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E2F site in the essential promoter region does not confer S
phase-specific transcription of the ABCC10 gene in human
prostate cancer cells
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ABCC10 (MRP7) plays a role in cellular detoxification
and resistance to anticancer drugs. Since ABCC10 gene
transcription in human prostate cancer CWR22Rv1 cells
was found dependent on E2F binding sequence motif,
ABCC10 expression in G1 and S phases of the cell cycle
of CWR22Rv1 cells, was analyzed. The cells were synchronized in G1 phase by double thymidine block and in
S phase by thymidine/mimosine double block. ABCC10
mRNA level was found to be similar in S phase-synchronized and asynchronous cell populations. In G1 phase
it decreased by 2.4- to 3-fold. It is thus inferred, that
ABCC10 expression in CWR22Rv1 cells is not S phasespecific but is primarily associated with cell proliferation.
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INTRODUCTION

ABCC10 is a member of the C family of ATP-binding
cassette (ABC) transport proteins, also known as multidrug resistance protein 7 (MRP7). Its substrate specificity was determined to include amphiphiles: glucuronate
conjugates (17β-estradiol-(17-β-d-glucuronide) and glutathione S-conjugates (leukotriene C4) (Chen et al., 2003).
As such, it is involved in cellular extrusion of toxic compounds. ABCC10 was also shown to be associated with
resistance to a broad range of anticancer agents, taxanes,
epothilone B, vinca alkaloids, antifolates and cistplatin
(unpublished), daunorubicine, etoposide, irinotecan and
nucleoside analogues (Bessho et al., 2009; Hopper-Borge
et al., 2009, 2011; Oguri et al., 2008). Among human organs, the ABCC10 gene was found to be relatively highly
expressed in testis (Hopper et al., 2001).
E2F transcription factor binding site in cooperation
with two Sp1 factor binding sites, were identified as cis
elements supporting basal ABCC10 gene promoter activity in human prostate cancer CWR22Rv1 cells (Dabrowska & Sirotnak, 2004). E2Fs are traditionally known
as key regulators of cell cycle progression into S phase.
E2F-effector genes with cell cycle functions are referred
to as traditional E2F targets (Dimova & Dyson, 2005).
E2Fs are also known to control transcription of genes
referred to as non-classical targets whose functions are
not directly involved in cell cycle progression (e.g. p21activated protein kinase, prolyl isomerase Pin1, neo-

genin), (Andrusiak et al., 2011; Julian & Blais, 2015; Julian et al., 2016; Ryo et al., 2002; Sosa-Garcia et al., 2015).
According to a classical cell cycle regulation model by
retinoblastoma RB/E2F pathway, E2F1-3 factors released from pocket protein pRB upon its phosphorylation by cyclin G1-dependent kinase complexes (cyclin
D/cdk4 and cyclin E/cdk2), transactivate transcription
of target genes that mediate S phase entry (e.g. cyclin
E, cyclin A2, phosphatase cdc25), and DNA replication (e.g. dihydrofolate reductase, thymidine kinase, thymidylate synthase, ribonucleotide reductase, DNA α/δ
polymerases), (Bracken et al., 2004). E2Fs may also act
as transcription repressors mediating transition into G1
and G0 phases of the cell cycle. This function is ascribed
mainly to constitutively expressed E2F-4 and E2F-5 factors complexed with different from pRB, pocket proteins, i.e. retinoblastoma-like protein 1 (RBL1, p107) and
retinoblastoma-like protein 2 (RBL2, p130), (Dimova &
Dyson, 2005). The pocket protein binding at ABCC10
promoter E2F site in the nuclear extract of asynchronously growing CWR22Rv1 cells was identified as RBL1
(Dabrowska & Sirotnak, 2004).
ABCC10 gene is not apparently a cell cycle controlling
factor. Nevertheless, its transcriptional regulation during
the cell cycle of CWR22Rv1 cells was followed in the
present study.
MATERIALS AND METHODS

Cell culture and synchronization. CWR22Rv1 cell
line (ATCC) was maintained in RPMI1640 medium supplemented with 25 mM HEPES, 10% fetal bovine serum (Atlanta Biologicals, GA), 100 units/ml penicillin
and 100 µg/ml streptomycin. Cell synchronization protocols were designed according to Spector and coworkers (1998). G1 phase synchronization was attained by
double-thymidine block. The cells were exposed twice,
for 18 h each time, to 2 mM thymidine (SigmaAldrich),
with 16 h culture in the regular medium in between. The
S phase synchronization was attained by thymidine/mimosine double-block. The cells were exposed to 2 mM
thymidine for 18 h, subsequently maintained for 16 h
in the regular medium and treated with 400 μM L-mimosine (SigmaAldrich), for 18 h. After synchrony procedures, the cells were harvested by trypsinization at the
indicated time points over 24 h, and fixed in absolute
ethanol at –20°C for cell cycle analysis. The cells grown
in parallel were harvested into Invitrogen TRIzol reagent, and stored at –80°C for RNA isolation.
FACS analysis. The fixed cells were rehydrated by
double wash in Phosphate Buffered Saline, then stained
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Figure 1. Histograms showing cell cycle distribution of CWR22Rv1 cell populations growing asynchronously (A), as well as synchronized in G1- (B) and S- (C) phases.
The histograms correspond to the samples marked with asterisks in Tables 1 and 2.

with 50 µg/ml propidium iodide (SigmaAldrich) solution
in 3.8 mM sodium citrate pH 7.0 containing 100 µg/
ml boiled RNase A (Invitrogen). DNA level of 10 000
events per sample was measured on BD FACS Calibur
flow cytometer. Cell cycle distribution was analyzed using MultiCycle AV, DNA analysis software (Phoenix
Flow Systems, CA).
Quantitative RT-PCR. The cells frozen in TRIzol reagent served for RNA isolation followed by
cDNA synthesis, as described by Dabrowska and Sirotnak (2004). Quantitative PCR was performed applying TaqMan probe-based assays, designed according to
Khokhar and coworkers (2001), using β-actin (ACTB) as
an endogenous reference gene. The reactions were run
on ABI Prism 7700 Sequence Detection System (PE Applied Biosystems). The results were calculated applying
comparative threshold cycle (CT) method according to
ABI Prism 7700 SDS user bulletin#2, and are expressed
as 2–ΔCT where ∆CT=CT (ABCC10) – CT (ACTB).
Statistical analysis. The significance of differences
in the ABCC10 mRNA levels in synchronized vs. asynchronous cell population, was assessed in Statistica 12.5
Table 1. Cell cycle distribution of CWR22Rv1 cells after G1 phase
synchronization. Asynchronous log-phase cell population is
given as control. Asterisks indicate the samples used for ABCC10
level quantification.

software, using non-parametric Kruskal-Wallis test with
p<0.05 considered significant.
RESULTS AND DISCUSSION

Cell synchronization by thymidine block relies on
DNA synthesis inhibition caused by depletion in the deoxynucleotide pool, occurring as a result of ribonucleotide diphosphate reductase inhibition due to dTTP accumulation (Spector et al. 1998). Exposure to thymidine
drives the cells into a block at G1/S phase border. Plant
amino acid mimosine also inhibits DNA synthesis by affecting nucleotide synthesis and blocks the cells at late
G1 or S phase (Chung et al., 2012; Krude, 1999; Rosner
et al., 2013). 1 hour after release from the block the cells
are considered to synchronously enter S phase (Spector
et al. 1998). The synchrony approaches that allowed to
obtain CWR22Rv1 cells blocked at G1- and S-phases,
were double-thymidine block and thymidine/mimosine
double-block, respectively. CWR22Rv1 cell population
consisting of 92–93% of cells in G1 phase (vs. 69% in
asynchronous log-phase culture), was obtained right afTable 2. Cell cycle distribution of CWR22Rv1 cells after S phase
synchronization. Asynchronous log-phase cell population is
given as control. Asterisks indicate the samples used for ABCC10
level quantification.

Cell cycle phase
Time

G0/G1 (%)

0
30 min

Cell cycle phase
S (%)

G2/M (%)

92.1

5.5

2.4

0

19.5

76.9

3.6

92.5

5.4

2.1

30 min*

14.7

82.7

2.6

1 h*

93.1

3.9

3.0

1h

17.8

72.5

9.7

2h

89.2

9.5

1.3

2h

15.3

51.5

33.2

4h

31.0

67.7

1.3

4h

19.2

35.8

45.0

6h

33.0

62.1

4.8

6h

25.5

13.8

60.6

8h

32.3

23.3

44.4

8h

49.4

11.2

39.4

12 h

28.6

26.1

45.3

12 h

73.6

10.4

16.0

16 h

33.3

23.9

42.8

16 h

80.1

10.0

9.8

20 h

48.6

21.7

29.8

20 h

81.0

10.5

8.4

24 h

58.3

19.2

22.5

24 h

80.9

13.7

5.4

Control*

68.5

17.9

13.6

Control*

68.5

17.9

13.6

Time

G0/G1 (%)

S (%)

G2/M (%)
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Table 3. ABCC10 expression in various CWR22Rv1 cell populations, assayed by quantitative RT-PCR and given as 2-ΔCT ± S.D.
for N=3. *p<0.022.
CWR22Rv1 cell population

ABCC10 level

asynchronous

2.00±0.00

G1 phase-synchronized

0.67±0.06*

S phase-synchronized

1.60±0.10

ter the block release (Table 1, Fig. 1). After 4 h those
cells significantly progressed into S phase (68% vs. 6%
at time 0). The population containing 83% of cells in S
phase (vs. 18% in asynchronous log-phase culture), was
obtained 30 min after release from the mimosine block
(Table 2, Fig. 1). After 2 h, a considerable fraction of
cells (33% vs. 4% at time 0) progressed into G2/M
phase. The applied herein G1 phase synchronization protocol differed from that applied in the case of LNCaP
prostate cancer cells, by 7-hour longer growth in the
regular media (Wang et al., 2016). The protocol applied
in the case of S phase synchronization was analogous to
those used by others (Chung et al., 2012; Li et al., 2014).
The ABCC10 transcript was found to be expressed
at a nearly identical level in asynchronous log-phase
and S phase-synchronized CWR22Rv1 cell populations
(Table 3). Its expression diminished by 3-fold in the
cells blocked in G1 phase vs. asynchronous cell population. Eventually, it was 2.4-fold higher during S than G1
phase. A complex containing RBL1 (p107), the pocket
protein associated with repression of target gene transcription in G1 phase (Henley & Dick, 2012), was previously identified in asynchronously growing CWR22Rv1
cells to bind ABCC10 promoter E2F site (Dabrowska
& Sirotnak, 2004). This is apparently the interaction
exerting control of ABCC10 transcription in asynchronous cell population and it could also be responsible for
downregulation of ABCC10 level in G1 phase-synchronized cells. In accordance with a traditional model of
RB/E2F-controlled transcription, ABCC10 expression in
S phase-synchronized cells was higher than in G1 phasesynchronized cells. However, since it was unchanged in
comparison to asynchronous cell population, ABCC10 is
apparently not an S phase-specific gene. The trans factors
occupying E2F site of its promoter in S phase remain
to be verified but in the light of findings challenging a
traditional RB/E2F regulatory model, by proving redundancy in E2F functions and binding patterns (Xu et al.,
2007), it cannot be excluded that RBL1 is also involved
in such an interaction at the ABCC10 promoter during
S phase. This reasoning remains in accord with E2F-4
factor, the main RBL1 binding partner, found to activate
transcription of mitochondrial transporter ABCB10 gene
in human myelogenous leukemic cells (Karwaciak et al.,
2014). It is doubtful that lack of ABCC10 upregulation
in S phase-synchronized vs. asynchronous CWR22Rv1
cell population is evoked directly by the mimosine treatment, since the upregulation should be exactly expected
under those conditions, as demonstrated for prototypic
multidrug resistance protein, P-glycoprotein in the prostate cancer spheroids (Wartenberg et al., 2002). Precise
delineation of ABCC10 gene transcriptional regulation
appears reasonable in view of elaboration of perspective
treatment options for multidrug-resistant cancers (Kathawala et al. 2015).
It can thus be concluded that functional E2F site in
the essential promoter region of non-classical E2F target, ABCC10 gene, does not confer an S phase-specific
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expression in CWR22Rv1 cells. ABCC10 expression is
primarily correlated not with the cell cycle progression
but with regular growth of the cell population.
Acknowledgement

This study was supported by the National Science
Center, Poland, grant no 2011/01/B/NZ4/00371.
REFERENCES
Andrusiak MG, McClellan KA, Dugal-Tessier D, Julian LM, Rodrigues
SP, Park DS, et al. (2011) Rb/E2F regulates expression of neogenin
during neuronal migration. Mol Cell Biol 31: 238–247. doi: 10.1128/
MCB.00378-10
Bessho Y, Oguri T, Ozasa H, Uemura T, Sakamoto H, Miyazaki M, et
al. (2009) ABCC10/MRP7 is associated with vinorelbine resistance
in non-small cell lung cancer. Oncol Rep 21: 263–268. doi: 10.3892/
or_00000217
Bracken AP, Ciro M, Cocito A, Helin K (2004) E2F target genes: unraveling the biology. Trends Biochem Sci 29: 409–417. doi: 10.1016/j.
tibs.2004.06.006
Chen Z-S, Hopper-Borge E, Belinsky MG, Shchaveleva I, Kotova E,
Kruh GD (2003) Characterization of the transport properties of human multidrug resistance protein 7 (MRP7, ABCC10). Mol Pharmacol
63: 351–358. https://doi.org/10.1124/mol.63.2.351
Chung L-C, Tsui K-H, Feng T-H, Lee S-L, Chang P-L, Juang H-H
(2012) L-Mimosine blocks cell proliferation via upregulation of
B-cell translocation gene 2 and N-myc downstream regulated gene
2 in prostate carcinoma cells. Am J Physiol Cell Physiol 302: C676–
C685. doi: 10.1152/ajpcell.00180.2011
Dabrowska M, Sirotnak FM (2004) Regulation of transcription of the
human MRP7 gene. Characteristics of the basal promoter and identification of tumor-derived transcripts encoding additional 5’ end
heterogeneity. Gene 341: 129–139. doi: 10.1016/j.gene.2004.06.022
Dimova DK, Dyson NJ (2005) The E2F transcriptional network: old
acquaintances with new faces. Oncogene 24: 2810–2826
Henley SA, Dick FA (2012) The retinoblastoma family of proteins and
their regulatory functions in the mammalian cell division cycle. Cell
Division 7: 10. doi: 10.1038/sj.onc.1208612
Hopper E, Belinsky MG, Zeng H, Tosolini A, Testa JR, Kruh GD
(2001) Analysis of the structure and expression pattern of MRP7
(ABCC10), a new member of the MRP subfamily. Cancer Lett 162:
181–191. http://dx.doi.org/10.1016/S0304-3835(00)00646-7
Hopper-Borge EA, Churchill T, Paulose C, Nicolas E, Jacobs JD, Ngo
O, et al. (2011) Contribution of Abcc10 (Mrp7) to in vivo paclitaxel
resistance as assessed in Abcc10-/- mice. Cancer Res 71: 3649–3657.
doi: 10.1158/0008-5472.CAN-10-3623
Hopper-Borge EA, XuX, Shen T, Shi Z, Chen Z-S, Kruh GD (2009)
Human multidrug resistance protein 7 (ABCC10) is a resistance factor for nucleoside analogs and epothilone B. Cancer Res 69: 178–
184. doi: 10.1158/0008-5472.CAN-08-1420
Julian LM, Blais A (2015) Transcriptional control of stem cell fate
by E2Fs and pocket proteins. Front Genet 6: 161. doi: 10.3389/
fgene.2015.00161
Julian LM, Pakenham CA, Dugal-Tessier D, Ruzhynsky V, Bae S, et al.
(2016) Tissue-specific targeting of cell fate regulatory genes by E2f
factors. Cell Death Differ 23: 565–575. doi: 10.1038/cdd.2015.36
Karwaciak I, Pulaski L, Ratajewski M (2014) Regulation of the human
ABCB10 gene by E2F transcription factors. Genomics 104: 520–529.
http://dx.doi/org/10.1016/j.ygeno.2014.08.022
Kathawala RJ, Gupta P, Ashby Jr CR, Chen Z-S (2015) The modulation of ABC transporter-mediated multidrug resistance in cancer:
A review of the past decade. Drug Resist Updat 18: 1–17. https://
dx.doi.org/10.1016/j.drup.2014.11.002
Khokhar NZ, She Y, Rusch VW, Sirotnak FM (2001) Experimental
therapeutics with a new 10-deazaaminopterin in human mesothelioma: further improving efficacy through structural design, pharmacologic modulation at the level of MRP ATPases, and combined
therapy with platinums. Clin Cancer Res 7: 3199–3205
Krude T (1999) Mimosine arrests proliferating human cells before onset of DNA replication in a dose-dependent manner. Exp Cell Res
247: 148–159. doi: 10.1006/excr.1998.4342
Li J, Xuan JW, Khatamianfar V, Valiyeva F, Moussa M, Sadek A, et al.
(2014) SKA1 overe-expression promotes centriole over-duplication,
centrosome amplification and prostate tumorigenesis. J Pathol 234:
178–189. doi: 10.1002/path.4374
Oguri T, Ozasa H, Uemura T, Bessho Y, Miyazaki M, Maeno K, et al.
(2008) MRP7/ABCC10 expression is a predictive biomarker for the
resistance to paclitaxel in non-small cell lung cancer. Mol Cancer Ther
7: 1150–1155. doi: 10.1158/1535-7163.MCT-07-2088
Rosner M, Schipany K, Hengstschlager M (2013) Merging high-quality
biochemical fractionation with a refined flow cytometry approach

374											
M. Dabrowska and F. M. Sirotnak
to monitor nucleocytoplasmic protein expression throughout the
unperturbed mammalian cell cycle. Nat Protocols 8: 602–626. doi:
10.1038/nprot.2013.011
Ryo A, Liou Y-C, Wulf G, Nakamura M, Lee SW, Lu KP (2002) PIN1
is an E2F target gene essential for Neu/Ras-induced transformation of mammary epithelial cells. Mel Cell Biol 22: 5281–5295. doi:
10.1128/MCB.22.15.5281-5295.2002
Sosa-Garcia B, Vazquez-Riviera V, Gonzalez-Flores JN, Engel BE,
Cress WD, Santiago-Cardona PG (2015) The retinoblastoma tumorsuppressor transcriptionally represses Pak1 in osteoblasts. PLoS One
10: e0142406. doi:10.1371/journal.pone.0142406
Spector DL, Goldman RD, Leinwand LA (1998) Cells: a laboratory manual. Cold Spring Harbor Laboratory Press, Long Island, NY

2017

Wang LY, Hung CL, Chen YR, Yang JC, Wang J, Campbell M, et al.
(2016) KDM4A coactivates E2F1 to regulate the PDK-dependent
metabolic switch between mitochondrial oxidation and glycolysis.
Cell Rep 16: 3016–3027. doi: 10.1016/j.celrep.2016.08.018
Wartenberg M, Fischer K, Hescheler J, Sauer H (2002) Modulation of
intrinsic P-glycoprotein expression in multicellular prostate tumor
spheroids by cell cycle inhibitors. Biochim Biophys Acta 1589: 49–62.
http://dx.doi.org/10.1016/S0167-4889(01)00185-9
Xu X, Bieda M, Jin VX, Rabinovich A, Oberley MJ, Green R, Farnham PJ (2007) A comprehensive ChIP-chip analysis of E2F1, E2F4
and E2F6 in normal and tumor cells reveals interchangeable roles
of E2F family members. Genome Res 17: 1550–1651. doi: 10.1101/
gr.6783507.

