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Abstract
Objective: Nuclear actin is involved in transcription regulation by recruitment of histone 
modifiers and chromatin remodelers to the regulatory regions of active genes. In recent 
years, further attention has been focused on the role of actin as a nuclear protein in tran-
scriptional processes. In the current study, the epigenetic role of nuclear actin on tran-
scription regulation of two stemness (OCT4 and NANOG) and two differentiation) NESTIN 
and PAX6) marker genes was evaluated in a human embryonal carcinoma cell line (NT2) 
before and after differentiation induction.    

Materials and Methods: In this experimental study, differentiation of embryonal cells was 
induced by retinoic acid (RA), and quantitative real-time polymerase chain reaction (PCR) 
was used to evaluate differential expression of marker genes before and 3 days after RA-
induced differentiation. Chromatin immunoprecipitation (ChIP) coupled with real-time PCR 
was then undertaken to monitor the incorporation of β-actin, as a functional component of 
RNA polymerase II, in the regulatory regions of marker genes.            
Results: Data showed significant change in nuclear actin incorporation into the promoter 
regions of NESTIN and PAX6 after RA-induction.                   
Conclusion: We emphasize the dynamic functional role of nuclear actin in differentiation 
of embryonal cells and its role as a subunit of RNA polymerase II.       
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Introduction
Actin, a ubiquitous protein of eukaryotic cells, is 

extremely conserved during evolution (1). So far, 
six actin isoforms have been identified in verte-
brates with four muscle types (skeletal, cardiac, aor-
ta-type smooth muscle, and stomach-type smooth 
muscle actins), and two non-muscle isoforms so-
called cytoplasmic isoforms (cytoplasmic β- and 
γ-actins) (2). Actin was traditionally considered as 
a cytoplasmic protein since it is involved in a wide 

range of cytoplasmic-related processes including 
cell motility, contractility, mitosis and cytokinesis, 
intracellular transport, endocytosis and secretion 
(3). However, based on the emerging evidences on 
the presence of actin in nuclear complexes, sev-
eral fundamental roles of actin have become clear 
in nuclear processes. To date, it has been shown 
that actin is engaged in key nuclear processes such 
as transcription, mRNA processing and chromatin 
remodeling (4).
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Several reports have shown the involvement of 
actin in transcription by all three RNA polymer-
ases I, II and III (5-8). Based on the association 
of actin-like MreB protein with E.coli RNA poly-
merase, it has been suggested that interaction of 
actin with RNA polymerase could be conserved 
from prokaryotic to eukaryotic organisms (8). In-
terestingly, Kukalev et al. (9) clearly demonstrated 
the association of actin with the carboxy terminal 
domain (CTD) of the largest subunit of RNA poly-
merase II. With respect to the absence of this subu-
nit in other polymerases, this interaction made a 
particular actin binding site to RNA polymerase II.

Presence of actin in preinitiation complexes 
(PIC) and also in vitro experiments of blocked 
transcription initiation in the absence of β-actin 
suggest that actin is crucial for the assembly of 
transcription-competent polymerases (5, 6, 10, 
11). Given that the control of transcriptional ac-
tivities has a key role in differentiation and devel-
opmental process, presence of β-actin in transcrip-
tion-competent polymerases may be another level 
of regulating cell differentiation.

Based on immunoreactivity and mass spectrom-
etry criteria, it was shown that among the six ac-
tin isoforms, only β-actin is a component of RNA 
Polymerase II, heterogeneous nuclear ribonucleo-
proteins (hnRNPs) and proteins associated with 
nascent transcripts (6, 7, 12). Working on HeLa 
cells, chromatin immunoprecipitation (ChIP) as-
says have demonstrated the presence of actin at the 
promoter regions of several inducible genes in this 
cellular system, hence the relevance of actin with 
transcription (6, 13). It is therefore suggested that 
actin or actin like proteins have functional roles in 
the transcriptional machinery of living cells.

To better understand the potential role of β-actin 
in the differentiation process, comparative incor-
poration of β-actin into promoters of inducible 
marker genes, with different expression profiles in 
pluripotency and differentiation, was considered 
worthwhile to investigate. Accordingly, a human 
embryonic carcinoma cell line, namely NTera2/
NT2, was used as an embryonal model system 
which can undergo differentiation under retinoic 
acid (RA) induction. Embryonic carcinoma cell 
lines derived from germ cell tumors are valuable 
models for elucidating molecular mechanisms in-
volved in differentiation and developmental biol-
ogy processes (14, 15).

In the current study, the epigenetic role of nu-
clear actin was assessed on transcriptional regula-
tion of OCT4 and NANOG as two stemness marker 
genes, and NESTIN and PAX6 as two differentia-
tion marker genes before RA induction and 3 days 
after. Although integration of β-actin in the pro-
moter region of several inducible genes has been 
shown previously (6), to the best of our knowl-
edge, this study is the first in which differentiation-
sensitive alterations in β-actin incorporation has 
been checked.

Materials and Methods
Cell culture

NTera2 clone D1 (NT2.cl.D1, a gift from Dr. Pe-
ter Andrews) embryonal carcinoma (EC) cells were 
grown in Dulbecco’s modified Eagle’s medium 
(DMEM), containing 10% fetal calf serum (FCS) 
and 1% penicillin/streptomycin mixture (16).

The cells were maintained in 5% CO2 atmos-
phere at 37˚C and were treated with 10 µM of RA 
to trigger the differentiation process. A monolayer 
of pluripotent cells were harvested as the cellular 
source for untreated cells (day 0) and RA-induced 
cells were harvested on day 3 of differentiation. 
Both cell groups were stored at -80˚C for molecu-
lar analyses.

RNA isolation and quantitative real-time 
polymerase chain reaction  

Total RNA isolation and cDNA synthesis were 
performed on harvested cells as previously de-
scribed (16, 17). Synthesized cDNA from 2 μg of 
total RNA was amplified with specific sense/anti-
sense primers given in Table 1.

Gel electrophoresis was carried out on a 1.7% 
agarose gel stained with ethidium bromide (10 µg/
ml) and polymerase chain reaction (PCR) products 
visualized by UV transluminator (Molecular Im-
ager® Gel Doc™ XR+ (BioRad, USA). Real-time 
PCR was performed on an ABI 7500 real-time 
PCR using SYBR green mastermix and standard 
ABI cycling conditions. Differential expression 
was analyzed using the 2-ΔΔct quantitative method 
(18) to estimate relative fold-change in expression. 
GAPDH expression level was considered as the 
reference gene for expression normalization.
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Table 1: Primer pairs used in this study

Gene Primers (5´→3´) Annealing temperature (˚C) Product size (bp)
RT-PCR and real-time PCR primers

GAPDH F: CTCATTTCCTGGTATGACAACGA

R: CTTCCTCTTGTGCTCTTGCT

60 122

OCT4 F: GTTCTTCATTCACTAAGGAAGG

R: CAAGAGCATCATTGAACTTCAC

60 101

NANOG F: AAAGAATCTTCACCTATGCC

R: GAAGGAAGAGGAGAGACAGT

60 110

NESTIN F: TCCAGGAACGGAAAATCAAG

R: GCCTCCTCATCCCCTACTTC

60 120

PAX6 F: GTCCATCTTTGCTTGGGAAA

R: TAGCCAGGTTGCGAAGAACT

60 110

ChIP-real-time PCR primers

OCT4 F: GAACTTCTAACCTTCATAACCTG

R: CATTCACCCATTCCCTGTTC

60 157

NANOG F: AATTCACAAGGGTGGGTCAG

R: TAACATGAGGCAACCAGCTC

60 133

NESTIN F: GCTCGCAGAGCTTTTAGGAC

R: GCTGCCACTCTCTGACCTCT

60 188

PAX6 F: CCTGCCCCAGAGTTTAAATG

R: GCTGGCGTGGATATTAAGGA

60 81

RT-PCR; Reverse transcription- polymerase chain reaction and ChIP; Chromatin immunoprecipitation.

Chromatin immunoprecipitation coupled with 
real-time polymerase chain reaction

ChIP experiments were carried out using the Or-
ange ChIP kit (Diagenode, Belgium) as described 
before (15). Cross-linked chromatin obtained from 
1×105 harvested cells was immunoprecipitated with 
anti-β-actin (Sigma cat # A1978, USA) and anti-
RNA polymerase II (AbcamR cat # Ab5408, UK) 
antibodies. The precipitated DNA was analyzed by 
real-time PCR using specific primers for promoters 
of marker genes as listed in Table 1. Data were ex-
pressed as fold enrichment of DNA associated with 
immunoprecipitated enriched-DNA relative to a 
1/100 dilution of input chromatin.

Statistical analysis

All data were analyzed using repeated-meas-

ures followed by Least Significant Difference 
(LSD) test for pairwise comparisons to day 0. 
The significance level was set at P<0.05. Bars 
and Error bars represent mean ± SD. The Sta-
tistical Package for Social Sciences (SPSS) 
version 16 program was used for all statistical 
analysis.

Results

Differential expression of marker genes in NT2 
cells under  retinoic acid-induced differentiation

Using a previously established protocol, 
we induced NT2 cells toward differentiation 
(Fig.1A). Our results from reverse transcription 
quantitative PCR revealed that transcript levels 
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of the two stemness marker genes, OCT4 and 
NANOG, were down-regulated after 3 days of 
differentiation. Moreover, NESTIN showed a 
low expression level in undifferentiated NT2 
cells and was up-regulated in treated cells. Con-
sistently, no expression of PAX6 was detected 
in undifferentiated cells, however, a remarkable 
increase was observed for this developmental 
marker gene after RA induction (Fig.1B, C). 
The expression pattern therefore confirmed 
trigger of differentiation in NT2 cells under RA 
treatment.

Decreased incorporation of β-actin into regulatory 
regions of differentiation marker genes 

Although nuclear actin is basically considered as a 
functional component of RNA polymerase II, chro-
matin immunoprecipitation analyses were performed 
with respect to cell differentiation. The presence of 
β-actin and RNA polymerase II was monitored in reg-
ulatory regions of the four marker genes before and 
after RA treatment. As shown in Figure 2, incorpora-
tion of both β-actin and RNA polymerase II decreased 
through induction of differentiation but were signifi-
cant for NESTIN and PAX6 promoters (P<0.05). 

Fig.1: Differentiation induction of human embryonal carcinoma cells (NT2) by retinoic acid (RA). A. Phase contrast microscope images of 
NT2 cells in the untreated state and after 3 days of RA induction, B. Expression detection of OCT4 and NANOG transcripts as pluripotency 
marker genes and NESTIN and PAX6 transcripts as differentiation marker genes during NT2 cell differentiation (-RA represents NT2 cells 
without RA treatment and +RA represents NT2 cells after RA induction). Expression of the housekeeping gene GAPDH was used as an 
internal control and C. RA-induced changes in quantitative gene expression of the marker genes throughout differentiation of NT2 cells. 
NT2 cells were treated with RA and gene expression of samples at different stages was relatively quantified by real-time polymerase chain 
reaction (PCR) analysis before and 3 days after differentiation. The results are expressed as the log of normalized relative fold changes in 
activity (mean ± SD). 

A

B C
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Fig.2: Chromatin immunoprecipitation analysis of incorporation 
of A. β-actin and B. RNA polymerase II into promoter regions of 
the marker gene set in NT2 cells in untreated state and after 3 
days of RA induction. The results are represented as fold enrich-
ment of DNA associated with indicated immunoprecipitated pro-
teins to a 1/100 dilution of input chromatin (chromatin without 
antibody) (mean ± SD, *; P<0.05). 

Discussion
In this study, the epigenetic role of β-actin was 

studied in NT2 embryonal carcinoma cells by spe-
cifically examining its incorporation into promoter 
regions of four embryonic/developmental marker 
genes. Given that EC cells are considered as pluri-
potent cell lines, activation of pluripotency marker 
genes such as OCT4 and NANOG are required for 
maintenance of their pluripotency and self-renew-
al (19). On the other hand, induction of differen-
tiation triggers down-regulation of these stemness 
marker genes in parallel to up-regulation of the de-
velopmental genes which are normally suppressed 
in undifferentiated cells (16, 17, 20).

Several reports have demonstrated that actin 
is associated with all three RNA polymerases, 

(5-7, 9, 21) and co-immunoprecipitation experi-
ments have also shown that actin can interact 
with the CTD of the largest RNA Polymerase 
II subunit (9, 21). With respect to a number of 
studies which revealed the presence of actin in 
promoters of RNA Polymerase II-transcribed 
genes and its co-purification with PIC, it is sug-
gested that actin is required for the assembly 
of transcription machinery at promoters (5, 6, 
10, 11). In this study, ChIP-real-time primers 
were designed for promoter regions of all four 
marker genes and due to the fact that formation 
of preinitiation complex occurrs at promoters, 
we detected incorporation of β-actin in parallel 
with incorporation of RNA polymerase II into 
these regulatory regions. Our results were con-
sistent with the role of β-actin as a component 
of RNA polymerase II because of its presence 
at promoters of genes transcribed by RNA Poly-
merase II.

After RA induction of EC cells, pluripotency 
and differentiation marker genes were down- 
and up-regulated respectively. Accordingly, we 
expected higher incorporation of RNA poly-
merase II and β-actin into differentiation gene 
promoters and less into pluripotency genes after 
RA induction.

Contrary to our expectation, a significantly low-
er level of RNA polymerase II and β-actin incor-
poration was observed into regulatory regions of 
NESTIN and PAX6. This may point out that the 
target genes are not regulated at the level of PIC 
assembly.

Until two decades ago, it was generally ac-
cepted that formation of PIC resulted in the 
recruitment of RNA Polymerase II to promot-
ers and was considered as a main step of tran-
scriptional regulation (22). Some recent re-
ports, however, have shown that post initiation 
regulation is more common than the old notion 
about the fundamental role of PIC assembly in 
transcriptional regulation (23). These reports 
proposed that not only transcriptionally active 
genes but also silent genes can display signs of 
transcription initiation (as shown here for the 
silent genes OCT4 and NANOG), and formation 
of preinitiation complex is not the rate-limiting 
step in regulating transcription of many genes.

Studies have illustrated that transcriptionally 

A
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inactive promoters (poised promoters) are found 
across a wide range of organisms from bacteria 
to humans (24-26). Whole-genome studies have 
demonstrated that a majority of developmental 
and stress-inducible genes were preloaded with 
RNA polymerase II at promoter-proximal regions 
(27, 28) and a ChIP-chip study also showed that a 
large number of genes in human embryonic stem 
cells contain poised promoters loaded with poly-
merases (27). The frequent poised polymerases on 
developmental genes strongly suggest that the key 
rate-limiting step of the regulation of development 
could be transcription elongation instead of the 
PIC formation step (29).

Although our data showed undetectable ex-
pression of PAX6 in untreated NT2 cells, its pro-
moter was occupied with RNA polymerase II and 
β-actin according to the ChIP-real-time PCR as-
say. Furthermore, since the embryonal carcinoma 
cell line has very similar properties to embryonic 
stem cells, the presence of RNA polymerase II and 
β-actin on the promoters of all four marker genes 
is merely a preloaded structure regardless of the 
activity of the genes. Therefore, when transcrip-
tion significantly increases in the interval between 
pre- and post-induction, occupancy of a large por-
tion of the transcription machinery has already 
happened (30). Based on declined amounts of 
RNA polymerase II and β-actin observed on NES-
TIN and PAX6 promoters of post-induction cells, 
it can be suggested that entrance of transcriptional 
machineries toward the elongation phase as a con-
sequence of upregulation of these genes probably 
leads to reduced occupancy of these promoters by 
RNA polymerase II and β-actin.

Conclusion

Our data support the functional role of β-actin 
in transcription as a component of RNA poly-
merase II and its dynamicity in pluripotency/dif-
ferentiation switch of NT2 embryonal carcinoma 
cells. This study emphasizes the importance of the 
newly accepted notion of post-initiation regulation 
of transcription during development of embryonal 
cells.

Acknowledgments

The authors would like to thank Raha Favaedi 
for her technical support in the project. This pro-

ject was financially supported by Royan Institute 
(Grant No. 651). There is no conflict of interest in 
this study. 

References
1. Hightower RC, Meagher RB. The molecular evolution of 

actin. Genetics. 1986; 114(1): 315-332.
2. Vandekerckhove J, Weber K. The complete amino acid 

sequence of actins from bovine aorta, bovine heart, bo-
vine fast skeletal muscle, and rabbit slow skeletal muscle. 
A protein-chemical analysis of muscle actin differentiation. 
Differentiation. 1979; 14(3): 123-133.

3. Carlier MF, Le Clainche C, Wiesner S, Pantaloni D. Actin-
based motility: from molecules to movement. Bioessays. 
2003; 25(4): 336-345.

4. Bohnsack MT, Stuven T, Kuhn C, Cordes VC, Görlich D. 
A selective block of nuclear actin export stabilizes the gi-
ant nuclei of Xenopus oocytes. Nat Cell Biol. 2006; 8(3): 
257-263.

5. Philimonenko VV, Zhao J, Iben S, Dingová H, Kyselá K, 
Kahle M, et al. Nuclear actin and myosin I are required 
for RNA polymerase I transcription. Nat Cell Biol. 2004; 
6(12): 1165-1172.

6. Hofmann WA, Stojiljkovic L, Fuchsova B, Vargas GM, Ma-
vrommatis E, Philimonenko V, et al. Actin is part of pre-
initiation complexes and is necessary for transcription by 
RNA polymerase II. Nat Cell Biol. 2004; 6(11): 1094-1101.

7. Hu P, Wu S, Hernandez N. A role for beta-actin in RNA 
polymerase III transcription. Genes Dev. 2004; 18(24): 
3010-3015.

8. Kruse T, Blagoev B, Løbner-Olesen A, Wachi M, Sasaki 
K, Iwai N, et al. Actin homolog MreB and RNA polymerase 
interact and are both required for chromosome segrega-
tion in Escherichia coli. Genes Dev. 2006; 20(1): 113-124.

9. Kukalev A, Nord Y, Palmberg C, Bergman T, Percipalle P. 
Actin and hnRNP U cooperate for productive transcription 
by RNA polymerase II. Nat Struct Mol Biol. 2005; 12(3): 
238-244.

10. Percipalle P, Visa N. Molecular functions of nuclear actin 
in transcription. J Cell Biol. 2006; 172(7): 967-971.

11. Obrdlik A, Kukalev A, Louvet E, Farrants AK, Caputo L, 
Percipalle P. The histone acetyltransferase PCAF associ-
ates with actin and hnRNP U for RNA polymerase II tran-
scription. Mol Cell Biol. 2008; 28(20): 6342-6357.

12. Jonsson AP, Aissouni Y, Palmberg C, Percipalle P, Nor-
dling E, Daneholt B, et al. Recovery of gel-separated 
proteins for in-solution digestion and mass spectrometry. 
Anal Chem. 2001; 73(22): 5370-5377.

13. Egly JM, Miyamoto NG, Moncollin V, Chambon P. Is ac-
tin a transcription initiation factor for RNA polymerase B? 
Embo J. 1984; 3(10): 2363-2371.

14. Kakhki SA, Shahhoseini M, Salekdeh GH. Comparative 
SRY incorporation on the regulatory regions of pluripoten-
cy/differentiation genes in human embryonic carcinoma 
cells after retinoic acid induction. Mol Cell Biochem. 2013; 
376(1-2): 145-150.

15. Favaedi R, Shahhoseini M, Akhoond MR. Comparative 
epigenetic analysis of Oct4 regulatory region in RA-in-
duced differentiated NT2 cells under adherent and non-
adherent culture conditions. Mol Cell Biochem. 2012; 
363(1-2): 129-134.

16. Shahhoseini M, Taei A, Mehrjardi NZ, Salekdeh GH, Ba-
harvand H. Epigenetic analysis of human embryonic car-
cinoma cells during retinoic acid-induced neural differen-
tiation. Biochem Cell Biol. 2010; 88(3): 527-538.

17. Shahhoseini M, Favaedi R, Baharvand H, Sharma V, 
Stunnenberg HG. Evidence for a dynamic role of the linker 

Falahzadeh et al.



          CELL JOURNAL(Yakhteh), Vol 18, No 2, Jul-Sep (Summer) 2016 220

histone variant H1x during retinoic acid-induced differen-
tiation of NT2 cells. FEBS Lett. 2010; 584(22): 4661-4664.

18. Livak KJ, Schmittgen TD. Analysis of relative gene ex-
pression data using real-time quantitative PCR and the 
2(-Delta Delta C(T)) method. Methods. 2001; 25(4): 402-
408.

19. Chambers I, Smith A. Self-renewal of teratocarcinoma 
and embryonic stem cells. Oncogene. 2004; 23(43): 
7150-7160.

20. Krupkova O Jr, Loja T, Zambo I, Veselska R. Nestin ex-
pression in human tumors and tumor cell lines. Neoplas-
ma. 2010; 57(4): 291-298.

21. Fomproix N, Percipalle P. An actin-myosin complex on 
actively transcribing genes. Exp Cell Res. 2004; 294(1): 
140-148.

22. Ptashne M, Gann A. Transcriptional activation by recruit-
ment. Nature. 1997; 386(6625): 569-577.

23. Lemon B, Tjian R. Orchestrated response: a symphony of 
transcription factors for gene control. Genes Dev. 2000; 
14(20): 2551-2569.

24. Kim TH, Barrera LO, Zheng M, Qu C, Singer MA, Rich-
mond TA, et al. A high-resolution map of active promoters 

in the human genome. Nature. 2005; 436(7052): 876-880.
25. Kininis M, Isaacs GD, Core LJ, Hah N, Kraus WL. Pos-

trecruitment regulation of RNA polymerase II directs rapid 
signaling responses at the promoters of estrogen target 
genes. Mol Cell Biol. 2009; 29(5): 1123-1133.

26. Venters BJ, Pugh BF. A canonical promoter organiza-
tion of the transcription machinery and its regulators in 
the Saccharomyces genome. Genome Res. 2009; 19(3): 
360-371.

27. Guenther MG, Levine SS, Boyer LA, Jaenisch R, Young 
RA. A chromatin landmark and transcription initiation at 
most promoters in human cells. Cell. 2007; 130(1): 77-88.

28. Muse GW, Gilchrist DA, Nechaev S, Shah R, Parker JS, 
Grissom SF, et al. RNA polymerase is poised for activation 
across the genome. Nat Genet. 2007; 39(12): 1507-1511.

29.  Price DH. Poised polymerases: on your mark...get set...
go! Mol Cell. 2008; 30(1): 7-10.

30. Lee SK, Fletcher AG, Zhang L, Chen X, Fischbeck JA, 
Stargell LA. Activation of a poised RNAPII-dependent pro-
moter requires both SAGA and mediator. Genetics. 2010; 
184(3): 659-672. 

β-actin Incorporation to Promoters of Stemness/Dif ferentiation Genes


