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Malignant transformation is a multistep process requiring oncogenic activation, promoting cellular pro-
liferation, frequently coupled to inhibition of terminal differentiation. Consequently, forcing the reen-
gagement of terminal differentiation of transformed cells coupled or not with an inhibition of their
proliferation is a putative therapeutic approach to counteracting tumorigenicity. UT7 is a human leuke-
mic cell line able to grow in the presence of IL3, GM-CSF and Epo. This cell line has been widely used to
study Epo-R/Epo signaling pathways but is a poor model for erythroid differentiation. We used the BET
bromodomain inhibition drug JQ1 to target gene expression, including that of c-Myc. We have shown that
only 2 days of JQ1 treatment was required to transitory inhibit Epo-induced UT7 proliferation and to
restore terminal erythroid differentiation. This study highlights the importance of a cellular erythroid
cycle break mediated by c-Myc inhibition before initiation of the erythropoiesis program and describes
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a new model for BET bromodomain inhibitor drug application.
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1. Introduction

Mouse and human erythroleukemia cell lines have been widely
used to investigate the molecular mechanisms that regulate prolif-
erative and anti-apoptotic responses triggered by Epo (erythropoi-
etin) stimulation [1]. However, most of these cell lines either do
not differentiate or differentiate poorly after Epo induction. The
mouse cell line G1E (GATA-1"/") is a more suitable model for
studying the erythroid differentiation program [2]. The erythroleu-
kemic human cell line UT7/Epo (referred to as UT7 in this paper) is
strictly growth factor-dependent for its proliferation but erythro-
poietin is unable to engage terminal erythroid differentiation [3].
Thus, Epo is required for its growth and survival, but a minority
of cells is able to engage in erythroid differentiation. These cells
are different from UT7/GM cells that can differentiate moderately
in the presence of Epo [4].

Various events lead to erythroleukemia [1]. We previously de-
scribed a putative oncogenic role for the erythropoietin receptor
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(Epo-R) in murine and human erythroleukemia cells [5]. In all
cases, large numbers of Epo-R are expressed. In murine Friend
virus-induced erythroleukemia cell lines, Epo-R overexpression is
the result of the LTR of this spleen focus-forming virus inserting
into the first exon of the Epo-R gene [5]. Human erythroleukemia
TF1 cells express large amounts of an abnormal truncated Epo-R.
TF1 growth requires GM-CSF or IL3, and Epo induces an erythroid
differentiation program. We have shown that the expression of a
truncated Epo-R impairs activation of the transcription factor
STATS5 and this correlates with the capacity of TF1 to engage in ery-
throid differentiation [6]. Expression of a normal Epo-R in TF1 re-
stores Epo-induced STAT5 activity, cellular proliferation and
inhibition of terminal differentiation [6]. In the case of the cell line
UT7, Epo-R overexpression is associated with gene amplification
and 3’ gene rearrangement where c-Myc locus may map close to
the Epo-R locus [5].

GATA-1 is a master erythroid transcription factor involved in
the transcriptional inhibition of c-Myc [7]. The cell cycle break at
G1/S phase, induced by the sequestration of E2F into the GATA-
1/pRb complex [8] and the dependence of c-Myc expression by
E2F [9,10] may inter-connect erythroid differentiation and down-
regulation of c-Myc expression [11]. Moreover, children with DS-
AMKL and DS-TL carry mutations leading to truncation of the N
terminus of the GATA-1 protein [12]; this mutant fails to bind
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pRb [8], to inhibit cell proliferation [8] and to repress expression of
E2F target genes including c-Myc [13]. JQ1 is a bromodomain spe-
cific inhibitor, and has been reported to inhibit c-Myc expression
[14]. Here, we demonstrate that JQ1 can restore erythroid differen-
tiation of UT7 only by a transitory treatment, whereas, permanent
treatment inhibits terminal differentiation indicating a biphasic
function of c-Myc expression.

2. Materials and methods
2.1. Cell line culture

UT7 cells were maintained in modified Eagle medium (IMEM)
containing 10% fetal calf serum and 2 U/ml Epo. JQ1 protocol treat-
ments: On day 0, G1E-ER cells were grown in the presence of Epo
and were incubated for 24 h with estradiol (E), then on day 1, for
(+)-JQ1 or (-)-JQ1 at 500 nM. On day 3, cells were washed (w)
and cultured with fresh medium containing Epo and E with and
without JQ1. (+)-JQ1 and (—)-JQ1 were synthesized by Sigma-Al-
drich, France (HPLC purity: 99.4% at 220 nm). G1E-ER [11] cells
were cultured as described elsewhere [7].

2.2. Flow cytometry

APC-conjugated anti-human CD71 (CD71-APC, Miltenyi, cat no.
130-091-727), phycoerythrin-conjugated anti-human  c-Kit
(CD117-PE, eBioscience, cat no. 12-1178) and FITC-conjugated
anti-human glycophorin A (CD235-FITC, eBioscience, cat no. 11-
9987) were used for surface labeling of UT7 cells. Phycoerythrin-
conjugated anti-mouse TER119 (TER119-PE, eBioscience, cat no.
12-5921-82) and APC-conjugated anti-mouse CD117 (c-Kit-APC,
eBioscience, cat no. 17-1171-82) were used for surface labeling
of G1E-ER cells. A FACS Calibur was used for flow cytometry and
data were analyzed with the Cell Quest Pro software.
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Fig. 1. The bromodomain inhibitor (+)-JQ1 induces differentiation of the erythroid
cell line UT7. (A) Schematic representation of the experimental culture protocol. On
day 0, UT7 cells growing in the presence of Epo were incubated for 48 h with (+)-
JQ1 or (—)-JQ1 at 500 nM. On day 2, cells were washed (w) and cultured with fresh
medium containing Epo (see also Supplemental Fig. 1). (B) Visualization of
hemoglobinized cell pellets on each day (D).

2.3. Reverse transcription and real-time quantitative PCR

Total RNA was extracted with PureLink RNA kit reagents and
treated with DNase I (Invitrogen). RT-qPCR was performed using
Superscript III (Invitrogen). The c-Myc primers used were TagMan
gene expression assay (Applied Biosystems) probes specific for hu-
man mRNA (c-Myc: Hs00905030/m1). Results were quantified: an
ABI Prism 7300 system with Tagman FAM dye was used for real-
time PCR (qPCR) and qPCR results were normalized to those ob-
tained for 18S RNA with specific primers (18S: Hs99999901/S1).

3. Results and discussion
3.1. (+)-JQ1 induces UT7 erythroid differentiation

To investigate the role of c-Myc inhibition in erythroid
differentiation, we used the bromodomain inhibitor, (+)-JQ1 [14],
to down-regulate c-Myc transcription in the cell line UT7. First,
we performed permanent (+)-JQ1 treatment; UT7 cells engaged
their erythroid differentiation at day 3 but at day 4, UT7 culture
contained 95% cell death. To avoid this effect, UT7 cells were grown
for 2 days in Epo with (+)-JQ1 or its enantiomer (—)-JQ1 as negative
control; the cells were then washed, diluted and grown with only
Epo for 3 days (Fig. 1A). To determine optimal conditions, we
tested various (+)-JQ1 concentrations and assessed their
physiological effects (erythroid differentiation, proliferation,
survival and cell death): (+)-JQ1 at 500 nM was found to be optimal
(Supplemental Fig. 1). To visualize hemoglobinization, aliquots of
5 x 10° cells grown in these conditions were collected daily and
centrifuged. The cell pellets were red only for the (+)-JQ1 condition
on days 3-5 (Fig. 1B).? The presence of hemoglobin was confirmed
by benzidine-staining assays (Fig. 2A) and by qRT-PCR assays testing
for human o and € globin mRNA expression (Fig. 2B). Concomitantly,
the growth of UT7 cells was inhibited by (+)-JQ1 (Fig. 2C) without
cell death. FACS analysis indicated a decrease of c-Kit expression
and an increase of c-Kit™-GpA* populations in (+)-JQ1-treated
samples (Fig. 2D and Supplemental Fig. 2A and B). This finding
indicates that transient treatment by (+)-JQ1 may reinitialize an
erythroid differentiation program in the UT7 cell line. (+)-JQ1
inhibits the c-Myc transcription program and breaks the cell cycle
at G1 phase without affecting the production of E2F factor mRNA
or protein [14,15]. However, (+)-JQ1 may affect the expression of
numerous E2F-dependent genes [14]. Various inhibitor molecules
of the BET family have been described, for example GSK1210151A,
that seem to be more effective than JQ1 and may inhibit transcrip-
tion elongation of the c-Myc gene, but also BCL2 and CDK6 genes
[16]. They may have a larger spectrum of action, acting on more than
one target, although c-Myc is the most frequently described. In the
case of UT7, the transient (+)-JQ1-induced caused a large decline of
c-Myc transcriptional elongation during the first 2 days of treatment
and correlated well with the induction of erythroid differentiation at
day 3 before the peak of globin expressions (Fig. 2E). This c-Myc
inhibition was abrogated after cell wash and declined again at day
5, later after (+)-JQ1 treatment. This biphasic c-Myc expression could
be the issue of the reactivation of c-Myc expression caused by the
Epo and SCF stimulation on the residual c-Kit* cell population.

3.2. Permanent treatment by (+)-JQ1 inhibits terminal erythroid
differentiation

We have shown that permanent treatment by (+)-JQ1 induced
UT7 partial terminal erythroid differentiation but also cell death.

2 For interpretation of color in Figs. 1 and 3, the reader is referred to the web
version of this article.
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Fig. 2. (A) Benzidine-positive UT7 cells analysis (n = 4) after (+)-JQ1 or (—)-JQ1 at 500 nM treatment. (B) qRT-PCR analysis of human o and € globin expression. 18S rRNA was
used to normalize qRT-PCR results and a value 1 was assigned to normal donor for relative mRNA calculations (n = 3). (C) Analysis of cell proliferation by counting live cells
(trypan blue dye exclusion). Cells were plated at a concentration of 10° per ml and cumulative cell number, on each day, is indicated. Four independent experiments gave a
similar result. (D) c-Kit and GlyA FACS analysis of UT7 erythroid differentiation on days 2 and 5. The ration of c-Kit~/GlyA* on c-Kit"/GlyA— is indicated. (E) Effect of (+)-JQ1 or
(—)-JQ1 treatment on c-Myc expression. qRT-PCR, using TagMan probe specific for human c-Myc, was performed at days 1-5. Fold change was calculated by the 2~ AACT
method with the 185 rRNA used for normalization. Fold change was normalized to c-Myc mRNA in the day 0 sample (—). Three independent experiments were performed and
gave similar results.
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Fig. 3. The bromodomain inhibitor (+)-JQ1 delays G1E-ER cell line differentiation. (A) Schematic representation of the experimental G1E-ER culture protocol. On day 0, G1E-
ER cells were growth in the presence of Epo and were incubated for 24 h with estradiol (E), then on day 1, for (+)-JQ1 or (—)-JQ1 at 500 nM. On day 3, cells were washed (w)
and cultured with fresh medium containing Epo and either E alone (referenced as E+(+)JQ1 or E+(—)JQ1) or with E and (+)-JQ1 or (—)-JQ1 at 500 nM (referenced as E+(+)2]JQ1
or E+(—)2JQ1). (B) Visualization of hemoglobinized cell pellets on day 4 after drug treatment as indicated in (A). Benzidine-positive cell analyses were performed at each day
of treatment. Three independent experiments gave similar results.

contradictory to our results with UT7. These various BET inhibitors
may have different BET targets and consequently different cellular

To investigate the long-term treatment effect of (+)-JQ1 on ery-
throid differentiation, we have used the G1E-ER GATA-1~/~ cell line

where erythroid maturation can be induced by estradiol-activation
of GATA-1 [11]. Without estradiol stimulation, (+)-JQ1 fails to inhi-
bit murine G1E-GATA-1"/~ cell proliferation and to down regulate
c-Myc transcription [17]. GW841819X, another BET inhibitor [18],
can inhibit the binding of Brd3 to acetylated GATA-1 decreasing
erythroid differentiation [19]. These observations seem to be

effects, so we tested the effects of (+)-JQ1 on terminal erythroid
differentiation of G1E-ER cells after GATA-1ER activation by
estrogen. Estradiol-stimulated G1E-ER cells (24 h) were grown
with or without (+)-JQ1 or with (-)-JQ1 as control (36 h), washed
and cultured in standard conditions with or without (+)-]Q1
(3 days) (Fig. 3A). Hemoglobinization of pellets was observed in
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Fig. 4. Transitory and permanent (+)-JQ1 treatments, respectively, delay or inhibit terminal erythroid differentiation of estradiol-induced G1E-ER cells. (A and B) FACS
analysis on day 4, with specific mouse c-Kit, and Ter119 antibodies, of treated G1E-ER as indicated. Three independent experiments were performed and gave similar results.

all conditions but when (+)-JQ1 was maintained, the pellets were
significantly less red (Fig. 3B). Benzidine analysis revealed two
phases (Fig. 3B): (+)-JQ1 inhibited erythroid differentiation until
cells were washed and then, 4 h after (+)-JQ1 elimination (E+(+)-
JQ1), benzidine-positive cell production accelerated (Fig. 2B) and
in one case to above control values (data not shown). However,
when (+)-JQ1 was maintained after washing (E+2(+)-JQ1), cell dif-
ferentiation was significantly lower than in all other conditions
(Fig. 3B) confirming the BET inhibitor inhibition of cell differentia-
tion [19]. FACS analysis of c-Kit and Ter119 expression on day 4
confirmed these results (Fig. 4A) and showed total c-Kit inhibition
after (+)-JQ1 treatment (Fig. 4B). After estradiol stimulation, the
inhibition of cell proliferation and the cell death by (+)-JQ1 were
not different to that by (—)-JQ1 or estradiol alone (Supplemental
Fig. 3A and B). The findings are consistent with the notion that
GATA-1 down regulated c-Myc expression (proliferation break at
G1/S phase [8,13]). Thus c-Myc inhibition occurred either, in UT7,
where GATA-1 are unable to perform this function, by (+)-JQ1 short
treatment or, in estradiol-stimulated G1E-ER, by GATA-1 associa-
tion to pRb/E2F [8,13] and in both cases this inhibition are required
for the initiation of erythroid differentiation. Inhibition of terminal
erythroid differentiation by permanent treatment with BET inhib-
itor indicates the requirement of a biphasic c-Myc expression after
c-Kit lost (ours UT7 results).

Therefore, we propose that the bromodomain inhibitor (+)-JQ1
can be used, in appropriate conditions that respect the biphasic
function of c-Myc during terminal erythroid differentiation, to res-
cue the erythroid program of the Epo erythroid differentiated
refractory erythroleukemia cell line UT7. The strategy of brief inac-
tivation of oncogenes as therapy has been already described [20]

and our analysis illustrates a potential new strategy of bromodo-
main inhibitor application in erythropoiesis.

Acknowledgment

We are grateful to A. Cosma for his help with flow cytometry
analysis.

Funding: This work was supported by INSERM, an NIH grant and
the ANR (Chaire d’excellence to P. Leboulch). T. Penglong was sup-
ported by Egid/SIAM2011 Franco-Thai Program and by a CEA fel-
lowship, O. Goupille by a fellowship from the ANR (Chaire
d’excellence) and C. Lefévre by a CEA fellowship.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.10.112.

References

[1] A. Wickrema, J.D. Crispino, Erythroid and megakaryocytic transformation,
Oncogene 26 (2007) 6803-6815.

[2] M.J. Weiss, C. Yu, S.H. Orkin, Erythroid-cell-specific properties of transcription
factor GATA-1 revealed by phenotypic rescue of a gene-targeted cell line, Mol.
Cell. Biol. 17 (1997) 1642-1651.

[3] N. Komatsu, H. Nakauchi, A. Miwa, T. Ishihara, M. Eguchi, M. Moroi, M. Okada,
Y. Sato, H. Wada, Y. Yawata, et al.,, Establishment and characterization of a
human leukemic cell line with megakaryocytic features: dependency on
granulocyte-macrophage colony-stimulating factor, interleukin 3, or
erythropoietin for growth and survival, Cancer Res. 51 (1991) 341-348.

[4] O. Hermine, P. Mayeux, M. Titeux, M.T. Mitjavila, N. Casadevall, J. Guichard, N.
Komatsu, T. Suda, Y. Miura, W. Vainchenker, ]. Breton-Gorius, Granulocyte-


http://dx.doi.org/10.1016/j.bbrc.2012.10.112

0. Goupille et al./Biochemical and Biophysical Research Communications 429 (2012) 1-5 5

macrophage colony-stimulating factor and erythropoietin act competitively to

induce two different programs of differentiation in the human pluripotent cell

line UT-7, Blood 80 (1992) 3060-3069.

S. Chretien, F. Moreau-Gachelin, F. Apiou, G. Courtois, P. Mayeux, B. Dutrillaux,

J.P. Cartron, S. Gisselbrecht, C. Lacombe, Putative oncogenic role of the

erythropoietin receptor in murine and human erythroleukemia cells, Blood

83 (1994) 1813.

S. Chretien, P. Varlet, F. Verdier, S. Gobert, J.P. Cartron, S. Gisselbrecht, P.

Mayeux, C. Lacombe, Erythropoietin-induced erythroid differentiation of the

human erythroleukemia cell line TF-1 correlates with impaired STAT5

activation, EMBO J. 15 (1996) 4174-4181.

M. Rylski, J.J. Welch, Y.Y. Chen, D.L. Letting, ].A. Diehl, L.A. Chodosh, G.A. Blobel,

M.J. Weiss, GATA-1-mediated proliferation arrest during erythroid maturation,

Mol. Cell. Biol. 23 (2003) 5031-5042.

Z. Kadri, R. Shimizu, O. Ohneda, L. Maouche-Chretien, S. Gisselbrecht, M.

Yamamoto, P.H. Romeo, P. Leboulch, S. Chretien, Direct binding of pRb/E2F-2 to

GATA-1 regulates maturation and terminal cell division during erythropoiesis,

PLoS Biol. 7 (2009) e1000123.

[9] J. Alvaro-Blanco, L. Martinez-Gac, E. Calonge, M. Rodriguez-Martinez, 1. Molina-
Privado, ].M. Redondo, J. Alcami, E.K. Flemington, M.R. Campanero, A novel
factor distinct from E2F mediates C-MYC promoter activation through its E2F
element during exit from quiescence, Carcinogenesis 30 (2009) 440-448.

[10] T. Albert, J. Wells, J.O. Funk, A. Pullner, E.E. Raschke, G. Stelzer, M. Meisterernst,
P.J. Farnham, D. Eick, The chromatin structure of the dual c-myc promoter P1/
P2 is regulated by separate elements, J. Biol. Chem. 276 (2001) 20482-20490.

[11] JJ. Welch, J.A. Watts, C.R. Vakoc, Y. Yao, H. Wang, R.C. Hardison, G.A. Blobel,
L.A. Chodosh, M.J. Weiss, Global regulation of erythroid gene expression by
transcription factor GATA-1, Blood 104 (2004) 3136-3147.

[12] J. Wechsler, M. Greene, M.A. McDevitt, ]. Anastasi, J.E. Karp, M.M. Le Beau, ].D.
Crispino, Acquired mutations in GATA1 in the megakaryoblastic leukemia of
Down syndrome, Nat. Genet. 32 (2002) 148-152.

[13] J.H. Klusmann, FJ. Godinho, K. Heitmann, A. Maroz, M.L. Koch, D. Reinhardt,
S.H. Orkin, Z. Li, Developmental stage-specific interplay of GATA1 and IGF
signaling in fetal megakaryopoiesis and leukemogenesis, Genes Dev. 24 (2010)
1659-1672.

[5

[6

(7

[8

[14] J.E. Delmore, G.C. Issa, M.E. Lemieux, P.B. Rahl, J. Shi, H.M. Jacobs, E. Kastritis, T.
Gilpatrick, RM. Paranal, J. Qi, M. Chesi, A.C. Schinzel, M.R. McKeown, T.P.
Heffernan, C.R. Vakoc, P.L. Bergsagel, .M. Ghobrial, P.G. Richardson, R.A. Young,
W.C. Hahn, K.C. Anderson, A.L. Kung, J.E. Bradner, C.S. Mitsiades, BET
bromodomain inhibition as a therapeutic strategy to target c-Myc, Cell 146
(2011) 904-917.

[15] J.A. Mertz, A.R. Conery, B.M. Bryant, P. Sandy, S. Balasubramanian, D.A. Mele, L.
Bergeron, RJ. Sims 3rd, Targeting MYC dependence in cancer by inhibiting BET
bromodomains, Proc. Natl. Acad. Sci. USA 108 (2011) 16669-16674.

[16] M.A. Dawson, R.K. Prinjha, A. Dittmann, G. Giotopoulos, M. Bantscheff, W.I.
Chan, S.C. Robson, C.W. Chung, C. Hopf, M.M. Savitski, C. Huthmacher, E.
Gudgin, D. Lugo, S. Beinke, T.D. Chapman, E.J. Roberts, P.E. Soden, K.R. Auger, O.
Mirguet, K. Doehner, R. Delwel, AK. Burnett, P. Jeffrey, G. Drewes, K. Lee, B.J.
Huntly, T. Kouzarides, Inhibition of BET recruitment to chromatin as an
effective treatment for MLL-fusion leukaemia, Nature 478 (2011) 529-533.

[17] J. Zuber, J. Shi, E. Wang, A.R. Rappaport, H. Herrmann, E.A. Sison, D. Magoon, ].
Qi, K. Blatt, M. Wunderlich, M.J. Taylor, C. Johns, A. Chicas, J.C. Mulloy, S.C.
Kogan, P. Brown, P. Valent, J.E. Bradner, S.W. Lowe, C.R. Vakoc, RNAi screen
identifies Brd4 as a therapeutic target in acute myeloid leukaemia, Nature 478
(2011) 524-528.

[18] C.W. Chung, H. Coste, ].H. White, O. Mirguet, ]J. Wilde, R.L. Gosmini, C. Delves,
S.M. Magny, R. Woodward, S.A. Hughes, E.V. Boursier, H. Flynn, A.M. Bouillot, P.
Bamborough, ].M. Brusq, FJ. Gellibert, E.J. Jones, A.M. Riou, P. Homes, S.L.
Martin, L]. Uings, J. Toum, C.A. Clement, A.B. Boullay, R.L. Grimley, F.M. Blandel,
R.K. Prinjha, K. Lee, ]. Kirilovsky, E. Nicodeme, Discovery and characterization
of small molecule inhibitors of the BET family bromodomains, J. Med. Chem.
54 (2011) 3827-3838.

[19] J.M. Lamonica, W. Deng, S. Kadauke, A.E. Campbell, R. Gamsjaeger, H. Wang, Y.
Cheng, A.N. Billin, R.C. Hardison, ]J.P. Mackay, G.A. Blobel, Bromodomain
protein Brd3 associates with acetylated GATA1 to promote its chromatin
occupancy at erythroid target genes, Proc. Natl. Acad. Sci. USA 108 (2011)
E159-E168.

[20] M. Jain, C. Arvanitis, K. Chu, W. Dewey, E. Leonhardt, M. Trinh, C.D. Sundberg,
J.M. Bishop, D.W. Felsher, Sustained loss of a neoplastic phenotype by brief
inactivation of MYC, Science 297 (2002) 102-104.



	BET bromodomain inhibition rescues erythropoietin differentiation of human  erythroleukemia cell line UT7
	1 Introduction
	2 Materials and methods
	2.1 Cell line culture
	2.2 Flow cytometry
	2.3 Reverse transcription and real-time quantitative PCR

	3 Results and discussion
	3.1 (+)-JQ1 induces UT7 erythroid differentiation
	3.2 Permanent treatment by (+)-JQ1 inhibits terminal erythroid differentiation

	Acknowledgment
	Appendix A Supplementary data
	References


