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Abstract To explore the effects of Lyrml knockdown on
the mitochondrial function of 3 T3-L1 adipocytes using
small interfering RNA (siRNA). 3 T3-L1 preadipocytes
were infected with either a negative control (NC) expression
lentivirus or a LyrmI-shRNA expression lentivirus and in-
duced to differentiate. The knockdown efficiency of Lrym1-
specific sShRNA in 3 T3-L1 cells was evaluated by real-time
PCR. The ultrastructure of the mitochondria in adipocytes
was visualized using transmission electron microscopy after
differentiation. The levels of mitochondrial DNA copy
numbers and Ucp2 mRNA were detected by real-time quan-
titative PCR. The levels of ATP production was detected
using a photon-counting luminometer. The mitochondrial
membrane potential and ROS levels of cells were analyzed
with a FACScan flow cytometer using Cell Quest software.
Cells transfected with lentiviral-Lyrml-shRNA showed a
significantly reduced transcription of Lyrm!/ mRNA com-
pared with NC cells. The size and ultrastructure of mito-
chondria in Lyrml knockdown adipocytes was similar to
those of the NC cells. There was no significant difference in
mtDNA copy number between the two groups. The total
level of ATP production, mitochondrial membrane potential
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and Ucp2 mRNA expression levels were dramatically in-
creased in adipocytes transfected with LyrmI RNAi. Fur-
thermore, the level of ROS was dramatically decreased in
Lyrm1 knockdown adipocytes. Knockdown of the Lyrml
gene in adipocytes resulted in dramatically increased cellu-
lar ATP production, mitochondrial membrane potentials and
levels Ucp2 mRNA, while ROS levels were significantly
decreased. These results imply that mitochondrial function
is improved in adipocytes after the knockdown of Lyrm1.
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Abbreviations

LYRMI1 Homo sapiens LYR motif containing 1
ROS reactive oxygen species

UCP2 uncoupling protein 2

siRNA  small interfering RNA

shRNA  short hairpin RNA

mRNA  messenger ribonucleic acid

mtDNA  mitochondrial DNA

IR insulin resistance

NC negative control

cDNA single-stranded complementary DNA
Introduction

Obesity has become an important global public health prob-
lem in recent decades (Jeffery and Sherwood 2008). It has
reached epidemic proportions worldwide and is associated
with severe metabolic and cardiovascular complications
(Kopelman 2000; Spiegelman and Flier 2001; Visscher
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and Seidell 2001). Common obesity results from interac-
tions between genetic, environmental, and psychosocial
factors (Walley et al. 2009). An important consequence of
obesity is the development of insulin resistance (IR), which
is considered to be an important link between adipocytes
and the associated risks of type 2 diabetes and cardiovascu-
lar disease (Ferrannini et al. 2007; Qatanani and Lazar 2007,
Reaven 1997). IR is defined as a condition in which normal
insulin concentrations fail to produce normal glucose me-
tabolism (Kahn 1978). To date, the mechanisms that under-
lie IR remain unclear. Genetic factors, oxidative stress,
mitochondrial biogenesis, and aging may affect mitochon-
drial functions, leading to IR and various pathological con-
ditions (Kim et al. 2008). Numerous studies have indicated
that mitochondrial defects play a critical role in obesity-
associated IR (Lowell and Shulman 2005; Maasen 2008).
Evidence from one study has demonstrated that obesity/
diabetes is accompanied with impaired mitochondria in the
adipose tissue of db/db mice (Choo et al. 2006). A correla-
tion between mitochondrial dysfunction in adipose tissue
and obesity/diabetes in humans has also been proposed
(Dahlman et al. 2006; Hammarstedt et al. 2003).

In our earlier studies, we isolated and characterized Ho-
mo sapiens LYR motif containing 1 (LYRM]I), a novel
human gene that shows increased expression in obese sub-
jects. The 122-amino-acid LYRMI protein is encoded by a
gene with four exons that maps to chromosome 16. Further
results have shown that LYRMI1 promotes preadipocyte
proliferation and inhibits preadipocyte apoptosis (Qiu et al.
2007; Qiu et al. 2009). Our studies also revealed that the
overexpression of LYRMI resulted in IR in adipocytes by
reducing insulin-stimulated glucose uptake, and we hypoth-
esized that the accompanying mitochondrial dysfunction
might be a potential mechanism that underlies this effect
(Cao et al. 2010). Genetic factors, oxidative stress, mito-
chondrial biogenesis and aging may affect mitochondrial
function, leading to IR and consequent pathologies (Cao et
al. 2010). The aim of this present study was to interpret the
effects of Lyrml, the homologous protein in mice, on the
mitochondrial function of 3 T3-L1 murine adipocytes by
silencing its expression using small interfering RNA (siRNA).

Materials and methods
Cell culture and differentiation

3 T3-L1 preadipocytes were cultured in high glucose con-
centration Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS), and were main-
tained in a humidified atmosphere at 37 °C with 5% CO,.
Cell differentiation into adipocytes was achieved using a
previously described method (Niimi et al. 2009).
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ShRNA lentivirus preparation and plasmid construction

The expression lentiviral plasmid for short hairpin RNA
(shRNA) of mouse Lyrml or a negative control (NC) were
constructed by inserting a fragment of DNA for shRNA
expression into a pgLV-U6-puro expression vector. The
recombinant vector was named pgLV-U6-puro-Lyrml-
shRNA or pgLV-U6-puro-NC-shRNA. The sequences of
the cDNA fragment (positive-sense strand) were as follows:
Lyrml, 5" GCAATCATTTCTAGACTAA, negative control,
S"TTCTCCGAACGTGTCACGT.

A 19-nt short hairpin RNA (shRNA) targeting sequence
was designed according to the mouse Lyrm/ mRNA se-
quence in the GenBank database (NM_029610.2). The
designed shRNA construct contained a 19-nt double-
stranded sequence, which was an inverted complementary
repeat that formed a loop sequence (5'-CTCGAG-3'). The 5’
overhangs, CCGG and AATT, were added for ligation into
Agel- and EcoRI-digested pgLV-U6-puro expression vector
in the positive-sense and antisense strands, respectively.

Stable shRNA transfection of 3 T3-L1 cells by lentiviral
infection

The lentiviral supernatant was produced by transient trans-
fection of HEK-293 T cells. HEK-293 T cells were trans-
fected with an expression lentiviral plasmid with a packing
(pGag/Pol), VSV-G-expressing (pVSV-G) and a Rev
(pRev)-expressing plasmid by the Chen-Okayama method
(Chen and Okayama 1987). The medium containing lenti-
viruses was collected and filtered after 60 h of transfec-
tion. 3 T3-L1 preadipocytes were infected with this
medium supplemented with 5 pg/ml polybrene for 24 h
in DMEM. After cells were washed with normal medium
and diluted in 6-well plates; puromycin (2.5 pg/ml) was
added into culture medium for another 4 days before
further experiments.

RNA extraction and quantitative real-time PCR

Total RNAs from 3 T3-L1 cells transfected with lentiviral-
Lyrm1-shRNA or lentiviral-NC-shRNA were extracted us-
ing TRIzol reagent (Invitrogen). Reverse transcription was
performed using an AMV Reverse Transcriptase kit
(Promega, Madison, WI, USA) using random hexamer
primers. Real-time PCR was performed using an Applied
Biosystems 7300 Sequence Detection System (ABI
7300SDS; Foster City, CA, USA) according to the man-
ufacturer’s protocols. The relative mRNA level in trans-
fectants was normalized against the mRNA levels of an
endogenous control gene, (-actin. The sequences of the
primers are shown in Table 1.
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Table 1 Sequences for primer
used in real-time PCR Gene Forward primer (5-3") Reverse primer (5'-3") Probe
CytB TTTTATCTGCATCTGA CCACTTCATCTTACCAT AGCAATCGTTCACCTCCT
GTTTAATCCTGT TTATTATCGC CTTCCTCCAC
28S GGCGGCCAAGCGTTC AGGCGTTCAGTCATAAT TGGTAGCTTCGCCCCATT
ATAG CCCACAG GGCTCCT
LYRM1 AGGGCAGATGGAA GATGGATAGGGCGTG
GACACC GATAA
UCP4 AAGGCTTCCTAAA GACCATCCGACCTCC
GCTGTGGC AGAGT
B-actin TCACCCACACTGTG CAGCGGAACCGCTCAT
CCCATCTACGA TGCCAATGG

Electron microscopy

On the 10th day of differentiation, the mature adipocytes
were collected after trypsin digestion, washed in phosphate
buffered saline (PBS; pH 7.4), and fixed in a buffer con-
taining 2.5% glutaraldehyde and 4% paraformaldehyde. The
cells were then washed in 0.1 M cacodylate buffer, post-
fixed with 1% osmium tetroxide and 1.5% potassium ferro-
cyanide for 1 h, washed in water, stained with 1% aqueous
uranyl acetate for 30 min, and dehydrated through a graded
series of ethanol to 100%. The samples were then infiltrated
and embedded in TAAB Epon (Marivac Canada Inc., St.
Laurent, Canada). Ultra-thin sections (60 nm) were cut on a
Reichert Ultracut-S microtome, placed onto copper grids,
stained with uranyl acetate and lead citrate, and examined
on a transmission electron microscope (JEM-1010; JEOL,
Tokyo, Japan) at an accelerating voltage of 80 KV.

Real-time PCR for mitochondrial DNA (mtDNA)

Relative amounts of mtDNA were determined by real-time
gPCR, as previously described (Kaaman et al. 2007). Brief-
ly, DNA was isolated from adipocytes with a DNA extrac-
tion kit (Baitaike, Beijing, China) and quantified by
spectrophotometry at 260 nm. Two primer sets were used
for PCR analysis. A 110-nt mtDNA fragment within the
Cytb gene was used for the quantification of mtDNA. The
PCR product was previously cloned into the plasmid pMD-
T 18 and verified by DNA sequencing. Plasmid standards of
known copy numbers were used to generate a log-linear
standard curve, from which the Cyth copy numbers of the
studied samples could be determined by real-time PCR. A
291-bp region of the nuclear gene for 28S ribosomal RNA
(rRNA) was used to normalize the results. A standard curve
of plasmid containing the 28S fragment was used to deter-
mine the copy numbers of the studied samples. The ratio of
mtDNA to nuclear DNA reflects the concentration of

mitochondrial per cell. The sequences of the primers are
shown in Table 1.

ATP production

On the 10th day of differentiation, the ATP content of
adipocytes was measured using a luciferase-based lumines-
cence assay kit (Biyuntian, Nantong, China). Briefly, the
adipocytes were homogenized in an ice-cold ATP-releasing
buffer. Treated adipocytes were mixed with the detection
reagent for 5 min. Light emission was recorded for 30 s
using a photon-counting luminometer. The relative ATP
level was normalized by protein concentration determined
by the BCA method.

Confocal laser microscopy

Mito-Tracker Red, a red mitochondria-specific cationic
fluorescent dye (Molecular Probes, Invitrogen, Carlsbad,
CA, USA), was used to estimate the mitochondrial mem-
brane potential (A¥m). The H2-DCFDA probe (Sigma, St.
Louis, MO, USA) was used to evaluate the intracellular
ROS levels (Maxwell et al. 1999). On the 10th day of
differentiation, the transfected 3 T3-L1 adipocytes were
incubated with 150 nM of Mito-Tracker Red and 5 uM of
H2-DCFDA for 30 min at 37 °C and then washed three
times with warm PBS. Cells were imaged using a confocal
laser scanning microscope (Zeiss, Gottingen, Germany).

Flow cytometry

On the 10th day of differentiation, the 3 T3-L1 adipocytes
were incubated with 150 nM MitoTracker and 5 uM of H2-
DCFDA at 37 °C. After 30 min, cultured cells were trypsi-
nized and centrifuged at 1,000 rpm at 4 °C for 5 min, then
resuspended in Krebs-Ringer solution buffered with 4-(2-
hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES)
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LYRM1 relative expression level

NC LYRM1 RNAi

Fig. 1 Knockdown of LyrmiI mRNA expression by siRNA. Lyrml
mRNA relative to (3-actin in the lentiviral-LyrmI-shRNA-transfected
3 T3-L1 preadipocytes was examined by real-time PCR in comparison
with lentiviral-NC-shRNA-transfected 3 T3-L1 preadipocytes. The
mRNA inhibitory efficiency was 39% (P<0.05 vs. NC adipocytes)

Fig. 2 Effects of Lyrml
knockdown on the
mitochondrial DNA copy
number and mitochondrial
morphology in 3 T3-L1 adipo-
cytes. The negative control
(NC) cells were induced to dif-
ferentiate. On the 10th day of
differentiation, cellular mtDNA
content was detected by real-
time PCR analysis with primers
designed to the Cytb and 28S
rRNA genes (n=6). The Cytb to
28S rRNA gene ratio reflects
the concentration of mitochon-
dria per cell a. The ultrastruc-
ture of mitochondria in the
adipocytes was visualized by
transmission electron microsco-
py. The scale bar in the bottom
right corner of b represents

1 umb
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(relative ratio)
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and 0.5% bovine serum albumin. Cells were analyzed with a
FACScan flow cytometer using Cell Quest software (BD
Biosciences, San Jose, CA, USA).

Statistical analysis

Each experiment was performed at least three times. All data
are expressed as the means+SEM. Statistical analysis was
performed using one-way ANOVA or Student’s #-test with
the SPSS 10.0 statistical software package (SPSS Inc., Chi-
cago, IL, USA), and p-values<0.05 were considered to be
statistically significant.

Results

Suppression of Lyrm1 expression by small interfering RNA

As shown in Fig. 1, cells transfected with lentiviral-Lyrm -
shRNA showed a significantly reduced transcription of Lyrm 1

NC LYRM1RNAi

K,

» .l
LYRM1 RNAi
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Fig. 3 Effects of Lyrml silencing on cellular ATP production. The
transfected 3 T3-L1 preadipocytes were induced to differentiate. On
the 10th day of differentiation, the cellular ATP production was mea-
sured and normalized to the protein concentration. *P<0.05 in com-
parison with the NC adipocytes (n=6)

Fig. 4 Effect of Lyrml
knockdown on mitochondrial
membrane potential. The
transfected 3 T3-L1 preadipo-
cytes were induced to differen-
tiate. On the 10th day of
differentiation, the mature adi-
pocytes were stained with
MitoTracker Red, imaged using
a confocal laser scanning mi-
croscope a, and analyzed with a
FACScan flow cytometer. *P<
0.05 in comparison with the NC
adipocytes (b; n=6)

o

16

fluorescence intensity

mRNA when compared with negative control (NC) cells (P<
0.05). The steady state Lyrm! mRNA level of the lentiviral-
Lyrm1-shRNA-transfected cells was 61% that of the NC cells.

Effect of Lyrm1 knockdown on mtDNA copy number
and mitochondrial morphology

The mtDNA copy number per mitochondria is generally
considered to be constant in most mammalian cell types
(Robin and Wong 1988). Therefore, the mtDNA copy num-
ber is generally considered as an indicator of cellular mito-
chondrial number. Using real-time PCR, we assessed the
effects of Lyrm1 knockdown on mtDNA copy number, and
the results showed that there was no significant difference in
mtDNA copy number between the two groups in this study
(»>0.05). Mitochondrial morphology is closely related to
mitochondrial function and metabolic activity (Brocard et al.
2003). Therefore, we investigated the morphology of the
mitochondria using electron microscopy. As shown in
Fig. 2, the morphology of mitochondrial in Lyrm I knockdown
adipocytes was similar to that of the NC cells. The size and

LYRM1 RNAi

NC LYRM1 RNAi
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Fig. 5 Lyrml knockdown
decreases cellular levels of
reactive oxygen species (ROS)
in adipocytes. The transfected

3 T3-L1 preadipocytes were in-
duced to differentiate as de-
scribed in the Materials and
Methods. On the 10th day of
differentiation, the mature adi-
pocytes stained with the H2-
DCFDA probe were imaged us-
ing a confocal laser scanning
microscope a and the ROS levels
in the adipocytes were deter-
mined using a FACScan flow
cytometer. *P<0.05 in compari-
son with the NC adipocytes

(b; n=6)
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ultrastructure of the mitochondria were not altered after the
Lyrm1 knockdown.

Effects of Lrym1 silencing on cellular ATP production

As shown in Fig. 3, we found that the total ATP production
was dramatically increased in adipocytes transfected with
Lyrml RNAI.

Effects of Lyrm1 knockdown on A¥m

As shown in Fig. 4a and b, the adipocytes that were sub-
jected to Lyrml interference were strongly stained with
MitoTracker Red compared to the NC adipocytes. The
AUm was greatly increased in Lyrml knockdown adipo-
cytes compared with NC adipocytes.

Effects of LyrmI knockdown on cellular ROS and Ucp?2
mRNA levels

As shown in Fig. 5a and b, ROS levels in the Lyrml-

silenced adipocytes were much lower than that in the NC
adipocytes. Lyrml knockdown dramatically decreased the
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Fig. 6 Effects of LyrmI knockdown on Ucp2 mRNA levels. Lyrmi-
shRNA 3 T3-L1 preadipocytes and NC 3 T3-L1 preadipocytes were
induced to differentiate. On the 10th day of differentiation, total RNAs
from 3 T3-L1 cells were extracted as described in the Materials and
Methods. Ucp2 mRNA relative to (3-actin in the 3 T3-L1 adipocytes
was examined by real-time PCR. *P<0.05 in comparison with the NC
adipocytes (n=6)
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ROS levels. Figure 6 shows that the levels of Ucp2 mRNA
in the LyrmI knockdown adipocytes were dramatically in-
creased compared with NC adipocytes.

Discussion

Mitochondria are intracellular organelles with a highly dy-
namic state that generate ATP through oxidative phosphor-
ylation. The efficiency of ATP production reflects the
integrity of mitochondrial function. In mitochondria, ATP
production is coupled to an electron transport system, in
which the pumping of protons from matrix into the inter-
membrane space generates an electrochemical gradient of
protons that consists of a AUm and pH gradient. The
mitochondrial AUm is fundamental for the conversion of
ADP to ATP via ATP synthase (Brown 1992) and a sus-
tained elevation of A¥Um is known to elevate the production
of ROS, a byproduct of the electron transport chain, due to
the continuous generation of superoxide species within mi-
tochondria. High concentrations of ROS due to the imbal-
ance between ROS production and its removal can directly
damage the mitochondrial proteins, DNA and lipids in
membrane components, resulting in mitochondrial dysfunc-
tion (Fridlyand and Philipson 2006). A slight increase in
mitochondrial ROS production would induce the degluta-
thionylation of UCP2. UCP2 belongs to a superfamily of
mitochondrial transporters that uncouple ATP synthesis
from electron transport and thereby their activities, which
subsequently would decrease ROS production (Mailloux
and Harper 2011). Earlier studies (Cao et al. 2010; Qiu et
al. 2009) have demonstrated that LYRMI1, a new candidate
gene for obesity, was expressed at a higher level in obese
subjects than in normal-weight controls, and the overexpres-
sion of Lyrml in mouse adipocytes was shown to induce
mitochondrial dysfunction characterized by abnormal mito-
chondrial morphology, lower ATP content and mitochondri-
al membrane potentials and increased ROS levels. The
levels of insulin-stimulated glucose uptake were decreased.

Accumulated evidence has shown that mitochondrial
dysfunction plays an important role in the pathogenesis of
IR. A previous study (Cao et al. 2010) also showed that the
overexpression of Lyrm/ in adipocytes induced mitochon-
drial dysfunction. Therefore, we further investigated the
effects of the LyrmI knockdown on mitochondrial function
in adipocytes. Our results showed that suppression of Lyrm1
had no obvious effect on the morphology and number of
mitochondria, as there was no obvious difference in both
mtDNA copy number and the ultrastructure of mitochondria
between LyrmI-RNAi adipocytes and NC (negative control)
adipocytes. Furthermore, increased ATP synthesis, elevated
AWm, decreased intracellular ROS production and in-
creased levels of Ucp2 mRNA were observed in Lyrml

knockdown adipocytes. Those observations revealed that
inhibition of Lyrm1 expression affected mitochondrial func-
tion to some extent. The elevated production of ATP may
represent partially improved mitochondrial function, which
may have been induced by the increased A¥m instead of
mitochondrial morphology and copy number.

The level of ROS in the Lyrmi-silenced adipocytes was
significantly lower than in the NC adipocytes. Several pos-
sible reasons could exist for this phenomenon. Firstly, it
may have resulted from the restored mitochondrial function.
Mitochondria have several ROS detoxifying systems, which
maintain the balance between ROS production in and re-
moval from these organelles (Andreyev et al. 2005). Sec-
ondly, a slight increase in mitochondrial ROS production
caused by the improved mitochondrial ATP synthesis would
induce the deglutathionylation of Ucp2 and thereby their
activities, which subsequently would decrease ROS produc-
tion. In addition, LYRMI1 contains a LYR-motif, which is
present in the N-terminal region in several protein sequences
in different species. There are several kinds LYR-motif
(LYRM) proteins in humans. Several studies (Cardol et al.
2004; Ghezzi et al. 2009; Wiedemann et al. 2006; Ye and
Connor 2000) have suggested that the LYR-motif is a sig-
nature for proteins involved Fe-S metabolism. Whether
LYRMI is involved in Fe-S metabolism, electron transfer
and influencing mitochondrial function, remains incom-
pletely understood.

In summary, our results revealed that the Lyrm! knock-
down improved mitochondrial function in mature adipo-
cytes, with elevated A¥m, increased cellular ATP
production and decreased ROS production. This gene may
be a potential target for the treatment of obesity-related
mitochondrial dysfunction. Further studies are needed to
elucidate the underlying function of LYRMI and its mech-
anisms of action in vivo.
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