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Abstract 
Retinoic acid (RA) stimulated the production of erythropoietin (Epo) in a human hepatoma cell line, HepG2 cells. The stimulation was due to 

the accumulation of Epo mRNA. The Epo production in HepG2 cells was also dependent on O2 tension for cell culture but the enhancement of Epo 
production by RA was independent of O2 tension, indicating that RA exerts its effect through a pathway different from 0,. Oral administration of 
RA to the vitamin A-depleted rats elevated the concentration of Epo in serum. These results suggest that RA up-regulates EPO production in vivo 
as well as in vitro. 
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1. Introduction 

Epo is a major physiological regulator of erythropoi- 
esis [I ,2]. In the fetus, the primary site of Epo production 
is the liver [3] and is replaced by the kidney in adults [4]. 
Hypoxia induces Epo production by increase of Epo 
mRNA [5-lo]. The c&acting sequences of the Epo gene 
responsible for hypoxic induction were identified in a 
promoter region and in a 3’-flanking region [I l-171. 

RA, a derivative of vitamin A, exerts a wide variety of 
effects on vertebrate development, cellular differentia- 
tion and homeostasis. Most effects of RA are caused by 
the transcriptional control of the target genes, which is 
mediated by two classes of nuclear receptors, retinoic 
acid receptors (RAR-a, RAR-p and RAR-y) and reti- 
noid X receptors (RXR-a, RXR-p and RXR-y) [18]. 
RARs and RXRs are members of the steroid/thyroid 
receptor superfamily, and function as ligand-dependent 
transcription factors by binding with the specific re- 
sponse elements of the target genes. Homo- and heterod- 
imers of RARs and RXRs recognize direct repeats of the 
core motif (AGGTCA or its closely related motifs) with 
one, two or five nucleotide space (DR-1, DR-2 and DR- 
5, respectively) [19-231. 
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Abbreviations: Epo, erythropoietin; RA, retinoic acid; FCS, fetal calf 
serum; PBS, 10 mM phosphate-buffered saline, pH 7.2; EIA, enzyme- 
linked immunoassay; MoAb, monoclonal antibody; RT-PCR, reverse 
transcription-polymerase chain reaction. 

Although the sequence homologous to DR-2 is present 
in the 3’-enhancer region of Epo gene and the nuclear 
extract of Epo-producing cells contains a protein(s) 
bound to the DR-2 sequence [ 11,121, there is no reports 
showing that RA regulates Epo production. In this 
paper, we have examined the effect of RA on Epo pro- 
duction using human hepatoma cells (HepG2) cultured 
in the retinoid-depleted FCS and vitamin A-depleted 
rats. 

2. Materials and methods 

2.1. Cell culture and others 
HepG2 cells were cultured at 37°C in the minimum essential medium 

supplemented with 10% FCS (M. A. Bioproducts, Walkersville, MD) 
at 2 1% 0*/S% CO,/balance N2 gas in a controlled atmosphere chamber 
(Napco Scientific Co., Tualatin, OR). Retinoid-depleted FCS was pre- 
pared by treatment with charcoal [24]. To deplete intracellular reti- 
noids, after the cells were cultured in the retinoid-depleted FCS for 
three days, the cells were replated at 2 x lo4 cells/cm* and cultured for 
another two days. Experiments were started by the cell culture at 21% 
O2 at 1% 0, in the fresh RA-depleted FCS added at indicated concen- 
trations of RA. All-trans RA, retinol, retinal, and a- or/3-carotene were 
dissolved in ethanol and diluted with the medium ( < 0.1% final ethanol 
contents). To measure the cellular protein, the cells were washed with 
PBS, incubated in 1 ml of 0.1 M HCI for 1 min and then lysed with 
1 ml of 1 M NaOH. Protein in the lysates was determined with commer- 
cial kits (Protein Assay; Bio-Rad Laboratories, Richmond, CA). 

2.2. De novo synthesis of protein and RNA 
The cells precultured to deplete RA in 6-well dishes were incubated 

at 21% 0, or 1% O2 in the RA-depleted FCS containing RA at 0, I, 
and 100 nM. After incubation for 4 h. 50 uCi of l”Slmethionine/ 
[?S]cysteine mixture or [‘Hluridine was added and the ceils were cul- 
tured for 20 h. Incorporation of the radioactive precursors into the 
trichloroacetic acid-soluble fraction was determined. The background 
was assessed by concurrent addition of inhibitors (10 pg/ml of cyclo- 
heximide for protein synthesis or 5 &ml of actinomycin D for RNA 
synthesis). 
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2.3. Sandwich-type enzyme immunoassay of Epo 
We have described a sandwich-type EIA for Epo measurement using 

two MoAb (R2 and R6) that bind Epo at different epitopes [25,26]. 
To measure small amounts of Epo, this EIA was further improved. To 
the 96 well-microtiter plates was added 100 ,~l of the R6 solution (10 
mg/ml in 50 mM sodium carbonate buffer, pH 9.6). After a 2-h incuba- 
tion, the unfixed MoAb was washed with washing buffer (PBS contain- 
ing 0.05% Tween 20 and 0.02% NaN,). To each well was added 100 ,~l 
of the standard recombinant human Epo [27] or sample containing 
0.05% Tween 20 and 1 mM EDTA and the plates were incubated for 
2 h. After washing, 100 ~1 of alkaline phosphatase-linked R2 (0.5 ,q/ml 
in washing buffer) was added and incubated for 2 h to form ternary 
complexes (fixed R6. Epo. R2 linked with alkaline phosphatase). After 
washing, the activity of phosphatase trapped in the microtiter wells was 
measured calorimetrically using coupled enzymes as follows. In this 
method, NADP is dephosphorylated by alkaline phosphatase and the 
resulting NAD is amplified by coupling enzymes, alcohol dehydroge- 
nase and diaphorase. To the washed well was added 100 ,~l of 0.1 M 
diethanolamine buffer, pH 9.5, containing 0.4 M NADP, 2 mM MgCI,, 
and 0.02% NaN,. After incubation for 20 min was added 200 ,uI of the 
enzyme solution containing 0.2 mg/ml alcohol dehydrogenase, 1.6 unit/ 
ml diaphorase, 56 mg/ml ethanol and 350 mg/ml INT violet. The reac- 
tions for amplification were stopped with 50 ~1 of 0.4 M HCl and the 
produced formazan was determined by measuring the absorbency at 
492 nm with an EIA reader. This improved assay measures Epo as low 
as 1 pg/ml. 

2.4. Competitive RT-PCR for Epo transcripts 
To estimate Epo mRNA, the competitive RT-PCR was used [28]. 

Total RNA was prepared by the acid guanidinium isothiocyanate/ 
phenol/chloroform method 1291. Five micrograms of the denatured 
RNA was reverse-transcribed using the Epo-antisense primer (Epo-B; 
5’-AGATGTCATTGCTGGCACTGGAGTGTCCAT-3’) (see Fia. 
3A) [30]. The transcribed Epo cDNA was co-amplified by PCR in the 
presence of various amounts of genomic Epo DNA as a competitor. 
The primers used for amplification were Epo-A, S-GTCGGGCAG- 
CAGGCCGTAGAAGTCTGGCAG-3’ and Epo-B (see Fig. 3A). 
Each of 60 cycles of PCR consisted of incubation for I min at 94°C for 
denaturation, for 2 min at 62°C for annealing, and for 3 min at 72°C 
for elongation. The amplified DNA was fractionated with electrophore- 
sis, stained with ethidium bromide, and analyzed densitometrically. 

3. Results and discussion 

3.1. Effect of RA on Epo production in HepG2 cells 
The presence of retinoids in the intracellular pool and 

in the serum used for cell culture makes it difficult to 
evaluate effect of the exogenous RA on cultured cells. 
We stripped retinoids from FCS with charcoal, and 
precultured the cells in the medium containing retinoid- 
depleted FCS to remove intracellular retinoids before the 
start of the experiment. Fig. 1 shows the Epo production 
in HepG2 cells cultured for 48 h in the untreated or 
retinoid-depleted FCS at 21% 0,. The cells cultured in 
the untreated FCS produced 78 + 6 nglg protein 
(13.3 f 2.2 pg/ml in the medium) and the addition of RA 
at 10 nM slightly stimulated Epo production (1.3-fold 
stimulation). When the cells were cultured in the reti- 
noid-depleted FCS, the production was low but there 
was a distinct stimulation (3-fold enhancement) of Epo 
production by RA. The Epo production in the retinoid- 
depleted FCS plus RA was comparable to that in the 
untreated FCS plus RA. There was no significant differ- 
ence in the total de novo protein synthesis with or with- 
out RA (data not shown). Therefore, the stimulation of 
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Fig. 1. RA stimulates Epo production in HepG2 cells. HepG2 cells were 
cultured in the untreated FCS (shaded columns) or RA-depleted FCS 
(white columns) (see section 2 of preparation of RA-depleted cells) at 
21% 0,. Then the cells were cultured in 6-well dishes with or without 
IO nM RA for 48 h. Epo in the culture media and cellular protein were 
determined. Each value is the mean f S.D. in triplicate cultures. 

Epo production by RA is not due to the activation of 
total protein synthesis in the cells. 

Hypoxia is a major inducer of Epo production and the 
3’ enhancer region required for the hypoxic induction 
contains a putative RA-responsive element [l 11. To test 
whether the signal pathway for the stimulation of Epo 
production by RA interacts with that for the induction 
by hypoxia, we compared the effect of RA on Epo pro- 
duction in HepG2 cells at different 0, tensions (21% O2 
and 1% 0,). RA stimulated the Epo production under 
1% 0, as well as 21% 0, (Fig. 2) and the extents of 
induction at different RA concentrations were similar 
under both O2 tensions (Fig. 2, inset). It thus appears 
that RA stimulates Epo production through the pathway 
independent of the hypoxic induction. 

The stimulation of Epo production was detectable at 
0.1 nM RA (P < 0.01) and the maximum enhancement 
was 3-fold (Fig. 2). The concentration (ED,,) of RA 
required for half the maximal effect was 0.7 nM (Fig. 2, 
inset). Retinol and retinal also stimulated Epo produc- 
tion but they were less potent than RA; ED,, values for 
retinol and retinal were 17.8 and 6.3 nM, respectively. 
The effect of retinol and retinal probably results from 
conversion of these retinoids to RA. There was no stim- 
ulation of Epo production by a- or p-carotene. 

3.2. Effect of RA on Epo mRNA contents in HepG2 cells 
Most effects of RA are due to transcriptional control 

of the target genes [18]. We examined the effect of RA 
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Fig. 2. Enhancement of Epo production by RA in HepG2 cells cultured 
under different 0, tensions. After preculture of HepG2 cells to deplete 
RA as described in section 2, the cells were cultured in 6-well dishes in 
the RA-depleted FCS added at the indicated concentrations of RA at 
21% O2 (white bars) or 1% 0, (hatched bars) for 24 h. Epo in the culture 
media and cellular protein were determined. Each value is the 
mean f S.D. in triplicate cultures. In the inset, the amount of Epo 
produced in the cells cultured without RA under each O2 tension is 
defined as 100% and each enhancement of Epo production by RA is 
represented in percent (0, 21% 0,; A, 1% 0,). 

on the Epo mRNA contents by the competitive RT-PCR 
(Fig. 3A). Epo mRNA in the total RNA preparation was 
reverse-transcribed to Epo cDNA. Epo cDNA was am- 
plified by PCR in the presence of various amounts of a 
competitor DNA, the genomic DNA fragment of Epo. 
The amplification yields the DNA fragments with 485 bp 
and 619 bp from Epo cDNA and Epo genomic DNA, 
respectively. The relative intensity of these two amplified 
products depends on the concentration ratios of Epo 
cDNA and Epo genomic DNA in the reaction mixtures 
for amplification, which allows the estimation of Epo 
cDNA. When total RNA was prepared from the cells 
cultured in the presence of 100 nM RA at 1% 02, the 
specific band for Epo cDNA (485 bp) was detected and 
the content of Epo cDNA in the reaction mixture was 
estimated to be 5.0 + 0.2 pg (n = 3; Fig. 3B). When the 
total RNA was prepared from the cells cultured without 
RA, the Epo cDNA content was almost the lower limit 
of detection (1 pg) (data not shown) . These results indi- 
cate that RA stimulates Epo production through accu- 
mulation of Epo mRNA. There was no significant differ- 
ence in the total RNA synthesis in the cells cultured with 
or without RA (data not shown), indicating that RA 
accumulated Epo mRNA in a specific manner. 

The DR-2 sequence (a RA-responsive element) is pres- 
ent in the 3’ flanking region of Epo gene [ 1 l-l 3,16,17]. 
Epo-producing cells express a protein(s) that binds to 

this sequence [11,12]. It is thus likely that the accumula- 
tion of Epo mRNA by RA is caused by the transcrip- 
tional activation of Epo gene due to the interaction of 
RA receptors to the DR-2 sequence, although the possi- 
bility that RA accumulates Epo mRNA through elonga- 
tion of its lifetime has not been excluded. However, Blan- 
chard et al. [l l] have shown that the transient expression 
of the reporter gene linked to the 3’ enhancer region 
containing the DR-2 sequence does not respond to RA 
in Hep3B cells. The inconsistency with our results needs 
to be investigated further. It is noted that during prepa- 
ration of this paper, Fandrey et al. [32] have shown 
thyroid hormone-induced stimulation of Epo production 
in HepG2 cells and isolated perfused rat kidneys. 

3.3. Effect of RA on serum Epo concentrations in vitamin 
A-depleted rats 

To know the in vivo effect of RA on Epo production, 
vitamin A-depleted rats were used, because the retinoid 
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Fig. 3. Effect of RA on Epo mRNA contents in HepG2 cells. 
(A) Schematic drawing for a competitive RT-PCR. A horizontal col- 
umn represents a part of the human Epo genomic DNA. Horizontal 
arrows show sense (Epo-A) and antisense (Epo-B) primers. Represent- 
ing nucleotide numbers are based on the reference 30. Epo genomic 
DNA and Epo cDNA were amplified to yield 619 bp and 485 bp 
fragments, respectively. (B) After preculture of the cells to deplete RA 
as described in section 2, the cells were cultured in 100-mm dishes in 
RA-depleted FCS containing 100 nM RA for 24 h at 1% 0,. The 
indicated amount of Epo genomic DNA was added in each PCR reac- 
tion as a competitor. Ratios of the two bands (619 bp of Epo genomic 
DNA/485 bp of Epo cDNA) are presented in each lane. Each photo- 
graph shows representative data in triplicate cultures. 
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Fig. 4. RA elevates the serum Epo concentration in vitamin-A depleted 

rats. Vitamin A-depleted rats were prepared [3 11. Male weaning rats of 

the Wistar strain (3-week-old) were depleted of endogenous retinoids 

by feeding them on a vitamin A-deficient diet, in which the other 

nutrients were sufficient to support normal growth based on the AIN- 

76 diet. After 30 days of depletion, these vitamin A-depleted rats were 

given intragastrically 100 fig RA in 0.2 ml soybean oil (dark-shaded 

columns) or 0.2 ml soybean oil alone (a white column), and were 

sacrificed after 4 h or 24 h. Epo in the sera was assayed. Four rats were 

used for the 24 h experiment and six rats were used for the 4 h experi- 

ments. Each value represents the mean f SD. The asterisk represents 

significant difference from the vitamin A-depleted rats given soybean 

oil alone (P < 0.01). 

pool in the normal rats interferes with the examination 
of the effect of RA. After the breeding of rats with a 
vitamin A-deficient diet, RA was given intragastrically. 
The Epo concentration in rat serum increased (P c 0.01) 
4 h after RA administration, and returned to the original 
level within 24 h when exogenous RA was almost com- 
pletely catabolized (Fig. 4). These findings suggest that 
RA stimulates Epo production in Epo-producing cells in 
vivo. The RA-induced increase in serum Epo, however, 
was too small and our attempt to find whether RA ele- 
vated Epo mRNA in kidney or liver was unsuccessful. 
We could identify Epo mRNA in these tissues but the 
RA-induced changes in its level were within experimental 
error. Although hypoxia is a signal that can stimulate 
Epo production most intensively, RA may play an im- 
portant role in the maintenance of an Epo level appropri- 
ate to the day-to-day production of red blood cells under 
normal, steady-state conditions. 

Epo has been thought to exclusively act on erythroid 
cells in vivo but there is growing evidence that neurons 
respond to Epo [33,34]. A novel site for Epo production 
in brain has been found [35,36]; astrocytes produce Epo 
[36]. It is of interest whether RA stimulates brain Epo 
production, which is in progress using cloned astrocytes. 

References 

Ill 
PI 
I31 

I41 

[51 
PI 

[71 

PI 

[91 

I101 

[111 

WI 

u31 

[I41 

u51 

U61 

1171 
[I81 

u91 

PO1 

Pll 

Pa 

~31 

~41 

~51 

WI 

~71 

P81 

~291 

[301 

Krantz, S.B. (1991) Blood 77, 419434. 

Jelkmann, W. (1992) 72, 449-489. 

Zanjani, E.D., Poster, J., Burlington, H., Mann, L.I. and Wasser- 

man, L.R. (1977) J. Lab. Clin. Med. 89, 640-644. 

Jacobson, L.O., Goldwasser, E., Fried, W. and Plzak, L. (1957) 

Nature 179, 633-634. 

Bondurant, M.C. and Koury, M.J. (1986) Mol. Cell. Biol. 6,273l. 

Beru, N., McDonald, J., Lacombe, C. and Goldwasser, E. (1986) 
Mol. Cell. Biol. 6, 2571-2575. 

Schuster, S.J., Wilson, J.H., Erslev, A.J. and Caro, J. (1987) Blood 
70, 316318. 

Goldberg, M.A., Glass, G.A., Cunningham, J.M. and Bunn, H.F. 

(1987) Proc. Natl. Acad. Sci. USA 84, 7972-7976. 

Goldberg, M.A., Gaut, C.C. and Bunn, H.F. (1991) Blood 77, 
271-277. 

Goldberg, M.A., Dunning, S.P. and Bunn, H.F. (1988) Science 
242, 1412-1415. 

Blanchard, K.L., Acquaviva, A.M., Galson, D.L. and Bunn, H.F. 

(1992) Mol. Cell. Biol. 12, 5373-5385. 

Semenza, G.L. and Wang, G.L. (1992) Mol. Cell. Biol. 12, 5447- 
5454. 

Pugh, C.W., Tan, C.C., Jones, R.W. and Ratcliffe, P.J. (1991) 

Proc. Natl. Acad. Sci. USA 88, 10553-10557. 

Imagawa, S., Goldberg, M.A., Doweiko, J. and Bunn, H.F. (1991) 

Blood 77, 278-285. 

Tsuchiya, T., Ueda, M., Ochiai, H., Imajoh-Ohmi, S. and Kane- 

gasaki, S. (1993) J. Biochem. 113, 395400. 

Madan, A. and Curtin, P.T. (1993) Proc. Natl. Acad. Sci. USA 90, 

3928-3932. 

Beck, I., Weinmann, R. and Caro, J. (1993) Blood 82, 704-711. 

Leid, M., Kastner, P. and Chambon, P. (1992) Trends Biochem. 

Sci. 17, 427433. 

Umesono, K., Murakami, K.K., Thompson, CC. and Evans, 

R.M. (1991) Cell 65, 1255-1266. 

Naar, A.M., Boutin, J.-M., Lipkin, S.M., Yu, V.C., Holloway, 

J.M., Glass, C.K. and Rosenfeld, M.G. (1991) Cell 65, 1267-1279. 

Vivanco Ruiz, M.D.M., Bugge, T.H., Hirschmann, P. and Stun- 

nenberg, H.G. (1991) EMBO J. 10, 382993838. 

Smith, W.C., Nakshatri, H., Leroy, P., Rees, J. and Chambon, P. 

(1991) EMBO J. 10, 2223-2230. 

Kliewer, S.A., Umesono, K., Heyman, R.A., Mangelsdorf, D.J., 

Dyck, J.A. and Evans, R.M. (1992) Proc. Natl. Acad. Sci. USA 

89, 1448-1452. 

Dierich, A., Gaub, M.-P., LePennec, J.-P., Astinotti, D. and 

Chambon, P. (1987) EMBO J. 6, 2305-2312. 

Goto, M., Murakami, A., Akai, K., Kawanishi, G., Ueda, M., 

Chiba, H. and Sasaki, R. (1989) Blood 74, 1415-1423. 

Okano, M., Ohnota, H. and Sasaki, R. (1992) J. Nutr. 122, 1376- 

1383. 
Goto, M., Akai, K., Murakami, A., Hashimoto, C., Rsuda, E., 

Ueda, M., Kawanishi, G., Takahashi, N., Ishimoto, A., Chiba, H. 

and Sasaki, R. (1988) Bio/Technology 6, 67-71. 

Imagawa, S., Izumi, T. and Miura, Y. (1994) J. Biol. Chem. 269, 

9038-9044. 
Chomczynski, P. and Sacchi, N. (1987) Anal. Biochem. 162, 156- 

159. 

Jacobs, K., Shoemaker, C., Rudersdorf, R., Neil], S.D., Kaufman, 



M. Okano et al. IFEBS Letters 349 (1994) 229-233 233 

R.J., Mufson, A., Seehra, J., Jones, S.S., Hewick, R., Fritsch, 
E.F., Kawakita, M., Shimizu, T. and Miyake, T. (1985) Nature 
313, 806809. 

[31] Kato, S., Mano, H., Kumazawa, T., Yoshizawa, Y., Kojima, R. 
and Masushige, S. (1992) Biochem. J. 286, 755-760. 

[32] Fandrey, J., Page], H., Frede S., Wolff, M. and Jelkmann, W. 
(1994) Exp. Hematol. 22, 272-277. 

[33] Masuda, S., Nagao, M., Takahata, K., Konishi, Y., Gallayas Jr., 
F., Tabira, T. and Sasaki, R. (1993) J. Biol. Chem. 268, 11208- 
11216. 

[34] Konoshi, Y., Chui, D.-H., Hirose, H., Kunishita, T. and Tabira, 
T. (1993) Brain Res. 609, 29-35. 

[35] Yasuda, Y., Nagao, M., Okano, M., Masuda, S., Sasaki, R., 
Konishi, H. and Tanimura, T. (1993) Dev. Growth Differ. 35, 
71 l-722. 

[36] Masuda, S., Okano, M., Yamagishi, K., Nagao, M., Ueda, M. and 
Sasaki, R. (1994) J. Biol. Chem., in press. 


