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Humanhead andneck squamous cell carcinoma (HNSCC) is the sixthmost common cancer typeworldwide, possibly
due to the significant role of alcohol and tobacco use in its development. Underlying most cancers are defects in mi-
tochondrial functions such as energy metabolism and apoptosis. In fact, the mutations in mitochondrial DNA
(mtDNA), which encode proteins for oxidative phosphorylation (OXPHOS), have been associated with human
head and neck cancers. Here,we investigated the changes in the expression of OXPHOS complexes and the contribu-
tion of the defects in mitochondrial translation in the progression of HNSCC. Western blot analyses of the several
stage IVA HNSCC primary tumors have shown reduction in the expression of COII and ATP5A of the OXPHOS com-
plexes IV and V subunits, respectively. On the other hand, expression of themajority of the OXPHOS subunits, except
complex II SDHB subunit, was impaired in a patient with a stage IV tumorwith a regional lymph node. Interestingly,
an overall reduction in one of themitochondrial-encoded subunits of the complex IV, COII, accentuated a possible de-
fect inmitochondrial translationmachinery in two of the stage IVA tumors. Evidence provided in this study suggests
for thefirst time that themitochondrial translationdefect(s) could bedue to adecrease in the expressionof oneof the
essentialmitochondrial ribosomal proteins,MRPL11, in head and neck tumor biopsies.We also observed an acquired
mitochondrial translation deficiency in the HN8 cell line derived from a lymph nodemetastasis but not in the HN22
cells derived from the primary tumor of the same patient. These seminal observations suggest that themitochondrial
translation machinery deserves further investigation for accurate molecular assessment and treatment of HNSCC.

© 2015 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
1. Introduction

The twovital roles ofmitochondria are the generation of energybyox-
idative phosphorylation (OXPHOS) and induction of apoptosis by releas-
ing several critical pro-apoptotic proteins. Changes in bothmitochondrial
energy metabolism and apoptosis are described as the hallmarks of can-
cer (Brandon et al., 2006; Wallace, 2012; Hanahan and Weinberg, 2011;
Chandra and Singh, 2011). Defects in these processes promote cancer
cell growth predominately by producing energy through aerobic glycoly-
sis and bypassing intrinsic apoptotic pathways.

Energy metabolism by OXPHOS is supported by nuclear and mito-
chondrial-encoded genes in eukaryotes. The mitochondrial genome is
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16.5 kb circular DNA (mtDNA) and contains only 37 genes, 13 of which
are involved in the synthesis of mitochondrial-encoded proteins. The re-
maining 24 genes encode for two rRNAs and 22 tRNAs. Mitochondria
also contain their own specific ribosome, which is composed of two
mitochondrially encoded rRNAs, the 12S and 16S, and about 85 nuclear-
encodedmitochondrial ribosomal proteins (MRPs) as described in our re-
cent studies (Koc et al., 2013). Mitochondrial translationmachinery is ab-
solutely essential for the synthesis of 13 core components of the OXPHOS
complexes, and, therefore, energy production by this process. In a recent
seminal study, 55% of the mitochondrial translation components, mainly
MRPs, have been shown to be essential for the retention of themitochon-
drial genome in yeast (Zhang and Singh, 2014). In addition to their roles
in protein synthesis, several MRPs have been found to be involved in ap-
optosis (Han et al., 2010; Kissil et al., 1995; Miller et al., 2008; Mukamel
and Kimchi, 2004; Carim et al., 1999; Levshenkova et al., 2004; Koc et
al., 2001a). We have shown that the two well-known pro-apoptotic
MRPs, death associated protein 3 (DAP3, also known as MRPS29) and
MRPS30, are components of the small subunit of the mitochondrial ribo-
some (Han et al., 2010; Miller et al., 2008; Koc et al., 2001a).
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Mutations in mitochondrial genes have been associated with head
and neck squamous cell carcinomas (HNSCC). Specifically, the mito-
chondrial-encoded subunits of complex IV (COI, COII, and COIII) are
found to be the most commonly mutated genes in HNSCC patients
(Challen et al., 2011; Dasgupta et al., 2010; Kim et al., 2006). In addition
to thesemtDNAmutations, nuclear genes encoding for proteins respon-
sible for mitochondrial biogenesis are also reported to be involved in
HNSCC. Furthermore, aberrant expression of the mRNAs of mitochon-
drial ribosomal proteins (MRPs) has been associated with various can-
cers, including head and neck cancer (Cavalieri et al., 2007; Huang et
al., 2011; Milne et al., 2010; Sotgia et al., 2012; Stacey et al., 2008; Yoo
et al., 2005). Interestingly, the MRPs MRPL11 and MRPL21 were
among the six aberrantly expressed genes as detected by microarray
analysis of normal and primary HNSCC tissues (Sugimoto et al., 2009).

In this study, we investigated the expression of OXPHOS complexes
at steady-state levels and discovered defective expression of their mito-
chondrial- and nuclear-encoded components in HNSCC. Moreover, the
expression of MRPL11, an essential protein of the large subunit of the
mitochondrial ribosome, is altered in tumor tissues, possibly resulting
in impaired synthesis of OXPHOS subunits. Our studies strongly indicate
that impaired mitochondrial translation could be one of the underlying
reasons for metabolic transformation of tumors in head and neck
cancers.

2. Materials and methods

2.1. HNSCC tumor samples

The HNSCC samples were derived from patients who underwent
surgical resection as first-line treatment at the Department of Maxillo-
Facial Surgery, University of Naples “Federico II,” Naples, Italy. Patients
signed an informed consent for the study, which was reviewed by the
Institutional Review Board. Staging was carried out according to the
tumor-node-metastasis classification, and the tumors were graded as:
well (G1), intermediate (G2), and poorly differentiated (G3). Normal,
paired tissues were used as a control. Only patients with primary oral
cavity tumors who had not undergone any previous irradiation or che-
motherapeutic treatment were included in the study. Six different pa-
tient tissue samples used were as follows: sample 1, squamous cell
carcinoma, oral pavement; sample 2, squamous cell carcinoma, tongue;
sample 3, squamous cell carcinoma, infiltrating mandible; sample 4,
squamous cell carcinoma, trigon region; sample 5, squamous cell carci-
noma, tongue; sample 6 L, squamous cell carcinoma, left cheek; and
sample 6R, squamous cell carcinoma, right cheek. Tumor samples 6 L
and 6Rwere taken from the same patient. Grade and stage of tumor bi-
opsies are summarized in Table 1.

Protein lysates used in Western blot analysis were obtained by re-
suspension and sonication of tumor samples in RIPA. Supernatants ob-
tained from the lysates were precipitated by the addition of 80% cold
acetone (v/v) for 1 h at −80 °C. Protein pellets were collected by
Table 1
Clinical data of patients affected by squamous cell carcinoma of the oral cavity.

Patient Gender Age Smoke Alcohol consumption Site

1 M 51 Y Y Oral pav
2 M 50 Y Y Tongue
3 M 49 Y Y Oral pav
4 F 67 Y N Retromo
5 M 50 Y Y Tongue
6L a M 64 Y Y Buccal m
6R a M 64 Y Y Buccal m

T: primary tumor.
N: regional lymph nodes.
M: distant metastasis.

a Patient 6R and 6L is the same patient, affected by two independent synchronous tumors (
centrifugation at 14 K rpm for 10 min. and resuspended in RIPA buffer
containing 0.5% SDS. The supernatantwas collected and used for protein
analysis.

2.2. Cell culture

The control cell line, the humanadult keratinocyte cell lineHaCaT,was
obtained from Zen-Bio, Inc (Research Triangle Park, NC). The HN12 cell
line was a kind gift from Dr. George Yoo (Karmanos Cancer Center,
Wayne State University, OH) after authentication by PCR amplification
of short tandem repeats to ensure cell identity. The H8, H13, and HN22
cell lines were kindly provided by Dr. Gutkind (National Institute of Den-
tal and Craniofacial Research, NIH, Bethesda, MD) after authentication by
PCR amplification of short tandem repeats to ensure cell identity. Tumor
staging characteristics of head and neck cancer cell lines are given in
Table 2 (Jeon et al., 2004). Monolayer cultures were maintained in
DMEM medium (HyClone, Thermo-Scientific) adjusted to contain 10%
fetal bovine serum (FBS) (PAA Laboratories GmbH, Pasching, Austria)
and supplemented with 1% penicillin–streptomycin (P/S) (Corning
Cellgro, Manassas, VA). HaCaT cells were maintained in Adult
Keratinocyte Growth Medium (KM-2) (Zen-Bio, Research Triangle Park,
NC). Cells were grown in a humidified incubator at 37 °C and 5% CO2.

2.3. Western blot analysis

Whole cell lysates obtained from tumor tissue samples and head and
neck cancer cell lines outlined above were separated on 12% SDS-PAGE.
Proteins were transferred to nitrocellulose membranes, which were
probed with appropriate human antibodies against the following pro-
teins at the specified dilutions: OXPHOS ATP5a (1:500), OXPHOS Com-
plex III Subunit (1:500), SDHA (1:2500), SDHB (1:500), Complex IV
Subunit II (1:500), Complex I NDUF8 (1:500), HSP60 (1:5000),
GAPDH (1:14,000); MRPL11 (1:2500), MRPL40 (1:2500), MRPL47
(1:250 dilution), and MRPS29 (1:500) overnight at 4 °C. The secondary
antibodies — mouse and rabbit IgG HRP conjugates — were all used for
1 h at 1:5000 dilutions. The membranes were developed using the pro-
tocols provided by the manufacturer.

2.4. [35S]-Methionine pulse labeling of mitochondrial translation products
in vivo

Pulse labeling experiments were performed in minimum essential
DMEM medium without methionine, glutamine, or cysteine, and dia-
lyzed serum (25 mM Tris–HCl, pH 7.4, 137 mM NaCl, and 10 mM KCl)
as indicated in our previous reports (Koc et al., 2013; Yang et al.,
2010). Cytoplasmic protein synthesis was arrested by incubating cells
with emetine-containingmedium for 15min. In order to label themito-
chondrial-encoded proteins, 0.2 mCi/mL of [35S]-methionine-contain-
ing medium (Perkin Elmer) was added to the cells. After a 2 hour
incubation, cells were lysed in buffer containing the following: 50 mM
Grade TNM Stage

ement, infiltrating cortical mandible bone G2 T4aN0M0 IVA
G1 T2N0M0 II

ement infiltrating the mandible G2 T4aN0M0 IVA
lar trigon G2 T4aN2bM0 IVA

G1 T2N0M0 II
ucosa right side G1 T1N0M0 I
ucosa left side G2 T3N1M0 III

one on the left cheek and one on the right cheek).



Table 2
Characterization of HN8, HN12, HN13, and HN22 cell lines.

HNSCC cell line Site Origin TNM Stage Tumorigenic Migration capabilities

HN8a Lymph node metastasis Oral pavement T3N2M0 IVA Yes Moderate
HN12 Lymph node metastasis Tongue T4N1M0 II Yes High
HN13 Primary tumor Tongue T2N2M0 II No Moderate
HN22a Primary tumor Oral pavement T3N2M0 IVA Yes High

a Indicates cell lines derived from the same patient (primary tumor/paired nodal metastasis). Tumor staging of these cell lines was previously reported (Yoo et al., 2005).
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Tris–HCl, pH 7.6, 150mMNaCl, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, and
0.5% NP-40 supplemented with 1 mM PMSF and protease inhibitor
cocktail (Sigma-Aldrich). Electrophoresis of whole cell lysates (40 μg)
was performed through 12% SDS-PAGE. The gels were dried on 3 MM
chromatography paper (Whatman), and the total intensities of the sig-
nals were quantified by phosphorimaging analyses. The siRNA-mediat-
ed knock-down efficiency of the corresponding mitochondrial
ribosomal protein was confirmed with Western blot analysis of whole
cell lysates, prepared as stated above.

2.5. Reverse transcription polymerase chain reaction (RT-PCR)

Total RNAwas extracted using TRIzol (Invitrogen, Carlsbad, CA) and
then converted to cDNA with a High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Inc, Foster City, CA, USA) using random
primers. qRT-PCRs were carried out using RT2Real-TimeTM SYBR
Green/Rox PCR master mix (SABiosciences, Fredrick, MD, USA) and
run on an Applied Biosystems 7000 real-time thermal cycler (Applied
Biosystems, Inc). Reactions were carried out in technical triplicates
and biological triplicates. Relative expression values were calculated
using the ΔΔCt method. The following primer sequences were used:
MRPL11 forward 5′-CCCACTAGGCCCAGTGCT-3′ and reverse 5′-
GAGGAATGCCTTCCTTGATGTCC-3′; CO-II forward 5′-
ATGGACATGCATGCAGC- GCAAGTA-3′ and reverse 5′-
CTATAGGGAAGTGCACTTTCCAG-3′; and GAPDH forward 5′-
CGACAGTCGAGCCG and reverse 5′-CCAATACGACCA-3′.

Semi-quantitative RT-PCR was performed on four of the Head and
Neck cell lines (HaCat, HN8, HN12, and HN22). Total RNAwas extracted
using TRIzol (Invitrogen, Carlsbad, CA) and then converted to cDNA
with a High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Inc, Foster City, CA, USA) using random primers. Aliquots
of 1 μL of the reserve-transcribed cDNA samples were added to 20 μL
of a reaction mixture made using Phusion High-Fidelity PCR Kit (New
England Biolabs, Ipswich, MA) that contained: 4 μL of 10× buffer with
MgCl2, 0.4 μl of 10 mM dNTP mix, 0.4 μl of Taq polymerase (Phusion
High-Fidelity DNA Polymerase) and 1 μl of each primer. Samples were
co-amplified for 29 cycles: denaturation at 98 °C for 30 s, annealing at
60 °C (for 30 s, extension at 72 °C for 1 min and final extension at 72 °
C for 10 min). The PCR products (10 μL) were applied to a 1% agarose
gel containing 10 μg of ethidium bromide and electrophoresed. The
gel was then illuminated on an UV table FOTO/Analyst® Luminary/
FX® System (Fotodyne, Hartland, WI, USA). Densitometry analysis
was performed using TotalLab Quant (TotalLab Ltd, Newcastle upon
Tyne, UK), and then the relative value of the COII band to GAPDH was
calculated in each sample. Reactions were carried out in technical trip-
licates and biological triplicates.

2.6. Wound-healing assays

Cellmigration ofHN8, HN12, andHN22 cellswas determined using a
wound-healing assay. HNSCC cells were cultured in 6-well dishes until
90% confluent and then synchronized with DMEM (1% P/S, 0.5% FBS).
After synchronizing cells for 24 h, a line was drawn horizontally on
the bottom of each well using a permanent marker, and a p200 pipette
tipwasused to generate 3 vertical scratches perwell. Cellswere then in-
cubated for 24 h in DMEM (1% P/S, 10% FBS). Scratch sizes were
determined with a light inverted microscope (Olympus IX51) at 100×
magnification. Six measurements were made per well after 24 h, 1
below and 1 above the horizontal line for each scratch. Images were
taken as described above and changes in cell migration were deter-
mined by calculating the percent of wound healing. Percent wound
healing= ([scratch t-0 h− scratcht-24 h] / scratcht-0 h)*100. Experiments
were repeated a minimum of 3 times.

3. Results

3.1. Expression of OXPHOS complexes is impaired in HNSCC tumors and cell
lines

Mutations in mtDNA in tumors obtained from HSNCC patients have
been reported previously (Dasgupta et al., 2010). However, the effects
of these point mutations on the steady-state expression of OXPHOS
complexes have not been shown. We first evaluated the expression of
the OXPHOS subunits in seven surgically removed tumors obtained
from six HNSCC patients (tumor staging given in Table 1) by Western
blotting analysis using anOXPHOS antibody cocktail (Fig. 1A). The cock-
tail contains antibodies for nuclear-encoded subunits of complex V
(ATP5A), III (UQCRC2), II (SDHB), I (NDUF8), and the mitochondrial-
encoded subunit of complex IV (COII). The tumor samples were also
probed with GAPDH antibody as a loading control. Surprisingly, only
the complex II subunit, SDHB, was consistently detected in all of the
samples, while the expression of the complex V, IV, III, and I subunits
were significantly impaired in one of the tumor tissue samples
(Fig. 1A). These complexes contain at least one mitochondrial-encoded
subunit, while complex II subunits are all nuclear encoded. Therefore, it
is possible that the changes observed in the expression of complex I, III,
IV, and V subunits could be due to defects in the synthesis of both nucle-
ar- and mitochondrial-encoded components. The only mitochondrial-
encoded protein detected in this analysis is the COII subunit of complex
IV; the other proteins detected by this antibody are all nuclear-encoded
(Fig. 1A). Interestingly, we found that the expression of COII was signif-
icantly decreased in the tumor tissue from patient 4 and slightly re-
duced in patients 1 and 3. Tumors from patients 1, 3, and 4 were stage
IVA, grade G2 squamous cellular carcinomas of the oral cavity and of
the retromolar trigon, respectively (Table 1). One of the unexpected ob-
servations, however, was the overexpression of COII in the tumor ob-
tained from right cheek of patient 6, whereas its expression was
significantly reduced in the tumor obtained from the left cheek
(Fig. 1A).

The intriguing results obtained in theHNSCC biopsies (Fig. 1A) led us
to consider exploration ofmitochondrial translation further in head and
neck cancer. However, the amounts of tissue samples were limited for a
comprehensive analysis ofmitochondrial translation products and com-
ponents. To overcome this limitation we used a normal human adult
keratinocyte cell line and several different head and neck (HN) cancer
cell lines to perform a more comprehensive analysis of the expression
of OXPHOS components.

As shown in Fig. 1B, the majority of the OXPHOS components were
equally expressed in the control HaCat and HN cancer cell lines; howev-
er, themitochondrial- and nuclear-encoded subunits of complex IV and
I, COII and NDUF8, respectively, were not equally expressed. The
reduced expression of COII was only observed in HN8 cells, while the



Fig. 1. Mitochondrial oxidative phosphorylation is defective in human head and neck cancers and cell lines. A) Expression of oxidative phosphorylation (OXPHOS) subunits, including
SDHA and SDHB (Complex II), ATP5A (Complex IV), UQCRC2 (Complex III), COII (Complex IV), and NDUF8 (Complex I) were detected by Western blot analysis of seven human head
and neck tumor biopsies. Tumor biopsies taken from the left (6 L) and right (6R) cheeks of patient # six were labeled as shown. The mitochondrial-encoded subunit COII is marked by
an arrow. B) Expression of OXPHOS subunits was evaluated in a normal keratinocyte cell line (HaCat), used as a control, and four HNSCC (HN8, HN12, HN13, and HN22) cell lines byWest-
ern blot analysis. The steady state levels of themitochondrial-encoded subunit of Complex IV (COII, shownby an arrow) are reduced inHN8,HN13, andHN22 cell lines. C) Relative changes
in COIImRNA expressionwere determined by semi quantitative RT-PCR and reported as fold changewith respect to changes in GAPDHmRNA expression in HaCat, HN8, HN12, andHN22
cells. Results represent themean± SEM of at least three experiments. p valueswere calculatedwith Student's t test (* p ≤ 0.05). Approximately 30 μg of protein lysate obtained from each
tumor tissue and cell line was separated on 12% SDS-PAGE, and the equal protein loading was evaluated by GAPDH antibody probing in panels A and B.
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overexpression of theNDUF8was evident in HN8,HN12, andHN22 cells
(Fig. 1B). Stimulation of complex I subunit expression could enhance
OXPHOS, either to overcome a defect in another subunit or to support
the high-energy demand in these HN cancer cell lines. On the other
hand, the reduced expression of COII in HN8 cells could be due to de-
fects in the expression of COII mRNA or mitochondrial translation ma-
chinery in this cell line. Another interesting observation is the reduced
expression of this subunit in the HN8 but not the HN22 cell line, since
these two cell lines were derived from the lymph node metastasis and
the primary epiglottis squamous cell carcinoma of the same patient, re-
spectively (Rajarajan et al., 2012). Therefore, we propose that the re-
duced COII expression could be adapted during the metastasis of
squamous cell carcinoma in the lymph node of the same patient.

To further investigate the changes in COIImRNA expression,we per-
formed semi-quantitative RT-PCR in HaCat and HN cell lines using the
housekeeping geneGAPDH as a control (Fig. 1C). Clearly, the expression
of COII mRNA was increased about 1.5–2 fold in HN cancer cell lines
compared to the control HaCat cells, implying that the reduction in
COII protein expression observed in HN8 cells was not due to decreased
expression or stability of the COII mRNA. This observation also suggests
that the reduced COII expression at the steady-state level (Fig. 1B) was
not caused by a defect in the mitochondrial transcription machinery.
3.2. Mitochondrial translation is compromised in some of the head and neck
cell lines

Next, we determined the de novo synthesis of 13 mitochondrial-
encoded proteins in these cell lines using 35S-Met pulse labeling in the
presence of emetine (Fig. 2A). Emetine is an inhibitor of cytoplasmic
protein synthesis and does not affect protein synthesis in mammalian
mitochondria. In this analysis, the 13 essential OXPHOS subunits, de
novo synthesized by mitochondrial ribosomes and translation machin-
ery, were labeled by 35S-Met (Fig. 2A). Clearly, there is an overall de-
crease in the incorporation of 35S-Met into the 13 mitochondrial-
encoded proteins in HN cancer cells, as the relative intensities of the la-
beled protein bands is much less in HN8 cell lines in comparison to the
other cell lines (Fig. 2A andB). This observation is in agreementwith the
reduced expression of COII detected at the steady state level and also
strongly suggests that mitochondrial translation or protein synthesis is
impaired or defective in this cell line, which is derived from a lymph
node metastasis of a stage IVA tumor of the oral pavement (Fig. 1B
and Table 2) (Rajarajan et al., 2012).
3.3. Expression of MRPL11 is reduced in HNSCC tumors

Themitochondrial translationmachinery, including translation factors
and ribosomes, is essential for the synthesis of 13mitochondrial-encoded
components of the OXPHOS complexes (Christian and Spremulli, 2012;
Koc et al., 2001b,c, 2010). The evidencewe presented above also suggests
that mitochondrial translation is impaired in HNSCC tumors and HN can-
cer cell lines (Fig. 1). In fact, transcripts of the twomitochondrial ribosom-
al proteins, MRPL11 and MRPL21, have been shown to be aberrantly
expressed in microarray analyses of HNSCC tumors (Sugimoto et al.,
2009). To determine the changes in the MRPL11 expression levels, we
performed Western blot analysis of tumor samples. Not surprisingly, the
expression of MRPL11 was clearly decreased in patient samples 3 and 4



Fig. 2.A.Mitochondrial translationmachinery is impaired inHN8 cells. A)Denovo synthe-
sis of 13 mitochondrial-encoded proteins was evaluated in control (HaCat) and HNSCC
cells bypulse labeling of proteins in thepresence of [35S]-methionine and a cytosolic trans-
lation inhibitor, emetine. A representative electrophoretic pattern of the de novo synthe-
sized translational products is presented. ND1, −2, −3, −4, −4 L, −5, and −6 are
subunits of Complex I; Cyt b is a subunit of Complex III; COI, −II, and -III are subunits of
Complex IV; ATP6 and ATP8 are subunits of Complex V. Coomassie blue staining of the
same gel (total protein) was performed to ensure equal protein loading in the gel.
B) The combined intensities of the 13 mitochondrial-encoded proteins shown in panel A
were quantified as three different regions in each lane corresponding to the different
cell lines. Regions 1–3 include ND5, COI, and ND4; Cytb, ND6, and ND1; and COIII, COII,
and ATP6, respectively.
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(Fig. 3A). This observation is in agreement with the decreased COII ex-
pression observed in patients 3 and 4 (Fig. 1A).

Changes in the expression ofMRPL11 protein ormRNA throughmuta-
tions or alternative splicing could result in the loss ofmitochondrial trans-
lation activity and lead to reduction in the synthesis of mitochondrial-
encoded proteins in HNSCC. To assess this possibility, we first quantitated
the expression of theMRPL11 transcript in HN cell lines using qRT-PCR. In
this analysis, MRPL11 mRNA levels in the HaCat cell line were used as a
reference point, and its expression in HN cell lines was reported as the
fold change of HaCat mRNA levels (Fig. 3B). Expression of the MRPL11
transcript in HN8 cells was reduced about two fold, which was less than
that of the HaCat cell line (Fig. 3B). The increase in theMRPL11 transcript
could potentially be a result of a defect in its function at the protein level.
To compensate for defective MRPL11 protein activity, cells could stimu-
late its expression at its transcript. This hypothesis is consistent with the
translation defect that we observed in the HN8 cell line, determined by
35S-Met pulse labeling assay (Fig. 2A).

To correlate the changes observed in the MRPL11 transcript level to
the protein expression level, Western blotting analyses were carried out
in HaCat and HN cell lines. Remarkably, we detected a slight decrease in
MRPL11 expression in the HN8 cell line compared to its expression in
HaCat, HN13, HN12, and HN22 cell lines (Fig. 2B). In addition to the
expression of MRPL11, we evaluated the expression of several other
small and large subunit proteins in these cell lines. Although the transla-
tion defect we observed in the HN8 cell line (Figs. 1B and 2A) was more
profound than the reduced expression of MRPs detected by Western
blot analysis, it is still possible that another component of the mitochon-
drial translation machinery could be compromised in this cell line.

3.4. MRPL11 is essential for protein synthesis and OXPHOS in mammalian
mitochondria

MRPL11 is one of the essential mitochondrial ribosomal proteins locat-
ed in the L7/L12 stalk, as modeled in the crystal structure of the large sub-
unit of the bacterial ribosome (Fig. 4A) (Koc et al., 2001c; Han et al., 2011;
Greber et al., 2015). This region of the ribosome is involved in translation
factor binding and/or recruitment during initiation, elongation, transloca-
tion, and termination to support the synthesis of 13 mitochondrial-
encoded proteins in mammalian mitochondria (Christian and Spremulli,
2012; Amunts et al., 2015; Sharma et al., 2003). To demonstrate the essen-
tial role of MRPL11 in mitochondrial translation, we partially decreased
MRPL11 expression in the HN12 cell line using siRNA directed against
theMRPL11 transcript and performed 35S-Met labeling of the de novo syn-
thesized 13 mitochondrial proteins (Fig. 4B). The partial MRPL11 knock-
down was determined by a Western blot analysis of the cell lysates, ob-
tained from control and HN12 cells transfected with MRPL11 siRNA for
only 24 h to prevent cell death (Fig. 4B). We observed about a 50% reduc-
tion in MRPL11 expression in cells transfected with MRPL11 siRNA, and
this reduction coincidedwith the decreased expression of 13mitochondri-
al proteins determined by 35S-Met pulse labeling assay (Figs. 4B and 2).
MRPL11 expression in the HN12 cell line was closer to its normal level in
theHaCat cell line; however, its downregulation by siRNA created an effect
on theexpressionof 13mitochondrial proteins thatwas similar to their ex-
pression levels in HN8 cell lines, providing further evidence for mitochon-
drial translation defect(s) in the HN8 cell line. Again, we confirmed that
MRPL11 is an essential protein and supports mitochondrial protein syn-
thesis and regulates OXPHOS in mammalian mitochondria.

3.5. Cell growth and proliferation is possibly supported by aerobic glycolysis
in HN8 cells

A switch in the energy metabolism from OXPHOS to aerobic glycol-
ysis is one of thewell-known hallmarks of cancer. At large, the initiation
of this switch is attributed tomitochondrial dysfunction (Wallace, 2012;
Sotgia et al., 2012; Chiavarina et al., 2012; Curry et al., 2013). In order to
gain insights into the growth and proliferation of HN cells, we seeded an
equal number of control HaCat andHN cancer cells and allowed them to
grow for 72 h. The number of HN12 and HN22 cells was about 50%
higher at the end of 72 h,whereas the number of cells or the cell growth
rate was about the same for normal HaCat, HN8, and HN13 cells
(Fig. 5A). These results were quite unexpected, since we observed
about a 30–70% decrease in the synthesis of mitochondrial-encoded
subunits of OXPHOS complexes in HN cells compared to the HaCat cell
line (Figs. 1B and 2A). Surprisingly, the 70% decrease in the synthesis
of these essential components in the HN8 cell line did not interfere
with its growth rate. Therefore, we suggest that the HN8 cells were
able to obtain the energy required for cell growth from aerobic glycoly-
sis rather than OXPHOS due to a possible acquired defect in mitochon-
drial translation. The HN22 cell line, which is obtained from the
primary squamous cell carcinoma of the same patient, could have par-
tially used aerobic glycolysis, as its growth rate was higher than that
of the control cells (Fig. 5A). However, mitochondrial translation and
OXPHOS processes in these cells were fairly comparable to those of
the control cells (Figs. 2A and 1B).

In addition to cell proliferation assays, we performed an in vitro
wound-healing assay to evaluate the relative cell proliferation andmigra-
tion of HN8, HN12, and HN22 cells. As seen in Fig. 5B, HN8 cells migrated
approximately 70 μm from the edges and covered about 30% of the

Image of Fig. 2


Fig. 3.MRPL11 expression is altered in human head and neck cancer tissues and HNSCC cell lines. A)MRPL11 protein expressionwas detected in total protein lysates obtained from seven
human head and neck cancer biopsies byWestern blot analysis. Samples, approximately 30 μg each, were separated on 12% SDS-PAGE, and membranes were probed with MRPL11 anti-
body. B) The expression of mitochondrial ribosomal protein MRPL11 and the other large subunit (39S) proteins (MRPL13, MRPL40, and MRPL47) and small subunit (28S) proteins
(MRPS11 and MRPS29) in head and neck cancer and HaCat control cells was detected by Western blot analysis. Total cell lysates were separated on 12% SDS-PAGE and membranes
were probedwith specific MRP antibodies described in theMaterials andMethods. Equal protein loading was ensured by HSP60 probing. C) Expression of theMRPL11 transcript was de-
termined in HNSCC cell lines. Total RNA was extracted fromHN8, HN12, HN13, and HN22 head and neck cancer cells and normal keratinocytes, HaCaT, as control. Real-Time RT-PCRwas
performed to study the relative changes in gene expression of MRPL11 relative to fold expression changes in β-Actin mRNA. Results represent the mean ± SEM of at least three experi-
ments. p values were calculated with Student's t test on treated samples vs. CTRL VH (* p ≤ 0.05).
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scratch defect, whileHN12 andHN22 cells almost completely covered the
scratch defect. Again, this observation is in agreementwith results obtain-
ed from the cell proliferation assay and points to dysfunctionalmitochon-
drial translation and, therefore, OXPHOS in the HN8 cell line.

4. Discussion

The switch of energy metabolism from oxidative to aerobic glycoly-
sis, possibly due to dysfunctional mitochondria, commonly known as
the Warburg effect, was proposed to be one of the leading causes of
tumor formation (Wallace, 2005, 2012). However, recent evidence sug-
gests that tumor cells require a metabolically richmicroenvironment to
promote growth and metastasis (Wallace, 2012). To support this high
metabolic demand and proliferation rate, these cells use oxidative me-
tabolism for complete oxidation of glucose, which generates far more
ATP than its oxidation to lactate in aerobic glycolysis (Sotgia et al.,
2012; Chiavarina et al., 2012;Witkiewicz et al., 2012). In a recently pro-
posed tumor metabolism model with at least two compartments, ROS
generated by cancer cells with a high oxidative metabolism rate induce
oxidative stress and aerobic glycolysis in tumor fibroblasts or stromal
cells (Sotgia et al., 2012; Chiavarina et al., 2012; Witkiewicz et al.,
2012). In fact, threemetabolically different compartments have been re-
ported in the mucosa of head and neck carcinoma, one of which
contained mitochondria-rich proliferating tumor cells, while the other
two were glycolytic non-proliferating tumor cells and stroma (Curry
et al., 2013; Chatterjee et al., 2006; Carew and Huang, 2002). Because
the complete oxidation of glucose and other metabolites, including lac-
tate and ketone bodies, takes place in mitochondria via oxidative
phosphorylation, having functional OXPHOS complexes is essential for
this model of oxidative metabolism (Curry et al., 2013; Velez et al.,
2013).

Themitochondrial genes encoding subunits of complex IV, COI, COII,
and COIII, are found to be the most commonly mutated in HNSCCs
(Challen et al., 2011; Zhou et al., 2007). In addition to these mtDNAmu-
tations, the mitochondrial proteins encoded by nuclear genes responsi-
ble for mitochondrial biogenesis are also involved in HNSCC (Kim et al.,
2006). Evidence also suggests thatmutations and changes in expression
and/or post-translational modifications of MRPs directly affect energy
metabolism in mammalian mitochondria due to their roles in the syn-
thesis of 13 mitochondrial-encoded proteins (Miller et al., 2004, 2008,
2009; Yang et al., 2010; Emdadul Haque et al., 2008; Smits et al., 2011;
O'Brien et al., 2005; O'Brien, 2002). Interestingly, aberrant expression
of the MRP genes,MRPL11 andMRPL21, was detected among seven dif-
ferentially expressed genes in 21 pairs of primary HNSCC tumors and 10
HNSCC cell lines using microarray analysis (Sugimoto et al., 2009).
Changes inMRPL11 expressionwas also correlated tometastatic uterine
cervical cancer (Lyng et al., 2006).

In this study, we showed that the changes in expression of OXPHOS
subunits, specifically, in one of the mitochondrial-encoded components
of complex IV, COII, were associated with the changes in expression of
MRPL11 at the protein level in tumor biopsies obtained from HNSCC
andHNSCC cell lines (Figs. 1 and 2).MRPL11 is one of themitochondrial
ribosomal large subunit proteins that wasmore differentially expressed
in the tumor tissues and cell lines tested. Its deletion resulted in the
complete loss of themitochondrial genome in Saccharomyces Cerevisiae
(Zhang and Singh, 2014). This is not an unexpected observation, because

Image of Fig. 3


Fig. 4.MRPL11 is an essential mitochondrial ribosomal protein and regulates mitochondrial translation. A) MRPL11 is an essential mitochondrial ribosomal protein that forms the mito-
chondrial L7/L12 stalk alongwithMRPL10 andmultiple copies ofMRPL12. Themitochondrial L7/L12 stalkwasmodeled to indicate the locations of themitochondrial L7/L12 stalk proteins
MRPL10 (green), MRPL11 (yellow), andMRPL12 (blue) using the crystal structure, based on the bacterial large subunit (PDB# 2WRL). The large subunit rRNAs and proteins were colored
in cyanand pink, respectively. Locations of functionally active sites of the large subunit, thepeptidyl transferase center (PTC), sarcin–ricin loop (SRL), and L1 and L7/L12 stalks, are indicated
in the structuralmodel. Themodelwas generated by PyMol software (DeLano Scientific LLC) (Brunger et al., 1998). B) Role ofMRPL11down regulation onmitochondrial protein synthesis.
Expression of MRPL11 was determined in control and MRPL11 siRNA transfected HN12 cell lines byWestern blotting (top panel). De novo synthesis of mitochondrial proteins was eval-
uated in control and MRPL11 knock-down cells by pulse labeling of proteins in the presence of [35S]-methionine and a cytosolic translation inhibitor, emetine. A representative electro-
phoretic pattern of the de novo synthesized translational products is presented. ND1,−2,−3,−4,−4 L,−5, and −6 are subunits of Complex I; Cytb is a subunit of Complex III; COI,
-II, and -III are subunits of Complex IV; ATP6 and ATP8 are subunits of Complex V. The combined intensities of the 13 mitochondrial-encoded proteins from each lane were used as an
overall quantitation of mitochondrial protein synthesis.
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MRPL11 is located in an essential region of the ribosome that supports dif-
ferent stages ofmitochondrial translation, including initiation, elongation,
and termination. In fact, even a partial siRNA-dependent reduction in
MRPL11 expression impaired mitochondrial translation in HN12 cell
lines and influenced the expression of all the mitochondrial-encoded
subunits of complex I, III, IV, and V (Fig. 4B). This is in agreement with
the reduced expression of the 13 mitochondrial-encoded subunits in
HN8 cell lines, determinedby 35S-Met pulse labeling assays (Fig. 2A). Sim-
ilarly, a decrease in the steady-state expression ofmitochondrial-encoded
COII subunit and MRPL11 levels, as measured by Western blot, also sup-
ports a possible defect in mitochondrial translation in HN8 cells and
tumor tissues obtained from patient 4 and to some extent in patient 3
(Fig. 1A and B). In addition to the decrease in the mitochondrial-encoded
COII subunit in thesepatients, patient 1 has a significant decrease in oneof
the nuclear-encoded subunits of complex V (ATP5a) while patient 4 also
has defects in the nuclear-encoded subunits of complex V, III, and I
(Fig. 1A). Clearly, there is a strong correlation between the defects in ex-
pression of OXPHOS components and the advanced stage of HNSCC tu-
mors, as all these patients had stage IVA tumors. In fact, patients 1, 3,
and 4 were all affected by highly invasive oral cavity carcinomas, which
were locally progressed and therefore involved adjacent tissues. In partic-
ular, complex V, III, IV, and I subunits were reduced significantly, in

Image of Fig. 4


Fig. 5. Cell growth and proliferation is stimulated in head and neck cancer cells. A) Approximately 2 × 105 HaCat and head and neck cancer cells were seeded in triplicates of 6-well plates and
incubated for 72 h. After this incubation period, cells were collected and counted. The results represent themean± SEM of at least three experiments. B)Wound-healing assays of HN8, HN12,
and HN22 cells at 24 h. Inverted light microscope images of the HN cells at time 0 and 24 h are shown. Dashed lines represent scratch size at time 0 h. The magnification was set to 100×.
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addition to the reduction of complex IV in the lysates frompatient 4, who
had several metastasis in multiple ipsilateral lymph nodes (pT4aN2bM0)
(Table 1 and Fig. 1A). In patient 4, only the complex II subunits SDHB and
SDHA were still expressed to partially support the mitochondrial activity
(data not shown). This is possibly due to the composition of complex II,
succinate dehydrogenase, which is formed by four nuclear-encoded sub-
units, SDHA, SDHB, SDHC, and SDHD. The presence of progressed disease,
i.e., metastasis in multiple ipsilateral lymph nodes (patient 4), was corre-
latedwith the reduced expression ofMRPL11 and themitochondrial sub-
unit COII. Inhibition ofmitochondrial translation by reduced expression of
MRPL11 not only reduced the 13 mitochondrial proteins but also de-
creased the expression of nuclear-encoded subunits of OXPHOS
complexes I, III, IV, and V in the same patient (patient 4, Figs. 1A and
3A). As described above, the HN8 cell line, which was obtained from a
stage IVA patient with multiple metastatic lymph nodes (Table 2), also
showed reduced expression of MRPL11 and mitochondrial-encoded sub-
unit COII (Fig. 1B and C). However, the pairedHN22 cell line derived from
the primary tumor of the same patient expressed a comparable level of
MRPL11 and of the 13 mitochondrial translation products with the
other cell lines tested (Figs. 1B and 3B).

Altogether, we can infer from these observations that the defects
in mitochondrial translation and energy metabolism could be re-
sponsible for stimulation of cell proliferation rates in HNSCC and
HN cell lines. Future research is expected to demonstrate that the

Image of Fig. 5
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detection of changes in the expression of OXPHOS components, and
MRPL11 levels, and components of mitochondrial translation ma-
chinerymay be used as markers for HNSCC tumor staging and indica-
tors of cancer progression.
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