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Mito chon dria have long been known to par tic i pate in cel lu lar 

energy metab o lism. The con tri bu tion of mito chon dria to reg u la-

tion of cel lu lar aging, apop to sis, and devel op men tal pro cesses 

has recently attracted sig nif  cant atten tion [1–3]. Sev eral recent 

stud ies have exam ined whether mito chon dria play impor tant 

roles in cell pro lif er a tion and dif fer en ti a tion, inde pen dent of their 

role in ATP pro duc tion [4,5]. Decreased num bers of mito chon dria 

or reduc tions in mtDNA tran scrip tion and trans la tion result in 

mito chon drial dys func tion and altered cel lu lar char ac ter is tics, as 

has been observed in var i ous cell types. For exam ple, MIN6 cells 

treated with ethi dium bro mide (EtBr) showed a marked decrease 

in the level of mtDNA and mRNAs tran scribed from it as well as 

impaired insu lin secre tion in response to glu cose [6]. Decreased 

mtDNA copy num ber has also been observed in renal can cer [7] 

and hepa to cel lu lar car ci noma [8]. In addi tion, Lewis [9] showed 

that a mutated poly mer ase gamma causes mtDNA deple tion and 

subsequent mito chon drial oxi da tive stress and car dio my op a thy. 

Fur ther more, sev eral stud ies have estab lished that many severe 

dis eases are induced by rear range ments of the mito chon drial 

genome [10,11]. Those reports high light the need for pre cise reg u-

la tion of mito chon drial activ ity for nor mal cel lu lar phys i ol ogy.

Nuclear recep tors com prise a super fam ily of struc tur ally 

related tran scrip tion fac tors that reg u late a vari ety of cel lu lar pro-

cesses. Recep tors for glu co cor ti coids [12], thy roid hor mones [13], 

and the ret i noid recep tor X alpha (RXRa) [14] have been found in 

mito chon dria. Ret i noid recep tors, ret i noid X recep tor (RXR), and 

ret i noic acid recep tors (RARs) are mem bers of the ste roid/thy roid 

hor mone recep tor super fam ily. They func tion as ligand-depen dent 

tran scrip tion fac tors, and are involved in medi at ing ret i noid effects 

[15,16]. Sev eral stud ies sup port the hypoth e sis that nuclear recep-

tors affect mito chon drial tran scrip tion by directly influ enc ing hor-

mones that reg u late the mito chon drial tran scrip tion machin ery 

[17–20].

In a recent study, we found that RXRa is located not only in 

the nucleus, but also in the mito chon drial frac tion fol low ing ligand 

9-cis RA-treat ment. 9-cis RA sig nif  cantly induces RXRa expres sion 

and trans lo ca tion into mito chon dria. These results prompted us to 

exam ine how RXRa trans lo ca tion into mito chon dria con trib utes to 

mito chon drial activ ity.

Mate ri als and meth ods

Cell cul ture and drug treat ment. Oste o sar coma 143B thy mi dine 

kinase-neg a tive (143B TK-) cells were grown in Dul becco’s mod i-

fed Eagle’s medium (DMEM) sup ple mented with 10% fetal bovine 

serum (FBS), 100 U/ml pen i cil lin, and 100 lg/ml strep to my cin. Cells 

were grown for 3 days at 37 °C in a humid i fed atmo sphere with 

5% CO2 before the start of exper i ments. Cells depleted of mtDNA 

were cre ated using siR NA tar get ing the mito chon drial tran scrip-

tion fac tor A (Tfam) gene, as pre vi ously described [21]. This siR NA 

down-reg u lates mtDNA tran scrip tion and rep li ca tion. 9-cis RA was 
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We pre vi ously reported that 9-cis ret i noic acid (RA) treat ment induced an increase in mito chon drial (mt)DNA 

tran scrip tion. In order to extend these results, we tested var i ous con cen tra tions of 9-cis RA were used to treat 

143B cells. Cells with low mem brane potential treated with 9-cis RA showed sig nif  cantly lower amounts of 

RXRa in mito chon dria. We also found lower RXRa lev els in mtDNA-depleted cells. Treat ing cells with 9-cis RA 

sig nif  cantly increased expres sion of ND1, ND6, and COX I RNA. How ever, 9-cis RA-treat ment did not appear 

to induce any sig nif  cant changes in mtDNA copy num ber or mito chon drial mass. This study rep re sents that 

9-cis RA increases mtDNA tran scrip tion but not mtDNA rep li ca tion, and it sug gests that the effects of 9-cis 

RA on mito chon dria are med i ated by RXR local i za tion to mito chon dria. In addi tion, this is the frst report that 

9-cis RA reg u la tion of RXR mito chon drial trans lo ca tion depends on mito chon drial mem brane potential and 

ATP.
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pur chased from Sigma-Aldrich (St. Louis, MO, USA) and dis solved 

in EtOH accord ing to the lit er a ture and the man u fac turer’s instruc-

tions. Cells were seeded in 96-well cul ture plates with var i ous con-

cen tra tions of 9-cis RA. Con trol cells were cul tured in an equiv a lent 

con cen tra tion of car rier (0.1% EtOH), and no sig nif  cant dif fer ence 

was found between cells grown in medium with or with out the 

car rier.

Deter mi na tion of mtDNA copy num ber and mito chon drial mass. 

Lev els of mtDNA were deter mined by ampli f ca tion of the ND1 

gene (59-GGAGTAATCCAGGTCGGT-39 and 59-TGGGTACAAT GA 

G GAG TAGG-39) and the GAP DH gene (59-AT CAAGAAGGTGGTGAAGC 

-39 and 59-CTGTAGCCAAATTCGTTGTC-39); the lat ter served as the 

inter nal stan dard. The poly mer ase chain reac tion (PCR) ampli f ca-

tion pro fle was as fol lows: 1 cycle of 94 °C for 10 min; 35 cycles of 

94 °C for 1 s, 62 °C for 5 s, and 72 °C for 10 s; and 1 cycle of 65 °C for 

15 s, fol lowed by stor age at 4 °C. A Light Cycler PCR machine (Roche 

Diag nos tics, Mann heim, Ger many) was used to per form quan ti ta-

tive PCR. The DNA con tent of the ND1 gene was nor mal ized to that 

of the GAP DH gene to cal cu late the copy num ber of mtDNA.

Mito chon drial mass was mea sured using the fluo res cent dye 

no nyl acri dine orange (NAO) (Molec u lar Probes, Eugene, OR), 

which binds to car di o lipin in the mito chon drial inner mem brane 

and which accu mu lates in mito chon dria regard less of the mito-

chon drial mem brane potential. Cells grown to 70–80% con flu ence 

were tryp sin i zed and resus pended in 0.5 ml of phos phate-buf fered 

saline (PBS, pH 7.4) con tain ing 0.5 lM NAO. After incu ba tion for 

15 min at 25 °C in the dark, cells were imme di ately trans ferred to 

a tube for anal y sis in a FACS Cal i bur sys tem (BD Bio sci ences, San 

Jose, CA, USA). The exci ta tion wave length was set at 488 nm and 

the inten sity of emit ted fluo res cence of a total of 10,000 cells at 

525 nm was recorded. Data acqui si tion and anal y sis were per-

formed using Cell Quest Pro Soft ware.

RNA extrac tion and real-time reverse-tran scrip tion (RT)-PCR anal-

y sis. Total RNA was extracted from cells with the Tri zol reagent 

accord ing to the man u fac turer’s instruc tions (Invit ro gen, Carls bad, 

CA, USA). Five micro grams of total RNA was reverse-tran scribed 

into cDNA using oligo (dT)18 (Pro tech Tech nol ogy, Tai pei, Tai wan) 

as a primer and MMLV reverse trans crip tase (Epi cen tre Bio tech-

nol ogy, Mad i son, WI, USA). The cDNA tem plate (5 ll) was sub se-

quently used to amplify the dif fer ent mRNAs. A Light Cycler PCR 

machine (Roche Diag nos tics) was used to per form the real-time 

PCR. PCR con di tions were 94 °C for 5 min, fol lowed by 45 cycles of 

94 °C for 10 s, 60 °C for 5 s, and 72 °C for 8 s. Prim ers were designed 

using Primer Express (Applied Bio sys tems). Sequences of the 

oli go nu cleo tide prim ers used in this study were: NADH dehy-

dro ge nase sub unit 1 (ND1) (for ward, CCCAACCCTCTCCCTT ACA; 

reverse, ATT TGAGGCTCATCCCG), ND6 (for ward, CCAGC CAC CAC 

TATC ATTC; reverse, GAG TTGGTAGTGTTCTACTTGT), and glyc er al-

de hyde 3-phos phate dehy dro ge nase (GAP DH) (for ward, GA GA 

GGCAATGAAAAGGTA; reverse, ACA TTGTTGCATCAGCTCAGGTCT).

Western blot anal y sis. Total pro tein was extracted from 

 har vested cells using lysis buffer (25 mM Tris-phos phate, pH 7.8, 

2 mM DTT, 10% glyc erol, and 1% Tri ton X-100) with pro te ase inhib-

i tors. The cell lysate was cleared of cell debris by cen tri fu ga tion at 

10,000g for 5 min. The pro tein con cen tra tion was mea sured using 

a BCA pro tein assay kit (Pierce, Rock ford, IL, USA). Pro teins were 

resolved on SDS–poly acryl amide gels, and were then trans ferred 

onto a poly vi nyl i dene difluo ride (PVDF) mem brane (Amersham 

Pharmacia, Pis cat a way, NJ, USA). Mem branes were blocked for 1 h 

at 4 °C with 10% skim milk in TBST buffer (1 M Tris–HCl, 100 mM 

NaCl, and 1% Tween-20). Blots were probed with mono clo nal anti-

bod ies (mAbs) against COX I (Molec u lar Probes, Eugene, OR, USA) 

and a poly clonal anti body against GAP DH. Blots were then incu-

bated with the appro pri ate horse rad ish per ox i dase-con ju gated 

anti-immu no glob u lin G (IgG) anti body. Anti body-bound pro tein 

was detected using the Western blot ting chemi lu mi nes cence 

lumi nol reagent (Santa Cruz, Santa Cruz, CA, USA) and expo sure 

to flm.

Results

9-cis RA induces RXRa expres sion and trans lo ca tion into the 

mito chon dria

To deter mine whether 9-cis RA-treat ment increases RXRa 

expres sion and induces its trans lo ca tion into mito chon dria, lev els 

of RXRa in total cel lu lar and mito chon drial frac tions was deter-

mined. 143B TK- cells were treated with 2, 5, or 10 lM 9-cis RA, 

and the RXRa expres sion was deter mined. We detected ele vated 

RXRa expres sion in cells treated with all three of these 9-cis RA 

con cen tra tions. Sig nif  cantly increased RXRa expres sion was also 

observed in the mito chon drial frac tion of cells treated with 9-cis 

RA, regard less of the con cen tra tion (Fig. 1A).

RXRa trans lo ca tion into mito chon dria depends on mito chon drial 

mem brane potential

To char ac ter ize whether the mito chon drial mem brane potential 

affects 9-cis RA-induced RXRa trans lo ca tion into mito chon-

dria, RXRa lev els in car bonyl cya nide m-chlo ro phenylhyd raz one 

(CCCP)-treated cells and mtDNA-depleted cells were deter mined. 

CCCP is an uncou pling reagent used to decrease the mito chon drial 

mem brane potential. The mtDNA-depleted cells were cre ated by 

decreas ing mtDNA tran scrip tion and rep li ca tion through siR NA 

knock down of the Tfam gene. Sig nif  cantly decreased mito chon-

drial mem brane potential and ATP pro duc tion were observed 

in both the CCCP-treated and the mtDNA-depleted cells (Table 

1). Cells treated with 10 lM 9-cis RA together with 50 lM CCCP 

showed sig nif  cantly decreased RXRa trans lo ca tion into the mito-

chon dria. Cells depleted of mtDNA, which con tained 22 ± 18% of 

the nor mal amount of mtDNA, were also treated with 10 lM 9-cis-

RA and showed reduced RXRa expres sion (Fig. 1B).

Fig. 1. 9-cis ret i noic acid (RA) induces ret i noid X recep tor (RXR)a expres sion. (A) 

143B TK- cells were treated with 2, 5, or 10 lM 9-cis RA for 24 h. Lev els of RXRa 

in the total cel lu lar and mito chon drial frac tion were deter mined. mRXR, RXRa in 

the mito chon drial frac tion; C, con trol. (B) Ret i noid X recep tor (RXR)a trans lo ca tion 

into mito chon dria. Lev els of RXRa were deter mined in the mito chon drial frac tion of 

cells that had been incu bated with 10 lM 9-cis ret i noic acid (RA) for 24 h; RA+CCCP, 

cells treated with 10 lM 9-cis RA and 50 lM CCCP; RA+q¡, mtDNA-depleted cells 

treated with 10 lM 9-cis RA.
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RXRa trans lo ca tion into mito chon dria does not affect mtDNA or 

mito chon drion rep li ca tion

To deter mine whether RXRa trans lo ca tion into mito chon dria 

affects mtDNA or mito chon drial bio gen e sis, the mtDNA copy num-

ber and mito chon drial mass were deter mined. Cells depleted of 

mtDNA had 22 ± 18% mtDNA of con trol cells. No sig nif  cant dif fer-

ences in the mtDNA copy num ber (Fig. 2A) or mito chon drial mass 

(Fig. 2B) were observed fol low ing 9-cis RA-treat ment.

Increased mtDNA tran scrip tion and trans la tion are induced by RXRa 

located in mito chon dria

To deter mine whether RXRa trans lo ca tion into mito chon-

dria affects mtDNA tran scrip tion or trans la tion, RNA and pro tein 

expres sion of mtDNA-encoded genes were deter mined. Sig nif -

cantly increased expres sion of ND1 and ND6 RNA was observed at 

all three con cen tra tions of 9-cis RA-treat ment (Fig. 3A). In addi-

tion, 9-cis RA-induced an increase in COX I pro tein expres sion (Fig. 

3B), but this effect was not observed in CCCP-treated or mtDNA-

depleted cells (Fig. 3C).

Dis cus sion

The pres ent study found that 9-cis RA increases RXRa expres-

sion in 143B cells. Impor tantly, RXRa was ele vated in the mito-

chon drial frac tion (Fig. 1A). A trun cated form of RXRa located in 

the mito chon drial matrix has been reported [22], and Ca sas et al. 

[14] iden ti fed a 44-kDa trun cated form of RXRa that is cleaved by 

a mito chon drial cal pain-like activ ity and trans lo cates into mito-

chon dria. Both RXRa and TR3 trans lo ca tion into mito chon dria 

were observed in MGC80-3 gas tric can cer cells stim u lated by 9-cis 

RA [23]. All of these results indi cate that RXRa trans lo ca tion into 

Table 1

Cel lu lar char ac ter is tics and mito chon drial func tions of the cells stud ied.

Cellsa mtDNAb,e Growthc  

rate

Mor phol ogyd Mem branee 

potential

ATPe  

pro duc tion

143B 100 +++ R 100 100

mtDNA- 

depleted cells

22 ± 18* ++ S 32 ± 14* 42 ± 16*

CCCP-treated 

cells

104 ± 21 + S 12 ± 11* 8 ± 5*

 a 143B, 143B thy mi dine kinase-neg a tive cells; mtDNA-depleted cells, cells with 

low copy num ber of mtDNA pro duced through siR NA treat ment; CCCP-treated 

cells, cells with low mem brane potential caused by CCCP treat ment.
 b The mtDNA copy num ber was deter mined by real-time PCR anal y sis.
 c +++, the growth rate is the same as the wild-type; ++, <60% of the wild-type; +, 

<30% of the wild-type.
 d R, rhom bus-like; S, spindle-like.
 e mtDNA copy num ber, mem brane potential, and ATP pro duc tion are expressed 

as a per cent age of to the val ues of non-treated con trol 143B cells. Data are expressed 

as means ± SD of three sep a rate exper i ments.
 * p < 0.05, sig nif  cantly dif fer ent from con trol cells.

Fig. 2. Deter mi na tion of the mito chon drial (mt)DNA copy num ber and mito chon drial mass. The mtDNA copy num ber and mito chon drial mass were deter mined from cells 

incu bated with 10 lM 9-cis ret i noic acid (RA) for 24 h; RA+CCCP, cells treated with 10 lM 9-cis RA and 50 lM CCCP; RA+q¡, mtDNA-depleted cells treated with 10 lM 9-cis 

RA. *p < 0.05, sig nif  cantly dif fer ent from con trol cells.

Fig. 3. Expres sion lev els of mito chon drial (mt)RNA and pro tein. (A) Cells were 

treated with 2, 5, or 10 lM 9-cis ret i noic acid (RA) for 48 h. ND1 and ND6 gene 

expres sion was deter mined using real-time RT-PCR anal y sis. (B) Pro tein lev els of 

COX I were deter mined from cells treated with 2, 5, or 10 lM 9-cis RA for 48 h. (C) 

Pro tein lev els of COX I were deter mined from cells incu bated with 10 lM 9-cis RA for 

24 h; RA+CCCP, cells treated with 10 lM 9-cis RA and 50 lM CCCP; RA+q¡, mtDNA-

depleted cells treated with 10 lM 9-cis-RA. Data are expressed as means ± SD of 

three sep a rate exper i ments. *p < 0.05, sig nif  cantly dif fer ent from con trol cells.
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mito chon dria depends on 9-cis RA, which is con sis tent with the 

results of our study.

To eval u ate whether RXRa trans lo ca tion stim u lated by 9-cis RA 

depends on mito chon drial mem brane potential, cells were treated 

with 9-cis RA in com bi na tion with CCCP, or they were treated with 

9-cis RA in con junc tion with mtDNA deple tion using siR NA. In 

cells co-treated with 9-cis RA and CCCP, RXRa trans lo ca tion into 

mito chon dria was sig nif  cantly decreased (Fig. 1B). CCCP is a mito-

chon drial uncou pler and is used to dis si pate the mito chon drial 

mem brane potential [24,25]. Loss of mito chon drial mem brane 

potential fol low ing CCCP treat ment pre vented the trans lo ca tion 

of RXRa into the mito chon dria fol low ing treat ment with 9-cis 

RA. Reduced RXRa trans lo ca tion was also observed in mtDNA-

depleted cells treated with 9-cis RA. Using car bon ylcy a nide p-trif-

luoromethoxyphenylhyd raz one (FCCP), how ever, a pre vi ous study 

found that this uncou pling agent did not affect mito chon drial 

import of RXRa [14]. The high dose of CCCP and long incu ba tion 

time used in this study may explain why our results dif fer from 

those of the pre vi ous work.

We observed sig nif  cantly decreased RXRa mito chon drial 

trans lo ca tion in mtDNA-depleted cells. These cells con tained less 

than 25% of the original mtDNA con tent, and their ATP pro duc tion 

was com pro mised as a result of dys func tional mito chon dria (Table 

1). In fact, the reduced ATP pro duc tion appears to have dis rupted 

RXRa trans lo ca tion in the pres ent study. Con sis tent with our fnd-

ings, Lin et al. [23] dem on strated that shut tling of RXRa is energy- 

and ligand-depen dent.

Sev eral exper i ments in var i ous sys tems have sug gested the 

pres ence of nuclear recep tors in mito chon dria that reg u late mito-

chon drial tran scrip tion. For exam ple, glu co cor ti coid hor mone 

recep tors have been found to local ize to mito chon dria and to 

mod u late mito chon drial gene tran scrip tion in Hela cells [26] and 

in skel e tal muscle [17]. In MCF7 cells, ERa and ERb trans lo cated 

into mito chon dria and increased tran scrip tion of mtDNA-encoded 

genes was reported [18]. In addi tion, Ca sas et al. also pro vided con-

vinc ing evi dence that over ex pres sion of the T3 recep tor stim u lates 

mito chon drial bio gen e sis in vitro [19] and in vivo [27].

In agree ment with pre vi ous work, we dem on strated that 9-cis 

RA induces RXRa trans lo ca tion into mito chon dria and increases 

lev els of mtDNA tran scrip tion and trans la tion. How ever, this trans-

lo ca tion of RXRa did not affect mtDNA con tent or mito chon drial 

bio gen e sis, since we found no sig nif  cant changes in mtDNA copy 

num ber or mito chon drial mass in the pres ent study. These exper-

i men tal data pro vide con vinc ing evi dence that 9-cis RA increases 

mtDNA tran scrip tion but not mtDNA rep li ca tion, which sug gests 

that RXR mito chon drial local i za tion, medi ates the effects of 9-cis 

RA on mito chon dria. Fur ther more, to our knowl edge, this is the 

frst report indi cat ing that trans lo ca tion of RXR into mito chon dria 

depends on ATP and on mito chon drial mem brane potential.
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