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Mitochondrial ribosomal proteins are important for mitochondrial-encoded protein synthesis and mitochondrial
function. In addition to their roles in mitoribosome assembly, several mitochondrial ribosome proteins are also
implicated in cellular processes like cell cycle regulation, apoptosis, and mitochondrial homeostasis regulation.
Here, we demonstrate that MRPL10 regulates cyclin B1/Cdk1 (cyclin-dependent kinase 1) activity and mito-
chondrial protein synthesis in mammalian cells. In Drosophila, inactivation of mRpL10 (the Drosophila or-
tholog of mammalian MRPL10) in eyes results in abnormal eye development. Furthermore, expression of
human cyclin B1 suppresses eye phenotypes and mitochondrial abnormality of mRpL10 knockdown Droso-
phila. This study identified that the physiological regulatory pathway of MRPL10 and providing new insights
into the role of MRPL10 in growth control and mitochondrial function.
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Introduction

M itochondria are complex organelles that contain
mitochondrial ribosome (mitoribosome) and DNA

(mtDNA). Human mtDNA is composed of 16,569 base pairs
harboring 37 genes and coding 13 mitochondrial proteins.
Human mitoribosome is composed of a small 28 S subunit,
which consists of 12S rRNA and 29 proteins, and a large 39
S subunit, which consists of the 16S rRNA and 48 proteins
(Sharma et al., 2003; Greber et al., 2014; Kaushal et al.,
2014). These mitochondrial ribosomal proteins are encoded
by genes in the nucleus, imported into mitochondrial matrix,
and involved in mitoribosome assembly for mitochondrial
translation. Recent studies showed that besides mitochon-
drial protein synthesis and energy production, several mi-
toribosome proteins were also implicated in cellular processes
like cell cycle regulation, apoptosis, and mitochondrial ho-
meostatic regulation. For example, the Drosophila mRpL12
(Mitochondrial Ribosomal Protein L12) is required for
CycD/Cdk4-induced cell growth (Frei et al., 2005). Human
MRPL12 can bind and activate mitochondrial RNA poly-
merase (POLRMT), which may coordinate mitoribosome
biogenesis and transcription in human mitochondria (Nouws
et al., 2016). MRPS18-2 is involved in pRb control of the

cell cycle through direct interaction with pR (Kashuba et al.,
2008). MRPS29 (DAP3) and MRPS30 (PDCD9) are in-
volved in promoting apoptosis in mammalian cells (Cavdar
Koc et al., 2001). Additionally, previous studies reported
that mutations in mitoribosome genes were associated with
mitochondria-related disorders. Mutation in MRPL12 led to
growth retardation and neurological deterioration (Serre
et al., 2013). MRPL44 gene mutation caused mitochondrial
infantile cardiomyopathy (Carroll et al., 2013), while mu-
tation in MRPS16 was associated with mitochondrial re-
spiratory chain disorders (Miller et al., 2004). However,
there is still more to learn with regards to mitoribosomes,
and the molecular mechanisms of their mutations in the
progression of mitochondria-related disorders and other
diseases remain elusive.

Until now, one of the best studied mitoribosome con-
served region L7/L12 stalk, which contains MRPL7/12,
MRPL10, and MRPL11, plays a critical role in the elon-
gation of mitochondrial translation. Previous studies iden-
tified that the N-terminal of MRPL10 can interact with the
ribosome and the C-terminal can bind to MRPL12, which
suggest that MRPL10 act as an anchor to support L7/L12
stalk formation (Koc et al., 2001; Han et al., 2011). A single
nucleotide polymorphism rs3209 in MRPL10 associated
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with early age-related macular degeneration (AMD) was
also reported in Chinese Americans (Klein et al., 2013). How-
ever, the precise functional relationships between MRPL10
and mitochondrial function are largely unknown.

Cdk1 (cyclin-dependent kinase 1) is a serine/threonine
kinase that mediates cell cycle transition from late G2 to
mitosis. Cdk1 is also a potent regulator of mitochondrial
function and mitochondrial dynamics. Current studies sug-
gest that Cdk1 contributes to mitochondrial segregation via
the phosphorylation of mitochondrial fission component
Drp1 (at Ser585 rat/Ser 616 human) (Taguchi et al., 2007).
Cdk1 kinase activity is repressed through phosphorylation of
its inhibitory residue Tyr14 and Tyr15 catalyzed by Myt1
and Weel, and it can be activated through the dephosphor-
ylation of the same residue catalyzed by phosphatase
Cdc25C (Kim and Ferrell, 2007; Wurzenberger and Gerlich,
2011). The activation of Cdk1 kinase also needs its inter-
acting protein cyclin B to form the maturation-promoting
factor (MPF), which phosphorylates corresponding sub-
strates and control their function (Hara et al., 2012).

In this study, we demonstrate that MRPL10, which encodes a
protein of the large subunit of mitoribosome, is required for
mitochondrial protein synthesis and mitochondrial activity. De-
pletion of MRPL10 downregulates Cdk1 kinase activity and
leads to mitochondrial fusion via dephosphorylation of Drp1 at
Ser616. Moreover, expression of human cyclin B1 in Dro-
sophila suppresses eye defects and mitochondrial abnor-
mality caused by mRpL10 deficiency. Together, our results
indicate that MRPL10 plays important roles in mitochon-
drial function and cell cycling, and identify the possible
therapeutic targets for mitoribosome gene-related disorders.

Materials and Methods

Cell culture, transfections, and RNA interference

The HEK293 cells and human retinal pigment epithelial
cell line ARPE-19 were grown at 37�C under 5% CO2

in DMEM or DMEM/F12 supplemented with 10% FBS
and100 U/mL of penicillin/streptomycin. Two siRNAs were
used to target the human MRPL10 mRNA sequences:
5¢-GCAGAGGACAAGCUUCUUATT-3¢ and 5¢-GCGAGA
AGGAUUCUGUCAUTT-3¢, respectively. A nontargeting
siRNA (5¢-UUCUCCGAACGUGUCACGUTT-3¢) was used
as a negative control for all siRNA transfection experiments.
Briefly, MRPL10 siRNA-1, MRPL10 siRNA-2, and control
siRNA were transfected into HEK293 or ARPE-19 using
lipo2000 (Invitrogen), after 24 h cells were transfected again
and 72 h post-transfection, cells were harvested and sub-
jected to experiment. For cyclin B1 expression in MRPL10
knockdown cells, cells were first transfected with MRPL10
siRNA-1, MRPL10 siRNA-2, or control siRNA using
lipo2000, after 24 h cells were transfected with pcDNA3.1
empty vector or cyclin B1 plasmid.

Quantitation of eye phenotypes

Flies harboring ey-gal4 were obtained from the Bloo-
mington Drosophila Stock Center. mRpL10 RNAi and hCy-
clin B1 transgenic flies were obtained from TsingHua Fly
Center. Flies were grown at 25�C and maintained on standard
cornmeal media. The percentage of male and female flies with
abnormal eyes was determined (n > 300).

Immunoblotting, immunoprecipitation,
and mitochondria separation

Immunoblotting and immunoprecipitation were done es-
sentially as described previously (Xiong et al., 2009). The
following primary antibodies were used for immunoblot-
ting: rabbit anti-MRPL10 (HPA021234; Sigma); rabbit anti-
Phospho Cdk1, mouse anti-Cdk1, mouse anti-Tom20, and
mouse anti-NDUFS3 (ab18, ab47594, ab56783, and ab110246;
Abcam); mouse anti-cyclin B1, rabbit anti-Drp1, rabbit anti-
Mfn2, and rabbit anti-Opa1 antibodies (4135, 11925, 14739,
and 67589; Cell Signaling); and rabbit anti-Fis1 was from
Alexis Biochemicals (ALX-210-907-R100). Mitochondria
protein were separated with mitochondria fractionation kit
(ab65320; Abcam) according to the protocol, and the pri-
mary antibody rabbit anti-ND5 (NADH dehydrogenase
subunit 5, ab92624; Abcam), rabbit anti-ND2 (NADH de-
hydrogenase subunit 2, ab102753; Abcam), rabbit anti-Cox
II (ab110258; Abcam), rabbit anti-Cox I (ab14705; Abcam),
rabbit anti-Cox IV (4850; Cell Signaling), mouse anti-
ATP5A (anti-ATP synthase a, ab14748; Abcam), anti-
phosphoserine/threonine antibody (ab17464; Abcam), rabbit
anti-NDUFA12 antibody (ab192617; Abcam), and mouse
anti-NDUFA12 antibody (ab110244; Abcam) were used to
detect enriched mitochondrial fractions by immunoblotting
or immunoprecipitation. Gray density of immunoblotting
results were measured using ImageJ software (http://rsb.
info.nih.gov/ij/). Bar graphs depict the signal intensities of
protein indicated. The ratio of protein indicated to the
loading control were first calculated, and the relative ex-
pression is shown as a percentage of the mean using the
control sample as reference.

Mitochondrial respiration assay and ATP assay

HEK293 cells were transfected with MRPL10 siRNAs
with or without cyclin B1 for 48 h. The cells were harvested
and resuspended in phosphate-buffered saline (PBS) sup-
plemented with 25 mM glucose, 1 mM pyruvate, and 2%
BSA. After cell count 2 · 106 cells were put in clark oxygen
electrode and cellular respiration was measured. ATP level
was quantified as previously described using luminescent
ATP detection assay kit (ab113849; Abcam). Briefly, lysates
from cells or flies were prepared. Protein content was
measured by the BCA protein assay reagent, and the sub-
strate buffer was added to the lyophilized ATP substrate to
prepare luminescent solution. The samples were mixed with
luminescent solution and measured by an illuminometer
(Berthold Technologies). The relative expression is shown
as a percentage of the mean using the control sample as
reference.

Mitochondrial membrane potential assay

Mitochondrial membrane potential assay was performed
using TMRE (tetramethyl rhodamine ethyl ester)-mitochondrial
membrane potential assay kit (ab113852; Abcam). Briefly,
HEK293 cells were transfected with MRPL10 siRNAs twice
for 72 h followed by staining with TMRE (100 nM) for
20 min. Post treatment, cells were immediately analyzed us-
ing a FACScan flow cytometer (Becton Dickinson, San Jose,
CA) with excitation at 488 nm and emission at 530 nm. The
results were obtained from three independent experiments.
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Immunocytochemistry

Transfected ARPE-19 cells were harvested by washed
once with PBS, followed by fixation with 3.7% parafor-
maldehyde for 10 min and permeabilization with 0.1% Tri-
ton X-100. After blocking with 5% BSA for 30 min, cells
were incubated with primary antibodies and detected with
Alexa-conjugated secondary antibodies. The antibodies used
to detect Tom20 was from Abcam (ab56783). Cells were
imaged using a confocal microscope (TCS SP5; Leica).
Image contrast and brightness were adjusted in Image J.

Mitochondrial complex activity assay

Mitochondrial complex activities were measured using mi-
tochondrial complex I, II, III, IV, and V activity assay kit
(Novagen, Merck KGaA, Darmstadt, Germany) according to
the manufacturer’s instructions. Cells treated with rotenone
(5mM), thenoyltrifluoroacetone (TTFA, 10mM), antimycin A
(2mM), potassium cyanide (KCN, 100mM), and oligomycin
(10mM) to inhibit mitochondrial complex I, II, III, IV, and V
activities, respectively, were used as positive controls. Briefly,
protein content was first measured by the BCA protein assay
reagent, and then diluted the concentration to 5 mg/mL in in-
cubation solution. After incubating the sample on plate for 3 h at
room temperature, the plate was measured at OD450 at 1 min
intervals for 30 min. The activity was expressed as the change in
absorbance per minute per amount of sample loaded into the
well. The relative expression was shown as a percentage of the
mean using the control sample as reference.

mtDNA copy number measurement and real-time PCR

The copy number of mtDNA was measured as previously
described (Cotney et al., 2007). Total RNA was isolated
using TRIzol reagent (Life Technologies Corporation) fol-
lowing the manufacturer’s instruction. cDNA was synthe-
sized from total RNA using Revert Aid� First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). The following
primer pairs were used for PCR assays: human MRPL10,
5¢-TGCATTGATGACACCATCCT-3¢ (forward) and 5¢-GCC
GACATGACAGAATCCTT-3¢ (reverse); human GAPDH,
5¢-TCATCTCTGCCCCCTCTGCT-3¢ (forward) and 5¢-CGA
CGCCTGCTTCACCACCT-3¢ (reverse). Drosophila mRpL10,
5¢-ACAGCAGCAGGAGAATCCAT-3¢ (forward) and 5¢-GTG
CAGGTTCTGCTTGTGAA-3¢ (reverse). Drosophila actin,
5¢-ACTTCTGCTGGAAGGTGGAC-3¢ (forward) and 5¢-ATC
CGCAAGGATCTGTATGC-3¢ (reverse).

Human GAPDH and Drosophila actin gene expression were
used for normalization, respectively. Real-time PCR was per-
formed using SYBR Green Master Mix (Thermo Scientific)
and in Bio-Rad Cycler thermal cycler (Bio-Rad). Each cycle
was at 95�C for 5 s and at 60�C for 30 s for 40 cycles.

Electron microscopy

For electron microscopy, Drosophila eyes were dissected
and fixed in 2% glutaraldehyde for 2 h at 4�C, and then
postfixed in 1% osmium tetroxide for 1 h at 4�C. The
samples were dehydrated, embedded in plastic, and cut into
in 70-nm sections for microscopy. The sections were then
poststained with 5% uranyl acetate. Samples were viewed
with a Hitachi H-7650 electron microscope.

Statistical analysis

Statistical analysis was performed using Prism 5 software
(GraphPad). Two-tailed Student’s t-test was used to determine
the significance of difference between two groups. One-way
analysis of variance with Dunnett’s Multiple Comparison Test
were used to assess the difference between treatments groups
against their respective controls. The data were presented as
mean – standard error of the mean.

Results

MRPL10 knockdown leads to decreased mitochondrial
activity and mitochondrial complexes expression

To explore the interaction of MRPL10 and mitochondrial
activity in vitro, MRPL10 was knockdown by siRNA in
HEK293 cells. As illustrated in Figure 1A, the expression level
of mitochondria-encoded protein ND5 and ND2 of mitochon-
drial complex I, COX I and COX II of mitochondrial complex
IV were significantly decreased in MRPL10 knockdown cells,
whereas nuclear-encoded mitochondrial proteins, such as
NUDFS3, COX IV, and ATP5A had not changed. Consistent
with previous findings which showed that mitochondrial
translation was decreased globally upon MRPL12 depletion or
Mrps34 mutation (Richman et al., 2015; Nouws et al., 2016).
Next, mitochondrial complex activity was assayed as shown in
Figure 1B. Mitochondrial complex I, III, and IV activity were
significantly reduced in MRPL10 knockdown cells, consistent
with the observed decrease of mitochondrial complex proteins.
Yet the activity of complex II, and V revealed no obvious
difference between MRPL10 knockdown and control cells.
Moreover, MRPL10 knockdown diminished mitochondrial
respiration and intracellular ATP levels (Fig. 1C, D). The
mtDNA copy number and mitochondrial membrane potential
were not changed upon MRPL10 depletion (Fig. 1E, F), sug-
gesting that MRPL10 knockdown did not affect mtDNA copy
number control or mitochondrial depolarization. To verify that
the effects observed were due to knockdown of MRPL10,
MRPL10 was knocked down first, and transfected with
pcDNA3.1 empty vector or human MRPL10 expression plasmid,
then the observed effects were detected. The results showed that
decreased expression level of mitochondria-encoded protein
ND2 and COX II in MRPL10 knockdown cells were returned to
normal upon exogenous MRPL10 expression (Supplementary
Fig. 1A; Supplementary Data are available online at www.
liebertpub.com/dna). Mitochondrial complex I, IV activity,
mitochondrial respiration, and intracellular ATP production
were also significantly rescued in MRPL10 re-expression cells
(Supplementary Fig. 1B–E). Taken together these findings
provide evidence that MRPL10 is required for mitochondrial
function and respiratory complex proteins synthesis.

Reduced MRPL10 disturbs cyclin B1/Cdk1 activity

To investigate whether mitochondrial morphology was
disrupted by the abnormal mitochondrial function upon
MRPL10 depletion, HEK293 (data not shown) and ARPE-
19 cells were transfected with MRPL10 siRNA and scram-
ble control, and mitochondrial morphology was assessed
by immunostaining using Tom20. Knockdown of MRPL10
led to a significant mitochondrial clustering and elonga-
tion (Fig. 2A). The percentage of cells with elongated
mitochondria in control, MRPL10 siRNA-1, and MRPL10
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FIG. 1. MRPL10 knockdown leads to decreased mitochondrial activity and mitochondrial complex expression. (A) Several
components of mitochondrial respiratory complexes from mitochondria lysates in HEK293 cells with or without MRPL10
knockdown were subjected to SDS-PAGE and immunoblotted with the indicated antibodies. Bar graphs depict the signal
intensities of protein indicated. The relative expression is shown as a percentage of the mean using the control sample as
reference. (B) Activities of the five mitochondrial respiratory complexes were measured in mitochondria isolated from control
or MRPL10 knockdown HEK293 cells. Cells treated with rotenone (5mM), TTFA (10mM), antimycin A (2mM), KCN
(100mM), and oligomycin (10mM) to inhibit mitochondrial complex I, II, III, IV, and V activities were used as positive controls.
(C) Mitchondrial respiration rate was measured using a clark type electrode. Cells treated with mitochondrial complex I
inhibitor rotenone (5mM) were used as positive controls. (D) Comparison of the ATP production in control or MRPL10
knockdown cells. Cells treated with mitochondrial complex I inhibitor rotenone (5mM) were used as positive controls. (E) The
copy number of mtDNA was measured by quantitative PCR analysis. (F) Mitochondrial membrane potential was detected by
FACS analysis in control or MRPL10 knockdown HEK293 cells by three independent experiments. Cells treated with CCCP
(10mM) for 2 h were used as positive controls. The results were obtained from three independent experiments. The relative
expression is shown as a percentage of the mean using the control sample as reference. All data in this figure represent the
mean – SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, KCN, potassium cyanide; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophores; SEM, standard error of the mean; TTFA, thenoyltrifluoroacetone.
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siRNA-2 is 6.8% – 1.6%, 50.2% – 6.6%, and 60.3% – 5.5%,
respectively (Fig. 2B). To determine whether the alteration
of mitochonrial morphology was regulated by mitochondria
dynamics-related proteins, the expression of mitochondrial
fission proteins Drp1, Fis1, and fusion proteins Mfn2, Opa1
were detected by immunoblotting. Surprisingly, the results
suggested that compared with control cells, there was sig-
nificant decrease in phosphorylation of Drp1 at Ser616 in
MRPL10 knockdown cells. In addition, the protein levels of
other mitochondria dynamics regulated proteins showed no
significant change (Fig. 2C). It has been reported that Drp1 is

phosphorylated by cyclin B1/Cdk1 at Serine 616 in humans,
which contributes to mitochondrial fission in cycling cells
(Taguchi et al., 2007). Next, the expression of cyclin B1 and
phosphorylation of Cdk1 on the inhibitory residue Tyr15 were
tested, the results showed that Cdk1 Y15 phosphorylation was
upregulated in MRPL10 knockdown cells. We hypothesized
that cyclin B1 would facilitate mitochondrial normal mor-
phology via phosphorylation of Drp1 at Ser616 in MRPL10
knockdown cells. As anticipated, overexpression of cyclin B1
resulted in significant decrease of Cdk1 Y15 phosphorylation
and further increased the percentage of cells with normal

FIG. 2. Reduced MRPL10 disturbs
cyclin B/Cdk1 activity. (A) ARPE-19
cells were transfected with MRPL10
siRNA and Cyclin B1 in different
combination and stained with Tom20
(red) and DAPI (blue). Magnified
images of the boxed regions are shown
in the insets. (B) The number of cells
with elongated mitochondrial struc-
tures (elongated), tubular mitochon-
drial (tubular), or fragmented
mitochondrial (fragmented) was
counted. Mitochondrial morphology
was scored as follows: fragmented,
mainly small and round; elongated,
cluster and long filamentous; and tu-
bulated, long and higher inter-
connectivity. For each identified
object, the major axis length and the
roundness index were calculated.
Cells were scored with elongated or
fragmented mitochondria when >50%
of the mitochondria in the image dis-
played a major axis longer than 5mm
or <2 mm, respectively. The number of
cells with the indicated mitochondrial
morphology is shown as a percentage.
More than 100 cells of three inde-
pendent experiments were calculated.
(C) HEK293 cells were transfected
with MRPL10 siRNA and Cyclin B1
in different combination, mitochon-
drial dynamics related protein from
total cell lysates were subjected to
SDS-PAGE and immunoblotted with
the antibodies indicated. Bar graphs
depict the signal intensities of protein
indicated. The relative expression is
shown as a percentage of the mean
using the control sample as reference.
(D) ARPE-19 cells were treated with
vehicle (Ethanol) or CAP (100 and
200 mg/mL) for 48 h and total cell ly-
sates were subjected to SDS-PAGE
and immunoblotted with the anti-
bodies indicated. The cells were also
stained with Tom20 (red) and DAPI
(blue). Magnified images of the boxed
regions are shown in the insets. All
data in this figure represent the
mean – SEM of three independent ex-
periments. *p < 0.05, **p < 0.01. CAP,
chloramphenicol; Cdk1, cyclin-
dependent kinase 1.
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tubular mitochondria as seen in controls. While cyclin B1
overexpression in MRPL10 knockdown cells did not restore
MRPL10 expression or mitochondrial translation (Fig. 2B, C).

To test whether the decreased cyclin B1/Cdk1 activity in
MRPL10 knockout cells was due to decreased mitochondrial
translation in general, chloramphenicol (CAP) was used to
block mitochondrial translation, and the expression of cyclin
B1 or Cdk1 Y15 phosphorylation were examined. There was
no marked difference on the expression of cyclin B1 or Cdk1
Y15 phosphorylation between control and CAP treatment, the
inhibition effect of CAP was evaluated by immunoblotting
with ND2 and COX II. Likewise, CAP treatment did not induce
the inhibition of mitochondrial fission (Fig. 2D). Moreover,
knockdown of the other two mitoribosome protein MRPL7 or
MRPL11 also did not cause obvious mitochondrial morphol-
ogy change (data not shown), which suggest the alteration of
cyclin B1/Cdk1 activity and mitochondrial morphology were
associated with MRPL10. Together, these results indicate that
MRPL10 is essential for maintaining mitochondria fission via
the modulation of cyclin B1/Cdk1 activity.

Cyclin B1 restores mitochondrial abnormality
caused by MRPL10 knockdown

Previous studies have suggested that cyclin B1/Cdk1 was able
to increase mitochondrial respiration with enhanced oxygen
consumption and ATP generation through upregulation of mi-
tochondrial complex I enzymatic activity (Wang et al., 2014). To
further explore whether cyclin B1 facilitates mitochondrial
function in MRPL10 knockdown cells, MRPL10 was knocked
down by siRNA in HEK293 cells, and then transfected with
pcDNA3.1 empty vector or cyclin B1 plasmid. As illustrated in
Figure 3A and B, mitochondrial complex I and IV activity were
enhanced upon cyclin B1 overexpression in MRPL10 knock-
down cells. Expression cyclin B1 also lead to the increase of
mitochondrial respiration rate and intracellular ATP levels
(Fig. 3C, D). Compared with MRPL10 siRNA-1, MRPL10
siRNA-2 transfected cells, the ATP production was increase up
to 163% and 186% in cells expressing cyclin B1. To test
whether cyclin B1/Cdk1 regulates mitochondrial activity
through phosphorlation of mitochondrial complex I substrates.

FIG. 3. Cyclin B restores mitochondrial abnormality caused by MRPL10 knockdown. (A, B) HEK293 cells were transfected
with MRPL10 siRNA and Cyclin B1 in different combination. Activities of the mitochondrial respiratory complexes were
measured in isolated mitochondria. (C) Mitchondrial respiration rate was measured using a clark type electrode in each
group. (D) Comparison of the ATP production in each group. (E) HEK293 cells were transfected with MRPL10 siRNA and
Cyclin B1 in different combination for 72 h, mitochondrial proteins were separated and immunoprecipitated using a phos-
phoserine/threonine antibody followed by immunoblotting using antibodies to NDUFA12 and NDUFB6. Direct immuno-
blotting of cell lysates with the indicated antibody are shown as the input control (left panel). b-actin is shown as loading
control. All data in this figure represent the mean – SEM of three independent experiments. *p < 0.05.
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Mitochondrial proteins from various groups were extracted by
immunoprecipitation using a phosphoserine/threonine anti-
body followed by immunoblotting using antibodies to two
mitochondrial complex I subunits NDUFA12 and NDUFB6
(Fig. 3E). Consistent with the decreased activity of cyclin B1/
Cdk1 in MRPL10 knockdown cells, the phosphorylation levels
of NDUFA12 and NDUFB6 were decreased in MRPL10
knockdown cells, and overexpression of cyclin B1 increased
the phosphorylation levels of the two proteins, suggesting that
cyclin B1 may restore mitochondrial function via the im-
provement of mitochondrial respiration in MRPL10 knock-
down cells. Thus, based on these results, we conclude that
cyclin B1 compensates for MRPL10 depletion through the
regulation of mitochondrial function in vitro.

Cyclin B1 rescues respiration defect caused
by MRPL10 knockdown independent
of mitochondrial morphology

Overexpression of Cyclin B1 rescues both mitochon-
drial respiration defects and mitochondrial morphology in
MRPL10 knockdown cells. To test whether mitochondrial
respiration and mitochondrial morphology are connected to
each other, Drp1 knockdown cells were established with
pSuper vectors expression of small hairpin RNAs designed to
knockdown Drp1 (Fig. 4A), and MRPL10 siRNAs along with
cyclin B1 expression plasmid were transfected in different
combination, mitochondrial morphology was assessed by
immunostaining using Tom20. Drp1 and MRPL10 double

FIG. 4. Cyclin B1 rescues respira-
tion defect caused by MRPL10
knockdown independent of mito-
chondrial morphology. (A) Drp1 were
silenced with pSuper vectors, which
express small hairpin RNAs designed
to knockdown Drp1. Transfected
ARPE-19 cells were selected for
growth in 1mg/mL puromycin for
14 days, and the total cell lysates of
resistant cells were subjected to SDS-
PAGE and immunoblotted with Drp1.
(B) Drp1 knockdown cells were
stained with Tom20 (red) and DAPI
(blue). (C) Drp1 knockdown cells
were transfected with MRPL10 siR-
NA and Cyclin B1 in different com-
bination and stained with Tom20 (red)
and DAPI (blue). Magnified images of
the boxed regions are shown in the
insets. (D) The number of cells with
elongated mitochondrial structures
(elongated), tubular mitochondrial
(tubular), or fragmented mitochondrial
(fragmented) was counted. (E) Drp1
knockdown cells were transfected
with MRPL10 siRNA and Cyclin B1
in different combination. Protein from
total cell lysates were subjected to
SDS-PAGE and immunoblotted with
the antibodies indicated. (F) Drp1
knockdown cells were transfected
with MRPL10 siRNA and Cyclin B1
in different combination. Activities of
the mitochondrial respiratory com-
plexes I and IV were measured in
isolated mitochondria. (G) ATP pro-
duction was detected in each group.
*p < 0.05.
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knockdown led to a significant mitochondrial fusion and en-
longation (Fig. 4B), which is similar in Drp1 knockdown
cells. Compared with Drp1 knockdown and Drp1and
MRPL10 double knockdown cells, overexpression of cyclin
B1 didn’t increase the percentage of cells with normal tubular
mitochondrial (Fig. 4D), or the expression of ND2 and COXII
(Fig. 4E). However, cyclin B1 expression still rescues the
respiration defect in Drp1 and MRPL10 double knockdown
cells (Fig. 4F, G). This result suggest that cyclin B1 rescues
mitochondrial respiration defect in MRPL10 knockdown cells
independent of mitochondrial morphology.

Cyclin B1 suppresses phenotypes caused by mRpL10
deficiency in Drosophila

Drosophila has been extensively used as a model system to
study the function of mitoribosome protein. The amino acid
identity between human MRPL10 and its Drosophila homo-
log mRpL10 is 27%. Drosophila ubiquitous knockdown of
mRpL10 showed development delay and stayed in larval stage
(not shown). Specific knockdown of mRpL10 in Drosophila
eyes conducted by an eye-specific enhancer from the eye-
less(ey) gene (Quiring et al., 1994) drives GAL4 to express
double-stranded RNAs throughout the eye disc. Compared
with control, the eye had pronounced eye defect without
pigments lost (Fig. 5A). Interestingly, overexpression of hu-
man cyclin B1 can partially suppress the eyes’ phenotype of
mRpL10 knock down flies (Fig. 5B), the percentage of gross
eye in eye specific mRpL10 RNAi Drosophila was 96.4% –
1.2%, overexpression of cyclin B1 in eye specific mRpL10
RNAi Drosophila resulted in significant decrease of the
proportion of flies with gross eye (43.2% – 10.8%). Con-
comitantly, most rhabdomeres of photoreceptor cells of eye
specific mRpL10 RNAi Drosophila were lost by transmission
electron micrograph cross section (Fig. 5C). The percentage
of photoreceptor cells with rhabdomeres lost in eye specific
mRpL10 RNAi Drosophila was 57.8%, and the propor-
tion decreased to 16.2% upon cyclin B1 overexpression (not
shown). Ultrastructure analysis revealed swelling of mito-
chondrial with disrupted cristae in eyes of mRpL10 RNAi
knockdown flies, which was suppressed by cyclin B1 over-
expression (Fig. 5D). The knockdown efficiency of mRpL10
was assayed by quantitative real-time PCR (Fig. 5E). More-
over, the decreased mitochondrial complex I activity and ATP
production in eye specific mRpL10 RNAi Drosophila were
also attenuated by cyclin B1 overexpression (Fig. 5F, G).
Together, these results suggest that mRpL10 play an essential
role in the formation of compound eye in Drosophila, and
human cyclin B1 partially restores mitochondrial function in
mRpL10 deficiency Drosophila.

Discussion

This study has identified MRPL10, as a mitoribosome
large subunit component, plays an essential role in cell
growth via mediating cyclin B1/Cdk1 activity. In addition,
we further defined MRPL10 is critical for mitochondrial
function and mitochondrial fission by affecting mitochon-
drial protein synthesis and mitochondria dynamics. This is
consistent with previous observation that knockdown of
MRPL10 affect mitoribosome assembly (Nouws et al., 2016),
and disrupting the mitoribosome intact by actinonin can block
cell proliferation due to a mitoribosomal rescue pathway

triggered by mitochondrial translation stress (Richter et al.,
2013). The study also identifies the role of MRPL10 in the
regulation of different signaling pathways, including mito-
chondrial complexes activity, cyclin B1/Cdk1 signaling, and
mitochondria fission, which may help us to understand the
mutual connection among these pathways. Moreover, over-
expression of cyclin B1 restores mitochondrial dysfunction
and promotes mitochondrial respiration in MRPL10 knock-
down cells, suggesting the possible therapeutic targets for
disorders of mitochondrial protein synthesis.

Previous studies have detected cyclin B1/Cdk1, which
regulates nuclear envelope dynein recruitment and centro-
some separation during mitosis, plays important roles in cell
cycle transition from late G2 to mitosis (Lindqvist et al.,
2007; Santamaria et al., 2007; Baffet et al., 2015). Inactiva-
tion of cyclin B1/Cdk1 results in development arrest in
multiple species. In Drosophila melanogaster, inactivation of
Cdk1 or cyclin B1 results in size defective, developmental
program arrest and die during embryonic stage, indicating a
critical role for the cyclin B1/Cdk1 in cell mitosis. Cdk1
knockout mice show embryonic development arrest around
the blastocyst stage (Diril et al., 2012). Cdk1 kinase plays its
roles via transferring phosphate from ATP to substrates, and
the identification of its phosphorylation targets is important
for the understanding of cell division process.

Recent studies have identified some components of mi-
tochondrial electron transport chain as potential cyclin B1/
Cdk1 phosphorylation targets. Cyclin B1/Cdk1 can mediate
mitochondrial complex I activation and enhanced mito-
chondrial ATP generation via phosphorylation of its mito-
chondrial targets, which provide sufficient energy for cell
cycle progression (Wang et al., 2014). The major antioxi-
dant enzyme of mitochondrial manganese superoxide dis-
mutase (MnSOD) is mediated by the phosphorylation of
cyclin B1/Cdk1 at Ser106, which promotes MnSOD activity
and improves mitochondrial function (Candas et al., 2013).
Cyclin B1/Cdk1 can also phosphorylate mitochondrial P53
at Ser315 residue and enhance mitochondrial ATP produc-
tion (Nantajit et al., 2010). Together, these studies indicate
the critical role of cyclin B1/Cdk1 in the regulation of mi-
tochondrial activity through phosphorylation of mitochon-
drial substrates. However, it is still poorly understood how
MRPL10 controls cyclin B1/Cdk1 activity, one possible
speculation is that different stress conditions induced by
MRPL10 knockdown might affect cyclin B1/Cdk1 or its
upstream regulators, which subsequently leads to adaptive
metabolic response, blockage of cell proliferation, and cell
survival. Some evidence support this notion, the activation
of AMPK induced by the decrease of ATP production
causes cell cycle arrest via the phosphorylation of p53 and
the regulation of Cyclin E ( Jones et al., 2005; Mandal et al.,
2005). Interestingly, in Drosophila mRpL12 mutant cells
also have reduced growth rates. Furthermore, mRpL12 is
required for CycD/Cdk4-induced cell growth, and CycD/
Cdk4 overexpression can stimulate mitochondrial activity.
Our results also demonstrate that cyclin B1 overexpression
enhances mitochondrial complexes activity and promotes
mitochondrial respiration in MRPL10 knockdown cells or
mRpL10 RNAi Drosophila. Results from these studies re-
veal mitochondrial ribosomal proteins are required for cell
proliferation through the regulation of different cell cycle-
dependent kinases and its regulatory partner cyclins.
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Moreover, proper regulation of Cdks or cyclins expression
may facilitate adaptive metabolic response and cell survival
to mitochondrial dysfunction.

Mitochondrial fission are essential for tissue development
and cell cycle progression, mitochondrial fission related
protein Drp1 is important for proper mitochondrial distri-
bution in polarized cells (Detmer and Chan, 2007; Ishihara
et al., 2009). Furthermore, Drp1 is phosphorylated by Cdk1
(at Ser585 rat/Ser 616 human) and contribute to mitochon-
drial segregation, which help the production and delivery of
mitochondria to daughter cells in cycling cells (Taguchi

et al., 2007). Importantly, the induced formation of hy-
perfused mitochondria through Drp1 inhibition causes cell
cycle blockage and cell quiescence (Mitra et al., 2009).
Downregulation of another mitochondrial fission related
protein Fis1 also leads to the reduction of cyclins and G2/M
cell cycle arrest (Lee et al., 2014). These studies suggest the
crosstalk between mitochondrial fission/fusion proteins and
cell cycle regulators and their synchronization regulation in
cell cycle progression and mitochondrial activity in dividing
cells. In this study our results indicate that MRPL10 de-
pletion decreases the phosphorylation of Drp1 at Ser616 by

FIG. 5. Cyclin B1 suppresses phe-
notypes caused by mRpL10 deficiency
in Drosophila. (A) Eye-specific
mRpL10 knockdown flies displayed
abnormal eyes with reduced size and
asymmetric eyes, which can be sup-
pressed by overexpression of Cyclin
B1 (ey>mRpL10 RNAi; hCyclin B1).
(B) Percentage of flies with gross eye.
The percentage of flies with reduced
size and abnormal eye was determined
in at least 300 flies. The results were
obtained from three independent ex-
periments. (C) Transmission electron
micrograph images show the rhabdo-
meres of photoreceptor cells of con-
trol, ey-GAL4>mRpL10 RNAi, and
hCyclin B1 expression flies. (D)
Transmission electron micrograph
images show the mitochondrial of
each fly group. Black arrowheads in-
dicate mitochondria in the transmis-
sion electron microscopy images. The
size bar is 1 mm. (E) Real-Time PCR
to detect mRpL10 expression in con-
trol, ey-GAL4>mRpL10 RNAi, and
hCyclin B1 expression flies. The rela-
tive expression level is shown as a
percentage of the mean using the
control sample as reference. Bar
graphs quantify the expression level of
mRpL10 mRNA. (F) Activities of the
mitochondrial respiratory complex I
were measured in isolated mitochon-
dria from the eye of each fly
group. (G) Comparison of the ATP
production in control, ey-GAL4>-
mRpL10 RNAi, and hCyclin B1 ex-
pression flies. The relative expression
is shown as a percentage of the mean
using the control sample as reference.
All data in this figure represent the
mean – SEM of three independent
experiments. *p < 0.05, **p < 0.01.
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the inhibition of cyclin B1/Cdk1 activity, which lead to a
significant mitochondrial clustering and fusion, suggesting
the important roles of mitochondrial ribosomal proteins in
mitochondrial homeostasis. Interestingly, MRPS29 (DAP3)
knockdown can induce mitochondrial fragmentation, indi-
cating that different mitochondrial ribosomal proteins may
have multiple effects on the regulation of mitochondrial
homeostasis (Nouws et al., 2016). The importance of mi-
tochondrial fragmentation or excess mitochondrial fusion
induced by the knockdown of distinct mitochondrial ribo-
somal proteins need to be tested, whether it is a rescue
pathway for mitochondrial translation stress resistance or
just a byproduct is still unknown. Further studies aimed at
elucidating physiologic significance of the Drp1 phosphor-
ylation and the molecular mechanisms of MRPL10 along
with other mitoribosome proteins are needed, and results
from these studies may help us to find novel therapeutic
strategies for mitochondria-related disorders caused by
mutations in mitoribosome genes.
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