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Abstract

ATM, ATR and DNA-PK are critical for DNA damage response (DDR) and 
sequential repair, leading to genomic stability. In this study, we found the expression 
of these proteins is markedly induced by PMA during THP1 differentiation without the 
change in the level of transcripts. Also, inhibitors of these protein activity suppressed 
PMA-induced morphological change of THP1 cells. Our results suggest the potential 
roles of these DDR proteins in cellular differentiation. 

INTRODUCTION
Mechanisms of detecting and repairing damaged DNA are 

conserved and controlled through the DNA damage response 
(DDR). DDR is essential to maintain genome stability and suppress 
malignant progresses [1]. ATM (ataxia telangiectasiamutated), 
ATR (ataxia telangiectasia and Rad3-related) are key DDR 
signaling components, which are activated by DNA damages to 
lead to downstream effectors, such as Chk1/2, SMC1, BRCA1, 
and p53 [2]. The DNA-dependent protein kinase (DNA-PK) 
plays key roles in the repair through the non-homologous end-
joining (NHEJ) pathway [3]. These DDR proteins are included in 
the phsophatidylinositol 3’-kinase (PI3K) -related kinase (PIKK) 
family, which have multiple roles in cell growth, metabolism 
and differentiation [4]. For examples, ATM plays a role in the 
proliferation of neuronal stem cell (NSC) [5], and mice deleted 
ATM gene displayed impaired T cell development leading to 
decreased total T cell number [6,7]. It has be well known that 
mouse severe combined immunodeficiency (SCID) is induced 
by DNA-PK deficiency [8]. However, it remains unclear whether 
the expression of these proteins is required for development of 
antigen presenting cells (APCs), such as DCs and MPs, or how 
these proteins are regulated during development of these cells. 
To address these questions, we have investigated expression 
patterns of these proteins during mitogen induced differentiation 
of THP1. To test if inhibition of these proteins can effect on cell 
differentiation, we checked the morphological change after 
treatment with specific inhibitors of ATM, ATR and DNA-PK. 
We found that protein expression of these PIKKs significantly 
increased (over 100 fold) after mitogen treatment through mainly 

posttranscriptional regulation, and that three different specific 
inhibitors block the differentiation. These finding implicated 
that protein expression of PIKKs is required and mechanisms 
by which PIKKs is regulated during cellular differentiation, are 
critical for differentiation/development. 

MATERIALS AND METHODS
Cells and reagents

Human monocytic cell line THP1 was purchased from ATCC 
(Manassas, VA), and maintained in RPMI medium containing 
10% FBS (Invitrogen, Carlsbad, CA) and penicillin/Streptomycin. 
Phorbal 12-myristate 13-acetate (PMA), Neocarzinostatin (NCS) 
and MG 132 were purchased from Sigma (St. Louis, MO), and 
dissolved in DMSO. KU55933 and NU7441 were obtained from 
TOCRIS (Bristol, UK). Schisandrin B (Sch-B) was gratefully 
provided by Dr. Konishi (Niigata University, Japan) 

Western blotting

Cells were treated with indicated chemicals for indicated 
times. Total cell lysate (20 or 30 mg/lane) was loaded and 
separated by SDS-PAGE. Transfer to a PVDF membrane (Millipore, 
Billerica, MA) was performed using semi-dry transfer method. 
Primary antibodies used in this study were anti-DNA-PK, anti-
ATM (GeneScript, Piscataway, NJ), Anti-SMC1, anti-actin (Santa 
Cruz Biotechnology, Santa Cruz, CA) and anti-BRAT1 (abcam, 
Cambridge, MA). To detect phosphorylation of some proteins, we 
used anti-phospho-DNA-PK (Thr 2609, Rockland, Gilbertsville, 
PA), anti-phospho-ATM (Ser1981, Cell signaling, Danvers, 
MA), and anti-phospho-SMC1 (Ser966, Bethyl Laboratories, 
Montgomery, TX). 
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RNA isolation and RT-PCR

Total RNA was isolated using TRIzol Reagent (Invitorgen) 
according to the manufacturer’s instructions. First-strand cDNA 
was synthesized from 4 mg total RNA using MMLV reverse tran-
scriptase Kit (Invitrogen). Primers were obtained from Inte-
grated DNA Technologies (Coralville, IA) as follows: DNA-PK: 
5’ACCAGCATGAGCCCAGATTATCCA3’ and 5’CGGCCGCACCTT-
TCACTTTGTTAT3’, ATM: 5’-AACTCTTGTCCGGTGTTCACGTCT3’ 
and 5’ACTTTGGCTCTCTCCAGGTTCGTT3’, BRAT1: 5’AAACG-
GTCACTGAAGGAGAGTCCA3’ and 5’ACGTGATCCATGATCTTCT-
GGGCA3’, GAPDH: 5’-AAGGTCGGAGTCAACGGATTTGGT-3’ and 
5’-AGTGATGGCATGGACTGTGGTCAT-3’. GAPDH expression was 
assessed as an internal reference for normalization. 

Microscopy

THP1 cells were treated with indicated chemical for 24 h, 
and morphological change was observed by inverted microscope 
(x40), and analyzed by Spot software (Sterling Heights, MI).

RESULTS AND DISCUSSIONS 
DDR proteins are required for THP1 differentiation

Earlier studies described that the level of ATM protein 
markedly increases in phytohemagglutinin (PHA) treated 
peripheral blood mononuclear cells (MNCs) without change 
in ATM mRNA and protein stability [9]. Although variation in 
expression of ATM transcripts between different tissues has 
been observed [10], ATM expression in specific cell types during 
differentiation has not been analyzed. The human monocytic cell 
line THP-1 can be differentiated to cell with macrophage-like 
characteristics by PMA. To investigate the role of PIKKs in PMA-
induced THP1 differentiation, we examined the level of proteins 
and activity of DNA-PK, ATM and ATR. (Figure 1A). THP1 cells 
were treated with PMA for 48 h to differentiate into macrophage. 
Immunoblotting data indicate that the protein expression of DNA-
PK, ATM and ATR is almost undetectable in undifferentiated THP1 
cells, but significantly increased after differentiation. In contrast, 
the level of SMC1 protein was not changed during differentiation. 
DNA-damaging agent (NCS) treatment didn’t change PIKK 
protein level in THP1, while we found the treatment with PMA 
induces phosphorylation of DNA-PK and SMC1, suggesting that 
DDR and DNA repair may be happened during PMA-induced 
differentiation, but it remains to be clear. Next, we examined 
mRNA and protein expression of DNA-PK, ATM and BRAT1 in 
different times during PMA-induced differentiation. BRAT1 was 
recently identified as regulator of ATM/DNA-PK-mediated DDR 
[11]. THP-1 cells were treated with relatively low concentration 
(10 ng/ml) at the time of 2, 4, 6, 8, 24 hours. Total RNA and total 
extract were prepared from cells for RT-PCR and western blot 
analysis, respectively (Figure 1B and 1C). While all observed 
proteins were very low level in untreated THP-1, it dramatically 
increased by 2 h and reached to maximal at 6 h. Because the 
amount of proteins might be reflected in transcripts level, we 
also examine mRNA level of these genes during differentiation. 
As shown in Figure 1C, mRNA levels in untreated and PMA-
stimulated THP-1 cells were not significantly different over 0 
to 24 h and could not account for the increased ATM protein in 
PMA-stimulated cells. Another explanation for the higher level of 

PIKK’s proteins in PMA-treated cells could be decreased function 
of protein degradation by proteasome. However, as shown in 
Figure 1D, the treatment of MG132, specific proteasome inhibitor, 
couldn’t change ATM protein levels in differentiated THP-1 cells, 
compared to untreated cells. Our results indicate that the increase 
in PIKK protein in PMA-induced differentiation of monocytic 
cell lines is due to posttranscriptional regulation including 
translational regulation and protein stabilization. Next, we used 
a series of PIKK inhibitors to suppress kinase activity of ATM, 
ATR, and DNA-PK in THP1 cells. The ATM inhibitor KU-55933 
(KU) suppresses cell proliferation by blocking overactivated Akt 
[12]. Schisandrin B (SchB) was recently isolated from an active 
ingredient of Fructus schisandrae, inhibiting ATR kinase activity 
following DNA damage [13]. NU7441 is a highly selective DNA-PK 
inhibitor, which increases the persistence of gH2AX foci after IR-
induced DNA damage [4]. THP1 were treated with these inhibitors 
after PMA treatment (6h post-treatment), and morphological 
change was detected under bright microscope (Figure 1D). 
As we know, PMA-treated THP1 showed typical macrophage 
shape (elongated, flattened). The inhibition of kinase activity 
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Figure 1 The role of DDR proteins in PMA-induced THP1 
differentiation.  A. THP1 cells were treated without (D, DMSO) 
or with PMA (P, 50 ng/ml). After 48 h, NCS (0.5 mg/ml) was added 
into media and cells were cultured for 1 h more. Total extracts were 
isolated for western blot analysis. B and C. Cells were treated with PMA 
(10 ng/ml) for indicated times and total lysates and total RNA were 
isolated for western blot (B) and RT-PCR analysis (C), respectively. 
Actin protein and GAPDH transcript were used as internal control, 
respectively. D. Cells were pre-treated with or without MG132 (MG, 
5 mM) for 3 h prior to PMA treatment for 24 h. Total lysates were 
isolated to detect human ATM as above. E. Cells were post-treated 
indicated inhibitors (KU: KU55933 5 mM, Sch: Schisandrin B 30 
mM, NU: NU7441 5 mM), after PMA 6 h treatment. Cells in culture 
plates were visualized by bright microscope (x40) and taken picture 
using Spot imaging systems. This picture was representative of two 
independent experiments. 
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suppressed PMA-induced morphological changed, suggesting 
PIKK are required for mitogen-induced THP1 differentiation. 

In conclusion, our data suggests the novel role in cell 
differentiation of PIKK, which are well-known DDR proteins. 
Which of the mechanisms are involved in this regulation will be 
studied in future experimental projects. 
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