Scientific).
Gene-specific primers were used for semi-quantitative analysis
of the mRNA levels. Primer sequences are (59 to 39): FLUC:
CAACTGCATAAGGCTATGAAGAGA; ATTTGTATTCA-
GCCCATATCGTTT; GAPDH: CCACCCATGGCAAATT-
CCATGGCA; TCTAGACGGCAGGTCAGGTCCACC; ACTB
(b-Actin): AGAGCTACGAGCTGCCTGAC; AGCACTGTGT-
TGGCGTACAG; GFP: ATGGTGAGCAAGGGCGAGGAGC-
TGTT; CTTGTACAGCTCGTCCATGCCGAG; and FLAG-
MTCH2: GATTACAAGGATGACGACGATAA; AATTAAC-
ATTTTCAGGTCACAA.

Western blotting analysis

Cells were lysed in lysis buffer (20 mM Tris-HCl, 150 mM

NaCl, 1 mM EDTA, 1% Triton X-100 with protease inhibitor
mixture (Roche Applied Science)). The protein concentration
was determined using the Protein Assay Dye Reagent (Bio-
Rad). 20-100mg of the cell lysate or 20-100mg of mitochondrial
lysate or 10-50 mg of tissue lysate was subjected to denaturing
SDS-PAGE in a 12.5% Tris glycine gel. The proteins were
then transferred onto a polyvinylidene difluoride membrane
(Merck) and blocked with a blocking agent (5% milk or 3% BSA
in PBS). The membrane was probed with the specific primary
antibody and then with horseradish peroxidase-conjugated sec-
ondary antibody. The blot was developed using Clarity ECL re-
agent (Bio-Rad) and the images were recorded using LAS-3000
or LAS-4000 imager (Fujifilm). Quantification of band inten-
sities was carried out using ImageJ software.

shRNA

shRNA constructs (MISSION shRNA Sigma) were trans-
fected in HEK293 cells using Lipofectamine 2000. Cells were

Figure 9. Double-SCR ofMTCH2mRNA regulates cellular level of MTCH2 protein and mitochondrial membrane potential.MammalianMTCH2mRNA
has three evolutionarily conserved stop codons. This mRNA can generate three isoforms depending on the position of translation termination. Translation ter-
mination at the first stop codon results in the canonical isoform MTCH2. Read-through across the first stop codon and termination at the second stop codon
results in an isoform with 11 extra amino acids at the C terminus (termed MTCH2x). Read-through across the first and the second stop codons (double-stop
codon read-through), and termination at the third stop codon results in an isoform with 36 extra amino acids at the C terminus (termed MTCH2xx). MTCH2
and MTCH2x localize to mitochondria. However, MTCH2xx is predominantly cytoplasmic. This mislocalization and the unique C terminus makes this isoform
susceptible for proteasomal degradation. Thus, double-stop codon read-through negatively regulates the level of MTCH2 available in the cell, which is critical
for the maintenance of physiological level of mitochondrial membrane potential. In the absence of double-SCR, as seen in read-through deficient (DRTMTCH2)
cells, MTCH2 level increases and themitochondrial membrane potential decreases.
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then selected for 1 week using puromycin and subjected
to immunoblot analysis. The shRNA specific to human
MTCH2 mRNA target the following sequences: shRNA 1:
59-CCTCCAACAATAGGACGAAAT-39 (TRCN0000059393);
shRNA 2: 59-GCCTTCTAGGTGACATCCTTTCTTT-39
(TRCN0000059394); shRNA 3: 59-CCCTTTGTGCTTGT-
CTCCAATCT-39 (TRCN0000059395).

Isolation of mitochondria

Mitochondria were isolated based by a previously described
method (44). HEK293 cells were harvested and centrifuged at
600 3 g for 10 min. The pellet was resuspended in mitochon-
drial isolation buffer (0.01 M Tris-MOPS, 0.001 M EGTA/Tris,
and 0.5 M sucrose) and homogenized at 3000 rpm using a
motor-driven tissue grinder (Genetix). The homogenate was
centrifuged at 600 3 g for 10 min. The supernatant was again
centrifuged at 7000 3 g for 10 min. The mitochondrial pellet
was suspended in mitochondrial isolation buffer. The superna-
tant obtained was the cytosolic fraction.

Microscopy

Transfected cells were reseeded in 350-mm dishes with a
glass bottom and taken for imaging. Images were obtained
using 1.0 Airy pinhole in TCS SP8 confocal microscope (Leica)
or LSM 880 Confocal Laser Scanning Microscope (Zeiss) or
FLUOVIEW FV3000 confocal microscope (Olympus). 100 nM
Mitotracker Red CMXRos (Life Technologies) was used to
stain mitochondria. Brightness and contrast were increased
equally in all the images shown in Fig. 3B and Fig. S7.

Protein t1/2 measurement

N-terminal FLAG-HA–tagged MTCH2, MTCH2x, and
MTCH2xx constructs were transfected in HEK293 cells using
Lipofectamine 2000. 20 h post-transfection, cells were treated
with 100 mg/ml of cycloheximide along with vehicle control.
Cells were harvested at different time points and subjected to
Western blotting analysis.

Deletion of MTCH2 translational read-through region in/
award1/ctgiq HEK293 cells (DRTMTCH2) using CRISPR/cas9
system

The sgRNAs (59-AAAATGTTAATTTGAAGATG-39 and
59-ATGTTGATTTCTATACAGTG-39) were cloned in
pSpCas9(BB)-2A-GFP (PX458) plasmid. Two mg of each
sgRNA-expressing plasmids were transfected in HEK293
cells at 75% confluence in a 35-mm dish using Lipofect-
amine 2000. 24 h post-transfection, GFP-positive cells were
sorted and seeded (single cell per well) in a 96-well–plate
using FACSAriaTM II sorter (BD Biosciences). They were
further expanded and screened for the deletion by PCR
using primers flanking the region of expected deletion (59-
AAGGTCCCCTTTGGGAAG-39 and 59-AGGGTCTACC-
CAAGAAAA-39). The expected PCR products were WT,
488 base pairs, and DRTMTCH2, 419 base pairs. Clones show-
ing successful deletion were further confirmed by sequenc-
ing of PCR product andWestern blotting analysis.

Measurement of mitochondrial membrane potential

Cells were seeded in a 96-well–plate (104 cells/well). 5 mM

JC-1 dye (Sigma) was added to each well and the plate was
incubated for 15 min. Fluorescence intensity scan was then
carried out with excitation at 495 nm and emission spectrum
recorded from 510 to 620 nm (The Infinite M Nano1 micro-
plate reader, Tecan). The ratio of fluorescence intensity at 594
nm to that at 538 nm was calculated and used to indicate the
mitochondrial membrane potential. H2O2 treatment (20 mM)
was used as a positive control to induce mitochondrial mem-
brane depolarization.

ATP measurement

This was carried out using the ATP detection reagent of Mi-
tochondrial ToxGlo Assay kit (Promega). Cells were seeded
(104 cells/well) in a 96-well–plate. They were incubated in se-
rum-free DMEM containing 10 mM galactose for 48 h, and
then lysed using ATP lysis buffer for 10 min at room tempera-
ture. Luminescence was recorded using Glomax Explorer
(Promega).

Mitochondrial mass measurement

HEK293 cells (105 cells/well in a 24-well–plate) were incu-
bated with 100 nMNAO (Molecular Probes) for 20min. Stained
cells were washed, trypsinized, and harvested. The cell pellet
was resuspended in 300 ml of PBS and subjected to flow cytom-
etry analysis (CytoFLEX S, BeckmanCoulter).

Quantitative real-time PCR

Total RNA was extracted using RNAiso Plus (TaKaRa)
following the manufacturer’s instructions from WT and
DRTMTCH2 cells. BioPhotometer (Eppendorf) was used to mea-
sure the concentration and the purity of RNA. For cDNA syn-
thesis, equal concentration of RNAof the experimental samples
(1 to 3 mg of RNA) was used to synthesize cDNA using oligo
(dT) primers and RevertAid Reverse Transcriptase as per the
manufacturer’s instructions. Quantitative real-time PCR was
carried out by setting up 10-ml reactions containing 1.5 ml of
cDNA, 330 nM gene-specific primers and 5 ml of 23 TB Green
Premix Ex TaqII (Takara) in iCycler iQ PCR Plates 96-well
(Bio-Rad) using iQ5 real-time PCR system (Bio-Rad). All quan-
titative PCR were carried out in triplicates. The cycling condi-
tions used were as follow: 95 °C for 5 min followed by 40 cycles
of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and a single final
step at 72 °C for 5 min. Melting curves were generated after
each reaction. The specificity of the primers was verified by vis-
ualizing the amplified product using agarose gel electrophore-
sis. Expression of mitochondrial genes relative to that of
b-Actin was calculated using the 2-DDCt method. Sequences of
the primers (59 to 39) are as follows: ACTB (b-Actin): AGAGC-
TACGAGCTGCCTGAC; AGCACTGTGTTGGCGTACAG;
MT-ATP6: TAGCCATACACAACACTAAAGGACGA; GGG-
CATTTTTAATCTTAGAGCGAAA;MT-CO1: GACGTAGA-
CACACGAGCATATTTCA; AGGACATAGTGGAAGTGA-
GCTACAAC; MT-CYB: ATCACTCGAGACGTAAATTA-
TGGCT; TGAACTAGGTCTGTCCCAATGTATG; MT-ND1:
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CCACCTCTAGCCTAGCCGTTTA; GGGTCATGATGGCA-
GGAGTAAT.

Cell proliferation assay

WT and DRTMTCH2 cells were seeded (53 103 cells/well) in
a 96-well–plate. MTT (Sigma, 50 mg/well) was added at differ-
ent time points and incubated for 2 h. The medium was
removed, 100ml of DMSOwas added and incubated further for
15 min. The supernatant was transferred to another plate and
the absorbance at 570 nm was measured using a microplate
reader (VERSAmax,Molecular devices).

Statistics

To test if the differences observed between samples in
experiments were significant, two-sided Student’s t test was
used when samples showed normal distribution. If equal var-
iance was not observed, Welch’s correction was applied. Two-
way analysis of variance test was used to test if the difference
observed in cell proliferation assay was significant.

Data availability

All data are contained within themanuscript.

Acknowledgments—We thank Profs. G. Mugesh, Dipshikha Chakra-
vortty, Patrick D’Silva, K. N. Balaji, and Deepak Saini for sharing
reagents. We thank the confocal microscope facility and the flow
cytometry facility of the Division of Biological Sciences, Indian
Institute of Science.

Author contributions—L. E. M. and S. M. E. conceptualization;
L. E. M., S. S., and S. M. E. formal analysis; L. E. M., AS, S. S.,
A. M., J. P., and C. G. B. investigation; L. E. M., AS, S. S., A. M.,
and S. M. E. methodology; L. E. M. and S. M. E. writing-original
draft; S. M. E. resources; S. M. E. supervision; S. M. E. funding
acquisition.

Funding and additional information—This work was supported by
Department of Biotechnology/Wellcome Trust India Alliance
Fellowship Grant IA/I/15/1/501833 (to S. M. E.), Department
of Biotechnology-Indian Institute of Science Partnership Pro-
gram for Advanced Research in Biological Sciences Grant BT/
PR27952-INF/22/212/2018, and University Grants Commission,
India. L. E. M. and AS are recipients of research fellowships from
the Council of Scientific & Industrial Research-University
Grants Commission, India. S. S. is a recipient of Kishore Vaigya-
nik Protsahan Yojana fellowship from the Department of Science
and Technology, India.

Conflict of interest—The authors declare that they have no conflict
of interest.

Abbreviations—The abbreviations used are: SCR, stop codon read-
through; CHX, cycloheximide; DMEM, Dulbecco’s modified Eagle’s
medium; FBS, fetal bovine serum; SRA, Sequence Read Archive;
Ni-NTA, nickel-nitrilotriacetic acid; GFP, green fluorescent
protein; IB, immunoblot; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; FLuc, firefly luciferase; RLuc, Renilla

luciferase; sgRNA, single guide RNA; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

References

1. Rajon, E., and Masel, J. (2011) Evolution of molecular error rates and the
consequences for evolvability. Proc. Natl. Acad. Sci. U.S.A. 108, 1082–
1087 CrossRefMedline

2. Eswarappa, S. M., Potdar, A. A., Koch, W. J., Fan, Y., Vasu, K., Lindner, D.,
Willard, B., Graham, L. M., DiCorleto, P. E., and Fox, P. L. (2014) Pro-
grammed translational read-through generates antiangiogenic VEGF-Ax.
Cell 157, 1605–1618 CrossRefMedline

3. Singh, A., Manjunath, L. E., Kundu, P., Sahoo, S., Das, A., Suma, H. R., Fox,
P. L., and Eswarappa, S. M. (2019) Let-7a-regulated translational read-
through of mammalian AGO1 generates a microRNA pathway inhibitor.
EMBO J. 38, e100727 CrossRefMedline

4. Houck-Loomis, B., Durney, M. A., Salguero, C., Shankar, N., Nagle, J. M.,
Goff, S. P., and D'Souza, V.M. (2011) An equilibrium-dependent retroviral
mRNA switch regulates translational recoding. Nature 480, 561–564
CrossRefMedline

5. Firth, A. E., and Brierley, I. (2012) Non-canonical translation in RNA
viruses. J. Gen. Virol. 93, 1385–1409 CrossRefMedline

6. Bunnik, E. M., Chung, D. W., Hamilton, M., Ponts, N., Saraf, A., Prud-
homme, J., Florens, L., and Le Roch, K. G. (2013) Polysome profiling
reveals translational control of gene expression in the humanmalaria para-
site Plasmodium falciparum.Genome Biol. 14,R128 CrossRefMedline

7. von der Haar, T., and Tuite, M. F. (2007) Regulated translational bypass of
stop codons in yeast.TrendsMicrobiol. 15, 78–86 CrossRefMedline

8. Dunn, J. G., Foo, C. K., Belletier, N. G., Gavis, E. R., and Weissman, J. S.
(2013) Ribosome profiling reveals pervasive and regulated stop codon
read-through in Drosophila melanogaster. Elife 2, e01179 CrossRef
Medline

9. Jungreis, I., Lin, M. F., Spokony, R., Chan, C. S., Negre, N., Victorsen, A.,
White, K. P., and Kellis, M. (2011) Evidence of abundant stop codon read-
through in Drosophila and other metazoa. Genome Res. 21, 2096–2113
CrossRefMedline

10. Jungreis, I., Chan, C. S., Waterhouse, R. M., Fields, G., Lin, M. F., and Kel-
lis, M. (2016) Evolutionary dynamics of abundant stop codon read-
through.Mol. Biol. E 33, 3108–3132 CrossRefMedline

11. Chittum, H. S., Lane, W. S., Carlson, B. A., Roller, P. P., Lung, F. D., Lee,
B. J., and Hatfield, D. L. (1998) Rabbit beta-globin is extended beyond its
UGA stop codon by multiple suppressions and translational reading gaps.
Biochemistry 37, 10866–10870 CrossRefMedline

12. Yamaguchi, Y., Hayashi, A., Campagnoni, C. W., Kimura, A., Inuzuka, T.,
and Baba, H. (2012) L-MPZ, a novel isoform of myelin P0, is produced by
stop codon read-through. J. Biol. Chem. 287, 17765–17776 CrossRef
Medline

13. Loughran, G., Chou, M. Y., Ivanov, I. P., Jungreis, I., Kellis, M., Kiran,
A. M., Baranov, P. V., and Atkins, J. F. (2014) Evidence of efficient stop
codon read-through in four mammalian genes. Nucleic Acids Res. 42,
8928–8938 CrossRefMedline

14. Schueren, F., Lingner, T., George, R., Hofhuis, J., Dickel, C., Gärtner, J.,
and Thoms, S. (2014) Peroxisomal lactate dehydrogenase is generated by
translational read-through inmammals. Elife 3, e03640 CrossRefMedline

15. Loughran, G., Jungreis, I., Tzani, I., Power, M., Dmitriev, R. I., Ivanov, I. P.,
Kellis, M., and Atkins, J. F. (2018) Stop codon read-through generates a C-
terminally extended variant of the human vitamin D receptor with
reduced calcitriol response. J. Biol. Chem. 293, 4434–4444 CrossRef
Medline

16. Yordanova, M. M., Loughran, G., Zhdanov, A. V., Mariotti, M., Kiniry,
S. J., O'Connor, P. B. F., Andreev, D. E., Tzani, I., Saffert, P., Michel, A. M.,
Gladyshev, V. N., Papkovsky, D. B., Atkins, J. F., and Baranov, P. V. (2018)
AMD1 mRNA employs ribosome stalling as a mechanism for molecular
memory formation.Nature 553, 356–360 CrossRefMedline

17. Hofhuis, J., Schueren, F., Notzel, C., Lingner, T., Gartner, J., Jahn, O., and
Thoms, S. (2016) The functional read-through extension of malate

Double-stop codon read-through of MTCH2

J. Biol. Chem. (2020) 295(50) 17009–17026 17025

http://dx.doi.org/10.1073/pnas.1012918108
http://www.ncbi.nlm.nih.gov/pubmed/21199946
http://dx.doi.org/10.1016/j.cell.2014.04.033
http://www.ncbi.nlm.nih.gov/pubmed/24949972
http://dx.doi.org/10.15252/embj.2018100727
http://www.ncbi.nlm.nih.gov/pubmed/31330067
http://dx.doi.org/10.1038/nature10657
http://www.ncbi.nlm.nih.gov/pubmed/22121021
http://dx.doi.org/10.1099/vir.0.042499-0
http://www.ncbi.nlm.nih.gov/pubmed/22535777
http://dx.doi.org/10.1186/gb-2013-14-11-r128
http://www.ncbi.nlm.nih.gov/pubmed/24267660
http://dx.doi.org/10.1016/j.tim.2006.12.002
http://www.ncbi.nlm.nih.gov/pubmed/17187982
http://dx.doi.org/10.7554/eLife.01179
http://www.ncbi.nlm.nih.gov/pubmed/24302569
http://dx.doi.org/10.1101/gr.119974.110
http://www.ncbi.nlm.nih.gov/pubmed/21994247
http://dx.doi.org/10.1093/molbev/msw189
http://www.ncbi.nlm.nih.gov/pubmed/27604222
http://dx.doi.org/10.1021/bi981042r
http://www.ncbi.nlm.nih.gov/pubmed/9692979
http://dx.doi.org/10.1074/jbc.M111.314468
http://www.ncbi.nlm.nih.gov/pubmed/22457349
http://dx.doi.org/10.1093/nar/gku608
http://www.ncbi.nlm.nih.gov/pubmed/25013167
http://dx.doi.org/10.7554/eLife.03640
http://www.ncbi.nlm.nih.gov/pubmed/25247702
http://dx.doi.org/10.1074/jbc.M117.818526
http://www.ncbi.nlm.nih.gov/pubmed/29386352
http://dx.doi.org/10.1038/nature25174
http://www.ncbi.nlm.nih.gov/pubmed/29310120


dehydrogenase reveals a modification of the genetic code. Open Biol. 6,
160246 CrossRef

18. Wagner, N. (2019) Stop Codon Readthrough in VEGF-a Is Regulated by
Synergistic Activity of a Complex Tripartite Signal. Doctoral dissertation,
Harvard University

19. Harbison, S.-A., Davies, J. W., and Wilson, T. M. A. (1985) Expression of
high molecular weight polypeptides by carnation mottle virus RNA. J.
Gen. Virol. 66, 2597–2604 CrossRef

20. Ghosh, S., Guimaraes, J. C., Lanzafame, M., Schmidt, A., Syed, A. P., Dimi-
triades, B., Borsch, A., Ghosh, S., Mittal, N., Montavon, T., Correia, A. L.,
Danner, J., Meister, G., Terracciano, L. M., Pfeffer, S., et al. (2020) Preven-
tion of dsRNA-induced interferon signaling by AGO1x is linked to breast
cancer cell proliferation. EMBO J. 39, e103922 CrossRef

21. Palazzo, C., Buccoliero, C., Mola, M. G., Abbrescia, P., Nicchia, G. P., Tro-
jano, M., and Frigeri, A. (2019) AQP4ex is crucial for the anchoring of
AQP4 at the astrocyte end-feet and for neuromyelitis optica antibody
binding.Acta Neuropathol. Commun. 7, 51 CrossRefMedline

22. Otani, Y., Ohno, N., Cui, J., Yamaguchi, Y., and Baba, H. (2020) Upregula-
tion of large myelin protein zero leads to Charcot-Marie-Tooth disease-
like neuropathy inmice.Commun. Biol. 3, 121 CrossRefMedline

23. Ng, M. C., Tam, C. H., So, W. Y., Ho, J. S., Chan, A. W., Lee, H. M., Wang,
Y., Lam, V. K., Chan, J. C., andMa, R. C. (2010) Implication of genetic var-
iants near NEGR1, SEC16B, TMEM18, ETV5/DGKG, GNPDA2, LIN7C/
BDNF, MTCH2, BCDIN3D/FAIM2, SH2B1, FTO, MC4R, and KCTD15
with obesity and type 2 diabetes in 7705 Chinese. J. Clin. Endocrinol.
Metab. 95, 2418–2425 CrossRef

24. Kulyté, A., Ryden, M., Mejhert, N., Dungner, E., Sjolin, E., Arner, P., and
Dahlman, I. (2011) MTCH2 in human white adipose tissue and obesity. J.
Clin. Endocrinol. Metab. 96, E1661–1665 CrossRef

25. Karch, C. M., Ezerskiy, L. A., Bertelsen, S., Alzheimer's Disease Genetics,
C., and Goate, A. M, Alzheimer’s Disease Genetics Consortium (ADGC),
(2016) Alzheimer's disease risk polymorphisms regulate gene expression
in the ZCWPW1 and the CELF1 loci. PLoS ONE 11, e0148717 CrossRef
Medline

26. Bar-Lev, Y., Moshitch-Moshkovitz, S., Tsarfaty, G., Kaufman, D., Horev, J.,
Resau, J. H., and Tsarfaty, I. (2016) Mimp/Mtch2, an obesity susceptibility
gene, induces alteration of fatty acid metabolism in transgenic mice. PLoS
ONE 11, e0157850 CrossRefMedline

27. Landgraf, K., Strobach, A., Kiess, W., and Körner, A. (2016) Loss of mtch2
function impairs early development of liver, intestine and visceral adipo-
cytes in zebrafish larvae. FEBS Lett. 590, 2852–2861 CrossRefMedline

28. Rottiers, V., Francisco, A., Platov, M., Zaltsman, Y., Ruggiero, A., Lee, S. S.,
Gross, A., and Libert, S. (2017) MTCH2 is a conserved regulator of lipid
homeostasis.Obesity 25, 616–625 CrossRefMedline

29. Zaltsman, Y., Shachnai, L., Yivgi-Ohana, N., Schwarz, M., Maryanovich,
M., Houtkooper, R. H., Vaz, F. M., De Leonardis, F., Fiermonte, G., Pal-
mieri, F., Gillissen, B., Daniel, P. T., Jimenez, E., Walsh, S., Koehler, C. M.,
et al. (2010) MTCH2/MIMP is a major facilitator of tBID recruitment to
mitochondria.Nat. Cell Biol. 12, 553–562 CrossRefMedline

30. Buzaglo-Azriel, L., Kuperman, Y., Tsoory, M., Zaltsman, Y., Shachnai, L.,
Zaidman, S. L., Bassat, E., Michailovici, I., Sarver, A., Tzahor, E., Haran,
M., Vernochet, C., and Gross, A. (2016) Loss of muscle MTCH2 increases
whole-body energy utilization and protects from diet-induced obesity.
Cell Rep. 14, 1602–1610 CrossRefMedline

31. Itakura, E., Zavodszky, E., Shao, S., Wohlever, M. L., Keenan, R. J., and
Hegde, R. S. (2016) Ubiquilins chaperone and triage mitochondrial mem-
brane proteins for degradation.Mol. Cell 63, 21–33 CrossRefMedline

32. Beverly, L. J., Lockwood, W. W., Shah, P. P., Erdjument-Bromage, H., and
Varmus, H. (2012) Ubiquitination, localization, and stability of an anti-ap-
optotic BCL2-like protein, BCL2L10/BCLb, are regulated by Ubiquilin1.
Proc. Natl. Acad. Sci. U.S.A. 109, E119–E126 CrossRefMedline

33. Steffen, J., Vashisht, A. A., Wan, J., Jen, J. C., Claypool, S. M., Wohlschle-
gel, J. A., and Koehler, C. M. (2017) Rapid degradation of mutant
SLC25A46 by the ubiquitin-proteasome system results in MFN1/2-
mediated hyperfusion of mitochondria. Mol. Biol. Cell 28, 600–612
CrossRef Medline

34. Leibowitz-Amit, R., Tsarfaty, G., Abargil, Y., Yerushalmi, G. M., Horev,
J., and Tsarfaty, I. (2006) Mimp, a mitochondrial carrier homologue,
inhibits Met-HGF/SF-induced scattering and tumorigenicity by altering
Met-HGF/SF signaling pathways. Cancer Res. 66, 8687–8697 CrossRef
Medline

35. Yerushalmi, G. M., Leibowitz-Amit, R., Shaharabany, M., and Tsarfaty, I.
(2002)Met-HGF/SF signal transduction inducesmimp, a novel mitochon-
drial carrier homologue, which leads to mitochondrial depolarization. Ne-
oplasia 4, 510–522 CrossRefMedline

36. Maryanovich, M., Zaltsman, Y., Ruggiero, A., Goldman, A., Shachnai, L.,
Zaidman, S. L., Porat, Z., Golan, K., Lapidot, T., and Gross, A. (2015) An
MTCH2 pathway repressing mitochondria metabolism regulates haema-
topoietic stem cell fate.Nat. Commun. 6, 7901 CrossRef

37. Huttemann, M., Lee, I., Pecinova, A., Pecina, P., Przyklenk, K., and Doan,
J. W. (2008) Regulation of oxidative phosphorylation, the mitochondrial
membrane potential, and their role in human disease. J. Bioenerg. Bio-
membr. 40, 445–456 CrossRefMedline

38. Volpe, C. M. O., Villar-Delfino, P. H., Dos Anjos, P. M. F., and Nogueira-
Machado, J. A. (2018) Cellular death, reactive oxygen species (ROS) and
diabetic complications.Cell Death Dis. 9, 119 CrossRefMedline

39. Clarke, T. F. T., and Clark, P. L. (2008) Rare codons cluster. PLoS ONE 3,
e3412 CrossRefMedline

40. Seidman, J. S., Janssen, B. D., and Hayes, C. S. (2011) Alternative fates of
paused ribosomes during translation termination. J. Biol. Chem. 286,
31105–31112 CrossRefMedline

41. Namy, O., Duchateau-Nguyen, G., and Rousset, J. P. (2002) Translational
read-through of the PDE2 stop codon modulates cAMP levels in Saccha-
romyces cerevisiae.Mol. Microbiol. 43, 641–652 CrossRefMedline

42. Arribere, J. A., Cenik, E. S., Jain, N., Hess, G. T., Lee, C. H., Bassik, M. C.,
and Fire, A. Z. (2016) Translation read-through mitigation. Nature 534,
719–723CrossRefMedline

43. Shibata, N., Ohoka, N., Sugaki, Y., Onodera, C., Inoue, M., Sakuraba, Y.,
Takakura, D., Hashii, N., Kawasaki, N., Gondo, Y., and Naito, M. (2015)
Degradation of stop codon read-through mutant proteins via the ubiqui-
tin-proteasome system causes hereditary disorders. J. Biol. Chem. 290,
28428–28437 CrossRefMedline

44. Frezza, C., Cipolat, S., and Scorrano, L. (2007) Organelle isolation: func-
tional mitochondria from mouse liver, muscle and cultured fibroblasts.
Nat. Protoc. 2, 287–295 CrossRefMedline

45. Hornburg, D., et al. (2014) Deep proteomic evaluation of primary and cell
line motoneuron disease models delineates major differences in neuronal
characteristics.Mol. Cell. Proteom. 13, 3410–3420 CrossRefMedline

46. Sharma, K., et al. (2015) Cell type- and brain region-resolved mouse brain
proteome.Nat. Neurosci. 18, 1819–1841 CrossRefMedline

47. Azimifar, S. B., Nagaraj, N., Cox, J., and Mann, M. (2014) Cell-type-
resolved quantitative proteomics of murine liver. Cell Metab. 20, 1076–
1087 CrossRefMedline

Double-stop codon read-through of MTCH2

17026 J. Biol. Chem. (2020) 295(50) 17009–17026

http://dx.doi.org/10.1098/rsob.160246
http://dx.doi.org/10.1099/0022-1317-66-12-2597
http://dx.doi.org/10.15252/embj.2019103922
http://dx.doi.org/10.1186/s40478-019-0707-5
http://www.ncbi.nlm.nih.gov/pubmed/30935410
http://dx.doi.org/10.1038/s42003-020-0854-z
http://www.ncbi.nlm.nih.gov/pubmed/32170207
http://dx.doi.org/10.1210/jc.2009-2077
http://dx.doi.org/10.1210/jc.2010-3050
http://dx.doi.org/10.1371/journal.pone.0148717
http://www.ncbi.nlm.nih.gov/pubmed/26919393
http://dx.doi.org/10.1371/journal.pone.0157850
http://www.ncbi.nlm.nih.gov/pubmed/27359329
http://dx.doi.org/10.1002/1873-3468.12330
http://www.ncbi.nlm.nih.gov/pubmed/27468124
http://dx.doi.org/10.1002/oby.21751
http://www.ncbi.nlm.nih.gov/pubmed/28127879
http://dx.doi.org/10.1038/ncb2057
http://www.ncbi.nlm.nih.gov/pubmed/20436477
http://dx.doi.org/10.1016/j.celrep.2016.01.046
http://www.ncbi.nlm.nih.gov/pubmed/26876167
http://dx.doi.org/10.1016/j.molcel.2016.05.020
http://www.ncbi.nlm.nih.gov/pubmed/27345149
http://dx.doi.org/10.1073/pnas.1119167109
http://www.ncbi.nlm.nih.gov/pubmed/22233804
http://dx.doi.org/10.1091/mbc.E16-07-0545
http://www.ncbi.nlm.nih.gov/pubmed/28057766
http://dx.doi.org/10.1158/0008-5472.CAN-05-2294
http://www.ncbi.nlm.nih.gov/pubmed/16951184
http://dx.doi.org/10.1038/sj.neo.7900272
http://www.ncbi.nlm.nih.gov/pubmed/12407445
http://dx.doi.org/10.1038/ncomms8901
http://dx.doi.org/10.1007/s10863-008-9169-3
http://www.ncbi.nlm.nih.gov/pubmed/18843528
http://dx.doi.org/10.1038/s41419-017-0135-z
http://www.ncbi.nlm.nih.gov/pubmed/29371661
http://dx.doi.org/10.1371/journal.pone.0003412
http://www.ncbi.nlm.nih.gov/pubmed/18923675
http://dx.doi.org/10.1074/jbc.M111.268201
http://www.ncbi.nlm.nih.gov/pubmed/21757758
http://dx.doi.org/10.1046/j.1365-2958.2002.02770.x
http://www.ncbi.nlm.nih.gov/pubmed/11929521
http://dx.doi.org/10.1038/nature18308
http://www.ncbi.nlm.nih.gov/pubmed/27281202
http://dx.doi.org/10.1074/jbc.M115.670901
http://www.ncbi.nlm.nih.gov/pubmed/26442586
http://dx.doi.org/10.1038/nprot.2006.478
http://www.ncbi.nlm.nih.gov/pubmed/17406588
http://dx.doi.org/10.1074/mcp.M113.037291
http://www.ncbi.nlm.nih.gov/pubmed/25193168
http://dx.doi.org/10.1038/nn.4160
http://www.ncbi.nlm.nih.gov/pubmed/26523646
http://dx.doi.org/10.1016/j.cmet.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25470552

	Stop codon read-through of mammalian MTCH2 leading to an unstable isoform regulates mitochondrial membrane potential
	Results
	Evolutionary conservation at the proximal 3′ UTR of MTCH2
	Evidence for double-SCR in ribosome profiling data
	Single-SCR in MTCH2
	Double-SCR in MTCH2
	Identification of cis-acting RNA signal sequence required for SCR
	Detection of endogenous SCR products
	Double-SCR of MTCH2 makes the protein vulnerable for proteasome-mediated degradation
	Double-SCR of MTCH2 changes the localization of the isoform generated
	Double-SCR of MTCH2 determines the cellular MTCH2 level
	Double-SCR of MTCH2 is required to maintain normal mitochondrial membrane potential

	Discussion
	Experimental procedures
	Cell culture
	Construction of plasmids
	Amino acid and nucleotide sequence alignment
	Antibodies
	Analysis of ribosomal profiling data
	Analysis of MS data
	Translational read-through assays
	RNA isolation and RT-PCR analysis
	Western blotting analysis
	shRNA
	Isolation of mitochondria
	Microscopy
	Protein t1/2 measurement
	Deletion of MTCH2 translational read-through region in/award1/ctgiq HEK293 cells (ΔRTMTCH2) using CRISPR/cas9 system
	Measurement of mitochondrial membrane potential
	ATP measurement
	Mitochondrial mass measurement
	Quantitative real-time PCR
	Cell proliferation assay
	Statistics

	Data availability

	References

