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Abstract  

Human Ku heterodimeric protein composed of Ku70 and Ku80 subunits plays an important role 

in the non-homologous end-joining DNA repair pathway as a sensor of double strand DNA 

breaks. Ku is also involved in numerous cellular processes, and in some of them it acts in an 

RNA-dependent manner. However, RNA binding properties of the human Ku have not been well 

studied. Here we have analyzed interactions of a recombinant Ku heterodimer with a set of 

RNAs of various structure as well as eCLIP (enhanced crosslinking and immunoprecipitation) 

data for human Ku70. As a result, we have proposed a consensus RNA structure preferable for 

the Ku binding that is a hairpin possessing a bulge just near GpG sequence-containing terminal 

loop. 7SK snRNA is a scaffold for a ribonucleoprotein complex (7SK snRNP), which is known 

to participate in transcription regulation. We have shown that the recombinant Ku specifically 

binds a G-rich loop of hairpin 1 within 7SK snRNA. Moreover, Ku protein has been co-

precipitated from HEK 293T cells with endogenous 7SK snRNA and such proteins included in 

7SK snRNP as HEXIM1, Cdk9 and CTIP2. Ku and Cdk9 binding is found to be RNA-

independent, meanwhile HEXIM1 and Ku co-precipitation depended on the presence of intact 

7SK snRNA. The latter result has been confirmed using recombinant HEXIM1 and Ku proteins. 

Colocalization of Ku and CTIP2 was additionally confirmed by confocal microscopy. These 

results allow us to propose human Ku as a new component of the 7SK snRNP complex. 
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Abstract  

Human Ku heterodimeric protein composed of Ku70 and Ku80 subunits plays an important role 

in the non-homologous end-joining DNA repair pathway as a sensor of double-strand DNA 

breaks. Ku is also involved in numerous cellular processes, and in some of them, it acts in an 

RNA-dependent manner. However, RNA binding properties of the human Ku have not been well 

studied. Here we have analyzed interactions of a recombinant Ku heterodimer with a set of 

various RNA structures as well as eCLIP (enhanced crosslinking and immunoprecipitation) data 

for human Ku70. As a result, we have proposed a consensus RNA structure preferable for the Ku 

binding that is a hairpin possessing a bulge just near GpG sequence-containing terminal loop. 

7SK snRNA is a scaffold for a ribonucleoprotein complex (7SK snRNP), which is known to 

participate in transcription regulation. We have shown that the recombinant Ku specifically binds 

a G-rich loop of hairpin 1 within 7SK snRNA. Moreover, Ku protein has been co-precipitated 

from HEK 293T cells with endogenous 7SK snRNA and such proteins included in 7SK snRNP 

as HEXIM1, Cdk9, and CTIP2. Ku and Cdk9 binding is found to be RNA-independent, 

meanwhile HEXIM1 and Ku co-precipitation depended on the presence of intact 7SK snRNA. 

The latter result has been confirmed using recombinant HEXIM1 and Ku proteins. 



Colocalization of Ku and CTIP2 was additionally confirmed by confocal microscopy. These 

results allow us to propose human Ku as a new component of the 7SK snRNP complex. 

 

Highlights  

Human Ku interacts with bulge-containing stem-loop RNA structures  

Ku binds 7SK snRNA at the terminal G-rich loop of its hairpin 1  

Ku interacts with proteins of 7SK snRNP: HEXIM1, Cdk9 and CTIP2  

 

Keywords  

Human Ku protein, RNA binding, 7SK snRNA, 7SK ribonucleoprotein complex, HEXIM1 

 

1. Introduction 

The Ku protein is a highly abundant protein in mammalian cells made up by two subunits, 

Ku70 and Ku80 [1]. The most well-known Ku function is participation in the repair of DNA 

double-strand breaks (DSBs) through the non-homologous end joining (NHEJ) pathway where 

the Ku heterodimer acts as the main sensor of DSBs. Being bound to DNA ends, Ku recruits the 

catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) and forms the trimeric complex 

DNA-PK, which triggers a cascade of phosphorylation events required for the subsequent DSB 

repair [2–4]. In addition to NHEJ, Ku is involved in various cellular processes such as V(D)J 

recombination, AP-site repair, telomere maintenance, apoptosis, transcription, and translation 

[1,5–9]. Its exact function in these processes remains the subject of intensive research. In 

particular, one cannot rule out a possibility of RNA-mediated participation of Ku in some of 

these processes. Indeed, even in the well-studied DSB repair, a direct role of RNA has been 

revealed in recent works [10–12]. In particular, the noncoding RNA LINP1 acts as a scaffold that 

links Ku and DNA-PKcs and enables efficient DNA repair through the NHEJ pathway in breast 

cancer cells [12].  

Accumulating evidence demonstrates that Ku acts as an RNA binding protein in telomere-

length maintenance in yeast [13–17] and in human cells [18]. There is no sequence similarity 

between the RNA components of yeast and human telomerases, but in both RNAs Ku associates 

with similar stem-loop structures [14,18]. The interaction between the Ku heterodimer and 

telomerase RNA (TLC1) from Saccharomyces cerevisiae is required for proper recruitment of 

yeast telomerase to the chromosome end and telomere synthesis [15,19]. 

Ku participation in translation can also be mediated by its interaction with RNA. For 

example, Ku70 is found to bind the5’-UTR elements of mRNAs of some growth factors, and this 

finding provides data to propose a role for Ku in the modulation of IRES-mediated mRNA 



translation [20]. Both Ku subunits are identified in a screen for proteins’ binding to the 5’-UTR 

of the mRNA encoding the tumor suppressor protein p53, a master gene regulator of the DNA 

damage response [21]. The Ku binding with p53 mRNA results in repression of p53 protein 

synthesis and p53-mediated apoptosis and the translational repression is relieved after genotoxic 

stress due to Ku acetylation, which disrupts Ku-p53 mRNA interactions [6]. 

Another important cellular process where Ku participation might be mediated by its 

binding to RNA is alien DNA sensing and innate immune response. Several works have shown 

that Ku (alone or in its complex with DNA-PKcs) can activate an innate immune response when 

it detects foreign DNA [22–25]. Recently, it has been found that Ku is involved in DNA-

mediated innate immune response being a component of a multi-subunit RNP complex, in which 

several proteins are associated with a long non-coding RNA NEAT1 [26]. This RNA is known 

as a paraspeckle marker [27], and in addition to Ku70, Ku80 and DNA-PKcs, this RNP complex 

also contains paraspeckle proteins (SFPQ, NONO, PSPC1, RBM14, and MATRIN3). Another 

interesting component of the RNP is hexamethylene-bis-acetamide-inducible protein 1 

(HEXIM1), an RNA-binding protein involved in the control of transcription elongation by RNA 

polymerase II (RNAPII) [28,29]. Among all the proteins listed above, only SFPQ, HEXIM1, and 

Ku70 have been found to be co-localized with the NEAT1 accordingly to immuno-fluorescence 

in situ hybridization in HeLa cells. This data allows supposing a direct interaction of Ku70 with 

RNA NEAT1.  

It should also be noted that Ku has been found to associate with RNA helicase A (RHA) 

[30], a multifunctional protein, which is involved in several steps of RNA metabolism, such as 

RNA processing, cellular transit of viral molecules, ribosome assembly, regulation of 

transcription, and translation of specific mRNAs [31]. Interestingly, Ku was immunoprecipitated 

with RHA in an RNA-dependent manner, and both proteins were identified in hnRNP complexes 

[30]. Moreover, in these complexes, DNA-PK consisting of Ku protein and a kinase subunit 

(DNA-PKcs) was able to perform RNA-dependent phosphorylation of hnRNP proteins and of 

RHA [30]. It was a surprising result since previously DNA-PK had been believed to exhibit its 

phosphorylating activity only after binding to DNA, but not RNA [32,33]. However, later it was 

shown that DNA-PK could phosphorylate heterogeneous nuclear ribonucleoprotein A1 

(hnRNPA1), and its phosphorylation is stimulated by the presence of both DNA and the 

telomerase RNA component, hTR [34].  

Participation of Ku protein in the transcription regulation of cellular and viral genes has 

been extensively studied [35–40], and no uniform mechanism has been revealed. Nothing is 

known about Ku interactions with any RNA during transcription regulation. However, Ku has 

been found to interact with TAR (trans-activation response) RNA [41] forming a hairpin 



structure located at the 5’-end of the synthesized mRNA and known as a key player in active 

transcription from the HIV-1 promoter [42–44]. Therefore, one cannot rule out that at least the 

viral transcription regulation by Ku could be mediated by some Ku-RNA interplays.   

The structural aspects of Ku-RNA binding have been well studied for the yeast Ku protein, 

and a minimum consensus structure for a Ku-binding site within RNAs has been proposed [16]. 

It represents a bulged stem-loop structure, and the presence of UA or UG bulge, and the size of 

the terminal loop, but not the loop sequence are the most important marks for Ku recognition. 

For Saccharomyces cerevisiae, it has been shown that Ku defective in DNA binding also loses 

its affinity to telomerase RNA (TLC1) [13]. This result allows considering that the yeast Ku 

protein has the same binding site for both types of nucleic acids. Interaction of Ku from 

mammalian cells with different RNA structures is less studied, but the existing data show that 

the human protein also prefers stem-loop RNAs containing a bulge [6,18]. Analysis of Ku 

binding with TAR RNA demonstrates that, in contrast to the yeast protein, the loop sequence 

may be important for recognition by human Ku [41]. Besides, a series of RNA aptamers for Ku 

heterodimer has been developed [33], however, the nature of their binding to Ku has not been 

clarified. 

Here we have analyzed structural aspects of RNA interactions with human Ku heterodimer 

based on the results of eCLIP (enhanced crosslinking and immunoprecipitation) experiments 

available from ENCODE database, and our experimental study of recombinant Ku binding with 

different RNA molecules. As a result, we could propose a consensus RNA structure favorable 

for the Ku binding, which is a hairpin containing a bulge within a few nucleotides from the loop 

and possessing GpG sequence in the terminal loop. Also, we investigated Ku interplay with a 

non-coding small nuclear 7SK RNA (7SK snRNA), which is a scaffold for a ribonucleoprotein 

complex (7SK snRNP) participating in transcription regulation [45]. We have found that Ku 

binds mainly the hairpin 1 containing the most G-rich loop in the complex secondary structure of 

7SK snRNA. Interestingly, the hairpin 1 is involved in 7SK snRNA interaction with HEXIM1 

protein, an RNA-binding protein well-known as an inhibitor of the positive transcription 

elongation factor b (P-TEFb), which controls transcription elongation by RNAPII [29,46]. Of 

note, Ku does not compete with HEXIM1 for binding to 7SK snRNA, since we detected 

formation of a ternary complex composed of both proteins and 7SK snRNA. Ku has been co-

precipitated with HEXIM1 from cells, however RNase treatment destroyed HEXIM1-Ku 

complex. Moreover, Ku interacts with some other proteins of the 7SK snRNP complex, namely 

cyclin-dependent kinase 9 (Cdk9), which is the part of P-TEFb, and the cellular repressor CTIP2. 

It is known that 7SK snRNA links HEXIM1 and CTIP2 to Cdk9 and CyclinT1 in an inactive 



form of the P-TEFb complex [47]. Basing on the results obtained we can consider Ku protein as 

a new component of the 7SK snRNP complex. 

 

2. Materials and methods 

2.1. Plasmids 

For the construction of heterodimer Ku expression, vector pET15b_His6_Ku70_(-

1nt)_Ku80, PCR with primers Ku70-N-NdeI (5′-

CATATGTCAGGGTGGGAGTCATATTACA-3′) and Ku70-C-BamHI (5’-

GGATCCGTCCTGGAAGTGCTTGGTGA-3′) was used to amplify the human Ku70 coding 

sequence (corresponded to NP_001275905.1) from pGEX-6p-1-Ku70 without a stop codon [48], 

and the product predigested with NdeI and BamHI restriction endonucleases (Thermo Fisher 

Scientific, USA) was cloned between NdeI and BamHI sites into a pET15b vector (Merk 

Millipore, USA). A new XhoI restriction site was added following by the BamHI site in the 

resulted plasmid by site-directed mutagenesis (Quick Change II Site-Directed Mutagenesis Kit, 

Agilent Technologies, USA) with primers (5'-

AACAAAGCCCGAAAGGAACTCGAGTTGGCTGCTGCCACC-3' and 5'-

GGTGGCAGCAGCCAACTCGAGTTCCTTTCGGGCTTTGTT-3'). Then, human Ku80 coding 

sequence (corresponded to NP_066964.1) was amplified from a pCDNA3_Ku80_3xFLAG 

vector (described in [49]) with primers Ku80-N-BamHI (5’-

GGATCCTTAAAAGAGGAATTATAATGGTGCGGTCGGGGAATAA-3’) and Ku80-C-XhoI 

(5’- CTCGAGTTATATCATGTCCAATAAATCGTCCAC -3') and cloned between BamHI and 

XhoI restriction sites into the vector pET15b-Ku70, obtained at the previous step. The primer 

Ku80-N-BamHI introduced the Shine-Dalgarno sequence GAGG, the intercistronic sequence 

AATT,  and a stop codon at the 3’-end of the Ku70 gene after the ligation of the PCR product 

into the vector for the optimal translation efficiency of the Ku80 gene located with -1nt shift 

relative to the stop codon of the Ku70 gene [50]. 

To obtain the sequence coding the human HEXIM1 protein, total RNA from HEK 

293T cells was extracted by TRIzol Reagent (Thermo Fisher Scientific, USA) according to the 

manufacturer’s protocol and cDNA was synthesized using the MMLV kit (Evrogen, Russia). 

Then, the HEXIM1 coding sequence (corresponded to NP_006451.1) was amplified from cDNA 

by PCR using primers 5’-ACTTCGAGGACTCTACTAGCC-3’ and 5’-

GTTTCAGTCTAGTCTCCAACTTGG-3’ and verified by Sanger sequencing. For the 

construction of the GST-HEXIM1 expression vector (pGEX-6p-1-hHEXIM1), HEXIM1 coding 

sequence was amplified using primers HEXIM1-N-BglII (5’-

ATGCAGATCTATGGCCGAGCCATTCTTG-3’) and HEXIM1-C-XhoI (5’-



ATGCCTCGAGTTACTAGTCTCCAAACTTGGAAAGCGG-3’) and cloned into the 

pGEX-6p-1 vector between BglII and XhoI restriction sites in frame with GST tag. 

The vector for mammalian expression of human HEXIM1 protein 

(pcDNA3_HEXIM1_3xFLAG) was obtained by cloning the HEXIM1 coding sequence into the 

AflII restriction site after the Ku70 gene was сut out of pcDNA3_Ku70_3xFLAG (used in [49]) 

by the AflII restriction enzyme. 

pNTap-CTIP2 and RFP-CTIP2 plasmids were described previously [51]. 

 

2.2. Expression and purification of recombinant proteins 

For recombinant human His6-Ku70/Ku80 production, E.coli BL21(DE3) Codon 

Plus/pLysS strain was transformed with plasmid pET15b_His6_Ku70_(-1nt)_Ku80, grown in 2 

L of modified 2YT medium (16 g/L bactotryptone, 10 g/L yeast extract, 1 g/L K2HPO4, 1.5 g/L 

NaH2PO4, 1% glycerol, pH 7.5) in the presence of 100 mg/L ampicillin (Sigma, USA) at 37 °C 

until the culture reached OD600 = 0.6. Recombinant protein expression was induced by adding 

IPTG water solution up to 0.1 mM, and bacteria were cultured at 18°C. After 6 h of cultivation, 

lactose in the concentration of up to 5 g/l was added. The total cultivation time was 20 h at 18°C. 

Cells were harvested by centrifugation (20 min, 4 °C, 4000 g), and 50 g of cellular debris was 

resuspended in 1 L of lysis buffer (50 mM Tris-HCl, pH 8.0, 3 mM 2-mercaptoethanol, 1 M 

NaCl, 5% sucrose, 0.05% TritonX-100, 2mM PMSF) with 1 g/L lysozyme and incubated on ice 

for 30 min. After sonication, the insoluble material was removed by centrifugation (40 min, 4 °C, 

35000 g), the supernatant was purified from bacterial DNA by incubation with 0.05% 

polyethylenimine (pH 5.0) on ice for 30 min, and centrifuged 45 min, 4°C, 35000 g. The lysate 

was loaded on Ni-NTA-agarose beads (Thermo Fisher Scientific, USA), and incubated overnight 

at 4°C. After binding, the resin was washed with a buffer (50 мМ Tris-HCl, pH 8.0, 2 мМ 2-

mercaptoethanol, 0.5 M NaCl, 5% glycerol, 0.05% TritonX-100, 1 мМ PMSF), and a buffer (50 

мМ Tris-HCl, pH 8.0, 2 мМ 2-mercaptoethanol, 0.1 M NaCl, 5% glycerol, 50 mM imidazole, 1 

мМ PMSF) and finally eluted with a buffer (50 мМ Tris-HCl, pH 8.0, 2 мМ 2-mercaptoethanol, 

0.1 M NaCl, 10% glycerol, 500 mM imidazole, 1 мМ PMSF). The fraction of the eluted protein 

was diluted by 50 мМ Tris-HCl, pH 8.0 up to 50 mM NaCl concentration and then loaded on the 

heparin-sepharose (GE Healthcare, USA), washed with a buffer (50 мМ Tris-HCl, pH 8.0, 2 мМ 

2-mercaptoethanol, 10% glycerol, 1 mM PMSF, 50 mM NaCl), and eluted with this buffer 

containing 400 mM NaCl.  

For recombinant human HEXIM1 production, E.coli BL21(DE3) Codon Plus/pLysS 

strain was transformed with plasmid pGEX-6p-1-h-HEXIM1, grown in 2 L of 2% LB medium in 

the presence of 100 mg/L ampicillin (Sigma, USA) at 37 °C until the culture reached OD600 = 



0.6. Recombinant protein expression was induced by adding IPTG up to 0.1 mM and bacteria 

were cultured at 25°C for 3 hours. Cells were harvested by centrifugation (20 min, 4 °C, 4000 g) 

and resuspended in a lysis buffer (50 mM Tris-HCl, pH 7.8, 0.5 M NaCl, 0.1% TritonX-100, 0.1 

mM PMSF) containing 1 g/L lysozyme, and incubated on ice for 30 min. After sonication, the 

insoluble material was removed by centrifugation (40 min, 4 °C, 35000 g), and the lysate was 

loaded on Pierce®Glutathione Agarose (Thermo Fisher Scientific, USA). After overnight 

incubation at 4°C, the resin was washed with 50 mL of lysis buffer and 50 mL volumes of a 

wash buffer (50 mM Tris-HCl, pH 7.8, 0.25 M NaCl, 2 мМ 2-mercaptoethanol, 5% glycerol, 0.1 

mM EDTA). The protein was eluted with 1 ml of the wash buffer containing 50 mM glutathione 

and was dialyzed against the wash buffer using SnakeSkin Dialysis Tubing (Thermo Fisher 

Scientific, USA) overnight. 

Protein concentrations were measured by Bradford assay (Thermo Fisher Scientific, 

USA) using BSA (Thermo Fisher Scientific, USA) as a protein standard. 

 

2.3. Western blot  

Protein samples were separated using 10% SDS PAGE and analyzed by western blot with 

anti-His6 antibodies (produced in mouse, SAB1305538, Sigma, USA), anti-Ku70 rabbit 

polyclonal antibody (ab83502, Abcam, USA), anti-Ku80 rabbit polyclonal antibody (#2735, Cell 

Signaling, USA). HRP-conjugated anti-rabbit (produced in mouse, A6154, Sigma, USA) and 

anti-mouse antibodies (produced in goat, A9044, Sigma, USA) were used as secondary 

antibodies. Visualization of specific protein bands was performed with Clarity Western ECL 

substrate (Bio-Rad, USA) using ChemiDoc MP system (Biorad, USA). 

 

2.4. Mass-spectrometry 

The protein samples were prepared for MS identification and analyzed as described [52]. 

Mass-spectra were obtained on UltrafleXtreme Bruker Daltonics MALDI-TOF mass-

spectrometer, analyzed by FlexAnalysis 3.3 (Bruker Daltonics, Germany), protein identification 

was performed using Mascot (www.matrixscience.com) (Table S1). 

 

2.5. 32P-labeled nucleic acid preparation 

All oligonucleotides were synthesized using the phosphoramidite method on a Mermaid 

12 synthesizer (Bioautomation, USA) by the standard operating procedures using commercially 

available reagents (Glen Research, USA). Oligonucleotides were double purified by denaturing 

PAGE, and RP-HPLC and their purity was confirmed by LC-MS. Purified DNA and RNA 

ligands were labeled with T4 polynucleotide kinase (Thermo Fisher Scientific, USA) and 50 µCi 



[γ-32P]-ATP (3000 Ci/mmol) for 30 min at 37 °C. T4 polynucleotide kinase was inactivated by 

the addition of EDTA followed by phenol-chloroform extraction. The resulting ligands were 

purified from unincorporated [γ-32P]-ATP by 15% denaturing PAGE. 

 

2.6. In vitro transcription 

In vitro transcription was performed using MEGAscriptTM T7 Transcription kit (Thermo 

Fisher Scientific, USA) as recommended by the manufacturer with minor modifications: reaction 

mixture contained additional 9 mM guanosine for subsequent 32P labeling of 5’end of RNA. 

Primers 5’-TAATACGACTCACTATAGGATGTGAGGGCGATCTG-3’, containing the 

sequence of T7 promoter, and 5’-AAAGAAAGGCAGACTGCC-3’ were used for the 

amplification by PCR of 7SK template for in vitro transcription. The sequence of human 7SK 

snRNA (332 bases long, RefSeq NR_001445) was prepared from HEK 293T cells genome by 

PCR using primers 5’-CACCAATGGAGACTGCAGTATTTAGCA-3’ and 5’- 

GCATCTAACTTAGATGGGTAATGGGTCAAAAG-3’.  

 

2.7. Nucleic acid binding assays 

For electrophoretic mobility shift assays (EMSAs), 32P-labeled nucleic acids (0.1 nM) 

were annealed and then incubated with increasing concentrations of Ku protein (0-600 nM) in 20 

µL of a buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 2 mM DTT, 1 mM EDTA, 3% glycerol, 

5 µg/ml yeast tRNA, 0.1 mg/ml BSA) for 20 min at room temperature (RT) and subsequently for 

10 min on ice. Then, the resulting complexes were separated using 5% pre-run native PAGE at 

4°C for 3 h at 60 V in 1xTBE buffer and visualized by autoradiography (32P). For the super-shift 

assay, the reaction mixture containing 0.1 nM 32P-labeled TAR RNA and 50 nM Ku protein was 

supplemented with 1 µl of either anti-Ku70, anti-Ku80, anti-His6, and anti-actin (A2103, Sigma) 

antibody and incubated for 30 min at RT.   

For competition experiments, a double-stranded 40-mer DNA duplex with the sense 

sequence 5’-GACTACGGTTCAAGTCAGCGTGTGGAAAATCTCTAGCAGT-3’ was used. 
32P-labeled 0.1 nM hp1RNA was incubated with 100 nM Ku protein in the reaction buffer in the 

presence of increasing concentrations of the unlabeled DNA duplex (0, 0.1, 1, 10, 25, 50, 100, 

1000 nM) for 20 min at RT. For the RNA displacement from its complex with Ku by the 

unlabeled DNA, 32P-labeled 0.1 nM hp1RNA was pre-incubated with 100 nM Ku protein in the 

reaction buffer for 20 min at RT, followed by the addition of increasing amounts of the DNA and 

incubation for 20 min more. 

To analyze binding of human full-length 7SK snRNA and recombinant Ku protein, 7SK 

snRNA was in vitro transcribed and 5’-end 32P-labeled by [γ-32P]-ATP and T4 polynucleotide 



kinase. Then, 5 nM 7SK snRNA was incubated with increasing concentrations of recombinant 

Ku protein (0 – 400 nM) in the reaction buffer for 20 min at RT followed by separation in the 

native PAGE. 

Typhoon FLA9500 Phosphorimager (GE Healthcare, USA) was used for gel visualization 

and quantification. The dissociation constants were determined through an approximation of 

experimental data using a standard equation for bimolecular ligand-receptor binding. Chart 

preparation and analysis of experimental data were performed using GraphPad Prism7.03 

software. 

 

2.8. RNase T1 footprinting assay 

 200 nM recombinant Ku protein was incubated with 10 nM T7-transcribed 5’-32P-labeled 

full-length 7SK snRNA in 200 µl of a buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 2 mM 

DTT, 1 mM EDTA, 3% glycerol, 5 µg/ml yeast tRNA, 0.1 mg/ml BSA) for 20 min at room 

temperature. Then, samples containing either 7SK-Ku complex or only free 7SK snRNA were 

treated with 0.005 U RNase T1 (Thermo Fisher Scientific, USA) per 1 µl of the reaction mixture 

for 5 min at 37° C. RNase T1 digestion was stopped by adding phenol-chloroform and 

subsequent RNA-extraction and precipitation with ethanol in the presence of glycogen (5 µg). 

Reaction products were suspended in a loading buffer (80% formamide, 0.05% bromophenol 

blue, 0.05% xylene cyanol, 1xTBE) and separated on 6%-10% and 10%-15% polyacrylamide 

denaturing gels.  

 

2.9. Cell culture 

HEK 293T cells and microglial cells were cultured at 37°C and 5% CO2 in DMEM 

medium supplemented with 10% FBS and 100 I.U./mL penicillin/100 µg/mL streptomycin 

solution (all from Thermo Fisher Scientific, USA).  

 

2.10. Immunoprecipitation assay 

For RNA-immunoprecipitation assay, HEK 293T cells in a 100-mm dish were transfected 

with 30 µg of the empty pCDNA3.1 vector (negative control) by calcium phosphate or co-

transfected with 15 µg of pCDNA3_Ku70_3xFLAG and 15 µg of pCDNA3_Ku80_3xFLAG 

vectors described earlier [49]. 48 h after transfection, the cells were lysed for 30 min on ice in a 

lysis buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 5 mM MgCl2, 

0.05% Triton-X100, 0.1% Tween20, 1mM DTT, 0.5 mM PMSF), supplemented with Protease 

inhibitor cocktail (Thermo Fisher Scientific, USA) and RiboLock RNase Inhibitor (Thermo 

Fisher Scientific, USA). Extracts were cleared by centrifugation for 10 min at 14,000 g, and 



protein concentration was measured on NanoDrop 2000 spectrophotometer (Thermo Fisher 

Scientific). 0.1 mg of cell lysates were saved for input analysis. 1 mg of total protein was mixed 

with FLAG-antibody conjugated agarose (Sigma) and incubated overnight at 4°C. Beads were 

washed 5 times with lysis buffer for 10 min at 4°C, and bound protein complexes were eluted 

with 0.1 M glycine pH 2.5 for 20 min at room temperature. Elution fractions and inputs were 

divided for Western blot analysis and RNA extraction by TRIzol Reagent (Thermo Fisher 

Scientific, USA) according to the manufacturer’s protocol. cDNA was synthesized using the 

MMLV kit (Evrogen, Russia), and qPCR was performed with primers for human 7SK snRNA 

(5’-GTCAAGGGTATACGAGTAGCTG-3’ and 5’-TGACTACCCTACGTTCTCCTAC-3’), for 

human U6 RNA (5’-CGCTTCGGCAGCACATATAC-3’ and 5’-

AAAATATGGAACGCTTCACGA-3’) using the qPCR Mix-HS SYBR (Evrogen, Russia) on a 

Biorad CFX96 amplifier (Biorad, USA). 

For co-immunoprecipitation following harvest, cells were lysed for 30 min on ice in the 

lysis buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 5 mM MgCl2, 

0.05% Triton-X100, 0.1% Tween20, 1 mM DTT, 0.5 mM PMSF), supplemented with Protease 

inhibitor cocktail (Thermo Fisher Scientific, USA). After centrifugation 15 min 14000 rpm, the 

protein amount in the extract was quantified by Bradford assay. Antibodies anti-Cdk9 (sc13130, 

Santa Cruz Biotechnology, USA), anti-HEXIM1 (ab25388, Abcam, USA), anti-Ku80 

(ab119935, Abcam, USA), and rabbit IgG isotype control (Thermo Fisher Scientific, USA) as a 

negative control were incubated with Dynabeads Protein G (Thermo Fisher Scientific, USA) for 

3 h at 4°C, after that 1 mg of total extract per immunoprecipitation was added for overnight 

incubation. After several washes with IPLS buffer (50 mM Tris-HCl pH 7.4, 120 mM NaCl, 0.5 

mM EDTA, 0.5% NP40, 10% glycerol) and IPHS buffer (50 mM Tris-HCl pH 7.4, 0.5 M NaCl, 

0.5 mM EDTA, 0.5% NP40, 10% glycerol) proteins were eluted by Laemmli sample buffer 

(Biorad, USA) and analyzed by Western blot. 

For HEXIM1-FLAG immunoprecipitation, HEK 293T cells in 100 mm dish were 

transfected with either 30 µg of the empty pcDNA3.1 vector (negative control) or 

pcDNA3.1_HEXIM1_3xFLAG by calcium phosphate. 48 h after transfection, the cells were 

lysed for 30 min on ice in the lysis buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 10% 

glycerol, 1 mM EDTA, 5 mM MgCl2, 0.05% Triton-X100, 0.1% Tween20, 1mM DTT, 0.5 mM 

PMSF), supplemented with Protease inhibitor cocktail (Thermo Fisher Scientific, USA). Extracts 

were cleared by centrifugation for 10 min at 14000 rpm, and protein concentration was measured 

using NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). 0.1 mg of cell 

lysates were saved for input analysis. 1 mg of total protein was mixed with FLAG-antibody 

conjugated agarose (Sigma, USA) and incubated overnight at 4°C. Beads were washed 5 times 



with the lysis buffer for 10 min at 4°C and then bound protein complexes were eluted by 

Laemmli sample buffer (Biorad, USA) and analyzed by Western blot. 

For RNаse treatment, prior to addition of antibody-bound Dynabeads Protein G or 

FLAG-antibody conjugated agarose to a cellular extract, it was incubated in the presence or 

absence of RNase A at 250 U/ml and RNase T1 at 1000 U/ml for 10 min at 37°C and subjected 

to immunoprecipitation as above. 

For CTIP2 immunoprecipitation with 3FLAG-Ku70, cells cultured in 150-mm diameter 

dishes were transfected using a calcium phosphate co-precipitation method with the plasmids 

indicated. Lysates were prepared two days post-transfection as previously described [47]. 

Immunoprecipitations were performed using the standard technique, as in [47]. Finally, the 

immunoprecipitated complexes were processed for SDS-PAGE and immunoblot analysis. 

Proteins were visualized by chemiluminescence using the Super Signal Chemiluminescence 

Detection System (Thermo Fisher Scientific, USA). 

 

2.11. Bioinformatics analysis 

The eCLIP data were obtained from the ENCODE database. The data of experiments 

ENCSR571ROL and ENCSR258QKO, obtained for HepG2 and K562 lines, were used 

respectively. Detailed protocols of experiments and data processing are available on the pages of 

experiments (https://www.encodeproject.org/experiments/ENCSR571ROL/ and 

https://www.encodeproject.org/experiments/ENCSR258QKO/). Uniquely mapped reads were 

used for reads coverage counting. Files were downloaded in “bed” format containing the 

coordinates of the RNA binding sites in the human genome (version GRCh38). For every site 

values of the normalized coverage (eCLIP signal) and p-value were given. Peaks were filtered by 

thresholds to a signal level of at least 6.3 and p-value no more than 0.01. For further analysis, 

only the peaks present in both biological replicates were used and the average coverage was 

calculated. If the partially overlapping sites, the sequences occurring in one replicate was 

selected, and the average coverage for the common fragment was counted. 

For analysis we used the following software: RNAstructure for RNA secondary structure 

prediction [53], RNAforester from ViennaRNA Package 2.0 with parameter -r for RNA 

secondary structure similarity calculation [54], LocARNA for consensus RNA structure 

prediction [55]. Preferable for Ku binding consensus RNA structure was build using our tested 

RNAs (TAR, hp1RNA, let7a) and published structure from p53 mRNA [6] and human 

telomerase RNA [18]. Also, we included GpG sequence into consensus structure since UGGG > 

CAAA substitution in the terminal loop of TAR RNA decreased its binding with Ku.  

 



2.12. Confocal microscopy 

 Microglial cells were cultivated on glass coverslips in a 24-well plate and transfected with 

Jetprime® (polyplus transfection) according to the manufacturer’s protocol. 48-hours post-

transfection, cells were fixed with PFA 4% and permeabilized with PFA 4%/ triton 1%. The cells 

were incubated in BSA blocking buffer, then incubated for 1 hour with primary mouse anti-Ku70 

antibodies (Abcam 3114) followed by a 1-hour incubation with Alexa 647-labeled anti-mouse 

antibodies. Finally, the cells were incubated for 30 minutes with Hoechst to stain the cell 

nucleus. The cells were washed with PBS after each step. Fluorescence was recorded by 

confocal microscopy using a Zeiss laser scanning microscope (model 510 invert) equipped with 

a Planapo oil (63x) immersion lens (numerical aperture = 1.4). 

 

3. Results 

3.1. Expression and purification of recombinant Ku protein 

The Ku protein usually used for in vitro studies is either an endogenous protein purified 

from mammalian cells or a protein produced in the baculovirus system [56,57]. Both approaches 

to Ku production are multi-step and result in relatively low yields and high costs. Purification 

from E.coli cells is mainly used only for truncated Ku proteins [58,59]. Earlier, we designed a 

method for a recombinant Ku70 subunit production, taking advantages of two-tags (His6- and 

GST-) protein purification [48,49], and here tried to apply this method to Ku80 production. 

However, the expression of Ku80 in E. coli resulted in its significant proteolysis and insolubility 

(data not shown). Therefore, we used an approach described earlier [60] for bi-cistronic 

expression of Ku70 and Ku80 subunits from the single T7 promoter with some modifications. 

We constructed a plasmid vector containing the Ku70 (XRCC6) coding sequence followed by 

the Ku80 (XRCC5) coding sequence. To increase the translation efficiency from the second 

cistron, we used an approach described in [50]: Ku80 sequence had an internal Shine-Dalgarno 

sequence in the open reading frame of Ku70 sequence and started with a -1nt shift related to 

Ku70 open reading frame (Fig. 1A).  

Recombinant Ku protein bearing a His6-tag at the N-terminus of Ku70 subunit was 

expressed in E.coli BL21(DE3) Codon Plus/pLysS, and purified by two consecutive 

chromatography procedures. However, the protein prepared along with a full-size Ku70 (MW ~ 

75 kDa) and Ku80 (MW ~ 90 kDa) subunits contained one major Ku80 proteolysis product (MW 

~ 65 kDa) (40% according to Western blot) (Fig. 1B). Nonetheless, the final yield of the full-

length Ku70/Ku80 was estimated at 0.45 mg/L, which is comparable to that described previously 

[60]. The first N-terminal peptide resulted from trypsin digestion of the Ku80 proteolysis 

product, according to mass-spectrometry analysis, was 210MVMISLEGEDGLDEIYSFSESLR232 



(Table S1). We supposed that it is C-terminal fragment of Ku80 with an approximate length of 

523 amino acids. The truncated Ku80 lacked a major part of the N-terminal alpha-helix/beta-

barrel von Willebrand A (vWA) domain, which participates in neither DNA nor Ku70 binding 

[61,62]. This explains the ability of the truncated Ku80 to form a stable complex with Ku70 

during both purification steps.  

The main function of Ku protein is recognition of DNA ends during double-stranded DNA 

break repair via NHEJ pathway [1,4,5]. The minimal length of DNA duplexes sufficient for Ku 

binding is about14-20-mer, and this binding is not sequence-specific [61–63]. To examine the 

functional quality of the prepared recombinant Ku protein, we tested its DNA-binding capacity 

using an electrophoretic mobility shift assay (EMSA). Briefly, a 32P-labeled 21-mer or 40-mer 

DNA duplex was incubated with increasing concentrations of the recombinant Ku protein, and 

then the mixture was resolved on a nondenaturating polyacrylamide gel. As shown in (Fig. 1C), 

Ku was able to form stable complexes with both DNA ligands; determined Kd values were 

0.9±0.3 nM and 0.5±0.2 nM for 21-mer and 40-mer DNA duplexes, respectively, and correlated 

with published data [64]. As it was described earlier [60,62,64], we detected two lower migrating 

bands in the case of 40-mer DNA, probably, corresponding to complexes with DNA:Ku ratio 

equal to 1:1 and 1:2, since the latter appeared only at increased Ku concentrations. The 21-mer 

duplex formed with Ku only one complex, since the duplex length was evidently insufficient for 

binding two Ku heterodimers. 

 

3.2. Ku protein binds RNA with a stem-loop structure in vitro 

Having confirmed that the purified recombinant Ku can bind dsDNA, we next studied its 

RNA binding capacity by EMSA using a set of 32P-labeled RNA ligands (Table 1). No 

interaction between the Ku heterodimer and a 21-mer double-stranded RNA (dsRNA) was 

observed (Fig. 2A, Table 1). Ku purified from HeLa cells is known to interact with HIV-1 TAR 

RNA [41], which has a hairpin structure with a 3-nt bulge just near the terminal loop. We 

analyzed the recombinant Ku binding with TAR RNA and found that incubation of the protein 

with the RNA resulted in a new band with reduced electrophoretic mobility (Fig. 2A). To verify 

the nature of the complex, the binding was performed in the presence of anti-Ku80, anti-Ku70, 

and anti-His6 antibodies (supershift assay). In all cases, the appearance of a new high-mass band 

was observed, thus confirming the RNA-protein complex is composed of Ku70 and Ku80 (Fig. 

2B). Thus, we confirmed that our recombinant Ku formed a stable complex with TAR RNA 

(Table 1). At high protein concentrations, the second RNA-protein complex was detected 

suggesting binding of two Ku molecules to the ligand as it was demonstrated for Ku-DNA 

interactions. Earlier, we showed that the human Ku70 subunit purified from E.coli interacted 



with RNA only in the absence of Mg2+  [48]. Due to an excess of the Ku70 subunit in the purified 

heterodimer, we performed Ku-TAR RNA binding in the presence and absence of Mg2+ to 

distinguish between Ku70-RNA and heterodimer Ku-RNA complex formation. No difference in 

the Kd values was determined in both experiments that confirmed the preferable formation of the 

heterodimer Ku-RNA complex. Further experiments were carried out in the absence of Mg2+ 

cations to minimize RNA degradation. 

We also analyzed Ku interactions with two RNA hairpins derived from TAR RNA: TAR-

M1 hairpin lacking a bulge, and TAR-M2 with UGGG > CAAA substitutions in the terminal 

loop. The latter decreased the RNA binding by Ku purified from HeLa cells [41]. Changing the 

loop sequence decreased the affinity of the recombinant Ku protein to TAR RNA as well; 

however, the decrease was not as strong as in the case of the bulge deletion, which led to an 

approximately 3-fold drop in Kd (Table 1).  

Next, we examined Ku binding with several RNA hairpins of various structures (Fig. 2D, 

Table 1). Among them, hp1RNA, resembling TAR with the bulged stem-loop structure but 

without sequence similarity, was bound the most efficiently. The Ku affinity to RNAs without 

bulges, hp2RNA and microRNA mir-504, was comparable with that to TAR-M1. Interestingly, 

Ku binding to another microRNA, hsa-let-7a-2, containing a bulky bulge just near the loop was 

somewhat less efficient than to TAR and hp1RNA. This allowed assuming that the bulge in hsa-

let-7a-2 was probably too bulky and created some steric tension when binding to Ku.  

Under investigation of Ku interactions with human telomerase RNA [18] or p53 mRNA 

[6], it was found that endogenous Ku from HeLa cells efficiently bound a bulged hairpin 

structure in both RNAs. The p53 mRNA hairpin contained two consecutive bulges; the first one 

contained two nucleotides and was located just near the loop, and the second one was a large 

bulge composed of 8 nucleotides and located downstream the stem. Importantly, only the 

deletion of the first bulge led to the disruption of the Ku-RNA complex. Noteworthy, altogether 

our and literature data demonstrate the importance of the stem-loop RNA structure containing a 

bulge close to the loop for its recognition by the human Ku protein, and this is consistent with 

observations made with the yeast Ku protein [16].  

To test whether the existence of a bulge is a structural motif sufficient for RNA recognition 

by human Ku, we constructed an RNA duplex (dsRNA-bulge) containing a 4-nucleotide bulge. 

A complex between dsRNA-bulge and recombinant Ku turned out to be detected only at the 

highest protein concentration (400 nM) (Fig. 2A). Thus, we could conclude that an unpaired 

region in the duplex is not enough for successful RNA recognition by Ku, and therefore, the 

RNA structure motif necessary for the efficient Ku binding is a hairpin with a bulge located near 

the loop. 



To determine a region within heterodimeric Ku responsible for its interactions with a 

hairpin RNA, we used a competitor approach and carried out the binding assay in two variants. 

First, 32P-labeled hp1RNA was incubated with Ku in the presence of increasing concentrations of 

an unlabeled double-stranded DNA competitor. Second, the competitor was added to a pre-

formed complex of 32P-labeled hp1RNA and Ku. In both cases, the dsDNA successfully 

interrupted the complex formation suggesting the same binding site for dsDNA and RNA hairpin 

(Fig. 2C). These data are consistent with observations made with Ku purified from mammalian 

cells [33].  

 

3.3. In silico secondary structure analysis of RNAs interacting with Ku70 in cell culture 

To determine RNA structures interacting with Ku protein in cells, we used eCLIP 

(enhanced crosslinking and immunoprecipitation) data available from the ENCODE database. 

This method allows the identification of protein binding sites within cellular RNAs and the 

estimation of enrichment values for the precipitated RNAs [65]. The ENCODE database contains 

the results of eCLIP experiments for HepG2 and K562 cell lines. Precipitation of cross-linked 

RNA-Ku complexes was carried out using antibodies to Ku70, in cells Ku70 is tightly associated 

with Ku80, and the identified RNAs were most likely bound to the Ku heterodimer. The data 

were obtained in a processed form and represented positions of the protein binding sites in the 

precipitated RNAs and peak intensity values. The intensity of the peaks was calculated as reads 

coverage of the protein binding site in RNAs in the eCLIP library, normalized to reads coverage 

of the site in the transcriptome library. Importantly, these data can be used not only to detect all 

RNAs associated with the protein but also to identify specific regions of RNA, which are 

recognized and bound to the protein. 

The analysis of the eCLIP data revealed several transcripts that have at least one region 

bound by Ku70 and longer 10 bases (28 RNA regions listed in Table S2). The set of these 

transcripts differed between two cell lines, only 2 transcripts were identified in HepG2 line, and 

14 transcripts in K562 line. To clarify whether there is a specific RNA motif recognized by 

Ku70, we analyzed structures of the identified RNA regions (N=28). For each region, a 

secondary structure was predicted using RNAstructure software  [53]. At first sight, the predicted 

structures looked rather unlike each other and had nothing in common. Of note, the secondary 

structure of some of them resembled those of HIV-1 TAR RNA and hp1RNA as well as a 

consensus RNA hairpin preferable for the yeast Ku binding [16]. Also, we noticed that some 

identified RNAs had G-rich sequences, in particular, GpG dinucleotide, in the terminal loop. The 

presence of this sequence was found to be important for the Ku binding since mutations UGGG-

>CAAA in the TAR RNA loop slightly decreased its binding to Ku (Table 1).  



Since RNAs had different signals in eCLIP, we assumed that the value of the eCLIP signal 

should depend on the RNA structure. To verify this assumption, we constructed a consensus 

RNA structure on the base of RNAs validated in our experiments as well as in the literature (Fig. 

3A), and then we aligned structures of the identified RNAs with it. Using the alignment, the 

degree of similarity between the identified RNA fragments and the consensus structure was 

calculated. The similarity to the consensus structure was found to correlate positively with the 

magnitude of the eCLIP signal. The greatest correlation was observed taking into account the 

presence of the GpG sequence in the loop in the similarity counting (Spearman correlation 

coefficient r = 0.48) (Fig. 3B). Thus, we have shown that the structure of RNA determines the 

Ku-binding affinity not only in vitro but also in cells. 

 

3.4. Ku interacts with 7SK snRNA 

TAR RNA, which plays an important role in transcription regulation from the HIV-1 

promoter, is known to have some structural similarities with 7SK snRNA [46,66,67]. The latter 

is a highly structured small nuclear RNA participating in the regulation of transcription 

elongation by RNAPII [68,69]. Taking into account the high affinity of Ku to TAR RNA, we 

decided to analyze its capacity to bind 7SK snRNA that forms four hairpins with a stem-loop 

structure. 

The EMSA experiment with the recombinant Ku protein and 32P-labeled T7-transcribed 

RNA showed that 7SK snRNA formed a complex with Ku, and Kd value for this complex was 

estimated as 30 nM (Fig. 4A). To elucidate the Ku-binding site within 7SK snRNA, we used a 

footprinting assay with RNase T1 digestion. We clearly demonstrated strong protection of G50-

G52 and G55 residues located in the terminal loop of the conserved hairpin 1 (HP1) pointing out 

to the Ku binding with this bulged stem-loop region (Fig. 4B-C). We also observed the 

protection of several G-residues in the hairpin 3 (HP3), but it was much slighter than the 

protection of the G50-G55 region. We cannot rule out some weak interactions of Ku with HP3, 

but rather Ku being strung on HP1 by its bulk ring-like DNA-binding domain covers the 

structures lying next to it within the tertiary RNA structure. 

Further, we performed the RNA-immunoprecipitation assay to find out interactions of Ku 

and 7SK snRNA in HEK 293T cells. Briefly, Ku70 and Ku80 tagged by 3xFLAG-peptide were 

overexpressed and pulled down by anti-FLAG resin, protein-RNAs complexes were washed and 

eluted, and the RNAs were extracted. Cells transfected with an empty pcDNA3 vector was used 

as a negative control. The level of the co-precipitated RNAs was estimated by RT-qPCR. We 

obtained two-fold enrichment of 7SK snRNA but not U6 snRNA, which we used as a control 

(Fig. 4, D). U6 snRNA is a non-coding small nuclear RNA with a stem-loop structure, however, 



it contains neither bulge nor terminal G-rich loop [70,71] (Fig. S1). Thus we have first shown 

that Ku protein is able to bind 7SK snRNA in vitro or being over-expressed in HEK 293T cells. 

 

3.5. Interactions of Ku with protein components of the 7SK ribonucleoprotein complex 

7SK RNA is known to form a scaffold for a ribonucleoprotein complex [45,69]. We 

analyzed whether Ku can interact with such components of 7SK snRNP as HEXIM1 and Cdk9. 

For this purpose, we performed immunoprecipitation of these endogenous proteins using specific 

anti-HEXIM1 or anti-Cdk9 antibodies, and as a result, we observed the Ku80 subunit in the 

precipitated fraction (Fig. 5A). Moreover, endogenous HEXIM1 and Cdk9 were co-precipitated 

with endogenous Ku80 using anti-Ku80 antibodies (Fig. 5A). The co-precipitation of the 

proteins from 7SK snRNP with Ku could be mediated by interactions between Ku and 7SK 

snRNA. To clarify a possibility of a direct Ku binding to Cdk9, we carried out 

immunoprecipitation of endogenous Cdk9 in the presence and absence of RNase cocktail, and 

subsequently monitored the amounts of co-purified endogenous Ku80 (Fig. 5B). A significant 

amount of Ku80 was co-precipitated with Cdk9 in an RNase-resistant fashion suggesting direct 

protein-protein interactions between them. 

In the case of HEXIM1, immunoprecipitation of Flag-tagged HEXIM1 was performed 

from cells transiently transfected with either pcDNA3 or pcDNA3-HEXIM1-3xFLAG vector 

(Fig 5C) also with or without RNase treatment. We could detect Ku80-HEXIM1 complex under 

native conditions, whereas the RNase treatment partially disrupted the complex. To verify if the 

association of these proteins is indeed RNA-dependent, a recombinant GST-HEXIM1 protein 

was purified, and interaction of recombinant proteins His6-Ku70/Ku80 and GST-HEXIM1 was 

studied in a GST-pull-down assay. We did not detect direct binding of Ku and HEXIM1 in the 

absence of 7SK snRNA (data not shown). To examine the formation of the ternary complex 

containing HEXIM1, Ku and 7SK snRNA, we performed an EMSA using labeled T7-transcribed 

7SK snRNA and the recombinant proteins (Fig. 5D). In the absence of HEXIM1, we detected 

two complexes of Ku with full-length 7SK snRNA and a complex probably composed of Ku and 

degraded RNA. When HEXIM1 was added, bands corresponding to the complexes of Ku with 

full-length 7SK snRNA disappeared, and the formation of a higher-mass complex was observed. 

Notably, this complex possessed slightly lower mobility than a binary HEXIM1-RNA complex, 

suggesting it contained HEXIM1, Ku and RNA. Thus, we can conclude that the association of 

Ku with HEXIM1 protein occurs via their interactions with 7SK snRNA. 

We have previously shown that the cellular repressor CTIP2 associates with 7SK snRNA 

and HEXIM1 to repress P-TEFb function [47]. Here we analyzed interactions of Ku with CTIP2 

by co-immunoprecipitation experiments and confocal microscopy analysis. Co-



immunoprecipitation experiments were performed with nuclear extracts from HEK 293T cells 

expressing CTIP2 and Ku70-Flag. We found that CTIP2 does interact with Ku protein (Fig. 5E). 

To confirm Ku association with CTIP2 in a cellular context, we next analyzed Ku70 and CTIP2 

localization patterns in microglial cells. These cells are considered as the main HIV-1 reservoirs 

of the central nervous system, and CTIP2 is shown to be a key regulator of HIV-1 gene 

transcription in microglial cells (reviewed in [72]). The confocal microscopy analysis of CTIP2 

and Ku70 nuclear localization also pointed to the possibility of interactions of these proteins 

(Fig. 5F). Ku70 harbored a punctate pattern of localization in the nucleus of the cells in the 

absence of RFP-CTIP2 expression (lane A), whereas upon RFP-CTIP2 expression we observed a 

clear concentration of the endogenous Ku70 protein in CTIP2-induced structures. As shown by 

the yellow staining in Fig. 5F (lane C4), RFP-CTIP2 and Ku70 were co-localized in the nucleus. 

As a specificity control, no green staining was detected with the fluorescent secondary antibody 

alone (lane B). Altogether, these results suggest that the Ku protein physically interacts with the 

CTIP2-associated inactive pTEFb complex. 

  
4. Discussion 

Accumulating data point out to the importance of Ku-RNAs interactions in eukaryotic 

cells. There are studies elucidating the functional role of Ku-RNA binding in DSB repair, 

telomere maintenance, modulation of translation and innate immune response [10-14, 21-24, 29, 

33]. However, the mechanism of RNA binding by human Ku heterodimer has not been yet 

clarified. To figure out the structural aspects of RNA interactions with the human Ku 

heterodimer, we developed a new system for recombinant Ku production in E.coli, and using the 

purified heterodimer and RNA molecules possessing different structures, we performed EMSA 

studies. Besides this, we analyzed the results of eCLIP (enhanced crosslinking and 

immunoprecipitation) experiments available for human Ku from the ENCODE database. The 

results obtained altogether allowed us to propose a consensus RNA structure favorable for the 

Ku binding, which is a hairpin containing a bulge within a few nucleotides from the loop and 

possessing the GpG sequence in the terminal loop (Fig. 3A). The structure proposed resembles 

consensus RNA preferable for binding with yeast Ku described earlier [16] except for the loop 

sequence importance for the recognition by the human protein, but not the yeast one.  

We also investigated Ku interplay with a highly structured 7SK snRNA, which is a 

scaffold for a ribonucleoprotein complex participating in transcription regulation [45]. We found 

that the recombinant Ku protein and T7-transcribed RNA formed a stable complex with Kd value 

about 30 nM (Fig. 4A). Also, RNA-immunoprecipitation of transiently expressed FLAG-tagged 

Ku in HEK 293T cells confirmed the intracellular interaction of 7SK snRNA and Ku protein 



(Fig. 4C). To better characterize the mode of Ku-7SK RNA interplay, we performed a 

footprinting assay with RNase T1 digestion, which allowed us to elucidate the Ku-binding site 

within 7SK snRNA. Despite a complex stem-loop structure of this RNA with a lot of hairpins 

and stem abnormalities preferable for Ku binding, we detected strong and reliable protection 

only for G50-G52 and G55 residues located in the terminal loop of a conservative hairpin 1 

(HP1) (Fig. 4B). Upon our study of the Ku binding with different RNA structures, we detected 

the formation of a stable complex between Ku and TAR RNA, which is a bulged hairpin formed 

at the 5’-end of the nascent transcript of HIV-1. Interestingly, structural similarities of TAR and 

7SK RNAs were thoroughly studied, and a structural mimicry was found for TAR and two 

hairpins of 7SK snRNA, HP1 [46] and HP4 [66]. However, we detected no protection in the 

HP4; the result that points out to a specific character of the Ku binding to 7SK snRNA.  

Of note, HP1 is involved in interactions with the transcription repressor HEXIM1 that 

binds an inverted GAUC double-strand repeat located near the terminal loop [73,74]. 

Importantly, in 7SK snRNP, HEXIM1 also interacts with Cdk9, a component of P-TEFb bound 

with HP4, and inhibits its phosphorylating activity [75,76]. We verified the association of 

endogenous Ku with these proteins in HEK 293T cells. As for Cdk9, the interaction of Ku70 

only with its minor 55 kDa-isoform was previously shown in HeLa cells [77]. In our study, Ku 

was co-precipitated with the main 42 kDa-isoform of Cdk9, and the binding of these proteins 

was RNA-independent. HEXIM1 was co-precipitated with Ku as well, however, RNase 

treatment destroyed HEXIM1-Ku complex (Fig. 4D-F). Moreover, recombinant Ku and 

HEXIM1 were not able to interact in the absence of 7SK snRNA. Importantly, we detected the 

formation of a ternary complex containing the recombinant HEXIM1, Ku, and full-length 7SK 

snRNA (Fig. 4G), although HEXIM1 and Ku bind the same HP1. We can propose two possible 

explanations of this fact: either HEXIM1 and Ku bind different regions within HP1 and therefore 

do not interfere with each other, or in the presence of Ku, HEXIM1 interacts with another 7SK 

snRNA region since it has been found to bind HP3 as well [74]. We have also elucidated the 

interaction of Ku with another component of 7SK snRNP, namely, the transcriptional repressor 

CTIP2 that is a major modulator of P-TEFb activity. CTIP2 is known to interact with an inactive 

P-TEFb complex containing the 7SK snRNA and HEXIM1[47]. 

There are numerous studies showing the participation of Ku protein in the transcription 

regulation of cellular and viral genes [40,78–84], and it is supposed that there is a specific 

mechanism of Ku-dependent regulation for each particular gene. Among the mechanisms 

proposed, there is no either involving the interaction of Ku with RNA, but we cannot completely 

rule out such a possibility. Also, it has been shown that depletion of the Ku protein level affects 

the efficiency of HIV-1 transcription in infected cells [84–86]. However, the nature of Ku 



influence has not been elucidated, and no Ku-binding site within the HIV-1 LTR promoter is yet 

determined [87,88].  

 

5. Conclusions 

We have demonstrated that Ku may efficiently bind both TAR and 7SK snRNA that are 

known to be involved in HIV-1 transcription regulation [42,89,90]. Our data give reasons to 

hypothesize that Ku protein could be involved at least in the HIV-1 transcription regulation via 

its interactions with TAR and/or 7SK snRNA as well as protein components of 7SK snRNP. 

Indeed, we have previously reported that the cellular repressor CTIP2 binds both the 7SK 

snRNA HP2 and HEXIM1 to repress P-TEFb function and thereby cellular and HIV-1 genes 

transcription [47]. Here we further report that Ku binds and colocalizes with CTIP2 in the 

nucleus. These results confirm Ku association with the inactive P-TEFb complex and suggest the 

involvement of Ku protein in the regulation of P-TEFb-sensitive genes including HIV-1. 
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Figure legends 

 

Fig. 1. Expression, purification, and DNA binding characteristics of the Ku heterodimer 

prepared in E.coli. A. Scheme of the expression vector fragment coding for the Ku protein 

subunits. B. Recombinant N-His6-Ku70/Ku80 protein after two-step purification on Ni-NTA-

agarose and heparin-sepharose analyzed by SDS PAGE with subsequent Coomassie blue 

staining (lane 1), and Western blot with anti-Ku70 (lane 2) and anti-Ku80 (lane 3) antibodies. M 

- molecular mass markers in kDa. C. Gel-shift analysis of 0.1 nM DNA binding with increasing 

concentrations of recombinant N-His6-Ku70/Ku80. Protein concentrations are indicated above 

the gel.  

 

Fig. 2. Binding of the recombinant Ku protein to 32P-labeled RNA ligands tested by EMSA. 

A. Binding of 0.1 nM double-stranded RNA (dsRNA), bulged double-stranded RNA (dsRNA-

bulge) and TAR RNA with increasing concentrations of the protein. Positions of free and Ku-

bound RNAs are indicated by arrows. B. Complex formation between Ku and TAR RNA in the 

presence of anti-actin (negative control), anti-Ku80, anti-Ku70, or anti-His6 antibodies. Positions 

of free and Ku-bound RNAs and super-shift of the Ku-RNA complex by an antibody are 

indicated by arrows.  C. Binding of 0.1 nM 32P-labeled hp1RNA with Ku in the presence of 

increasing concentrations of unlabeled DNA competitor (left gel), and displacement of 32P-

labeled hp1RNA from its pre-formed complex with Ku by increasing concentrations of 

unlabeled DNA (right gel). D. Curves of RNA binding with increasing concentrations of Ku 

based on the gel-shift assay. Points represent the mean of at least three independent experiments. 

 

Fig. 3. Analysis of RNA structures preferably bound by Ku in cell cultures. A. A consensus 

structure of RNA preferably bound by Ku. B. Dependence of the eCLIP signal of RNA bound by 

human Ku on its similarity of structure to the consensus structure. For black dots, the similarity 

was calculated relying on the RNA folding (Spearman correlation coefficient r = 0.43, p-value 

0.021, N=28); for empty square, the similarity calculation considered the presence of GpG 

sequence in the loop in addition to the RNA folding (Spearman correlation coefficient r = 0.48, 

p-value = 0.009, N=28).  

 

Fig. 4. Ku interacts with 7SK snRNA. A. Gel-shift analysis of binding of the 32P-labeled T7-

transcribed 7SK snRNA with increasing concentrations of the recombinant Ku protein. Positions 

of free and bound 7SK snRNA are indicated by arrows. B. Footprinting assay with RNase T1 



digestion of the 32P-labeled T7-transcribed 7SK snRNA in the presence and absence of the 

recombinant Ku protein. Products of the footprinting assay were resolved by denaturing PAGE 

(the left gel is 10-15%, and the right gel is 6-10%). 60-mer and 184-mer RNAs were used as 

mobility controls. Positions of the protected nucleotides are marked by arrows and lines. C. 

Conserved hairpins of 7SK snRNA with binding sites of HEXIM1 and P-TEFb proteins. 

Indicated G50, G51, G52, and G55 residues were protected by Ku protein in the RNase 

footprinting assay. D. Immunoprecipitation of Ku70-FLAG/Ku80-FLAG from transiently 

transfected HEK 293T cells using anti-Flag beads. Western blot of input and precipitated 

proteins with detection by anti-FLAG antibody. E. Level of co-precipitated with Ku70-Flag and 

Ku80-Flag endogenous 7SK and U6 snRNAs detected by RT-qPCR.  Cells transfected with the 

pcDNA3 vector was used as a control. Data from three independent experiments are presented as 

mean of percentages of the bound input, error bars represent SD (** p< 0.01 as compared with 

the control according to Student’s t test). 

 

Fig. 5. Ku interacts with protein components of the 7SK snRNP complex. A. 

Immunoprecipitation of endogenous Ku80, HEXIM1, and Cdk9 from HEK 293T cells using 

specific anti-HEXIM1, anti-Cdk9, and anti-Ku80 antibodies. Input and precipitation steps were 

monitored for endogenous Ku80, HEXIM1, and Cdk9. Immunoprecipitation with rabbit IgG was 

used as a control. B. Immunoprecipitation of endogenous Ku80 and Cdk9 from HEK 293T cells 

in the presence (marked by a plus) or absence (marked by a minus) of RNase cocktail. Input and 

precipitation steps were monitored for endogenous Ku80 and Cdk9. Immunoprecipitation with 

rabbit IgG was used as a control. C. Anti-Flag immunoprecipitation of HEXIM1-FLAG from 

transiently transfected HEK 293T cells with either control pcDNA3 or pcDNA3-HEXIM1-

3xFLAG vector. Prior immunoprecipitation the cellular lysate was incubated in the presence (+) 

or absence (-) of RNase cocktail. Western blot using anti-Ku80, anti-Ku70, and anti-Flag 

antibodies. D. Gel-shift analysis of binding of the 32P-labeled T7-transcribed 7SK snRNA with 

Ku and HEXIM1. Positions of free and bound 7SK snRNA are indicated by arrows. E. Nuclear 

extracts from HEK 293T cells transfected with pNTap-CTIP2 combined to the pcDNA3-Flag or 

the pcDNA3-Ku70-3xFlag vector were subjected to immunoprecipitations targeting the Flag 

peptide and analyzed by Western blot for the presence of CTIP2 as described previously [51]. 

Controls of CTIP2 and Ku70 expressions in nuclear extracts of HEK 293T cells were also 

accessed by Western blot. F. Control microglial cells (lane A) and microglial cells expressing 

RFP-CTIP2 (Lanes B and C) were subjected to immunostainings with mouse anti-Ku70 / Alexa 

647-labeled goat anti-mouse IgG (Lane A and C) or with Alexa 647-labeled goat anti-mouse IgG 



alone (Lane B). Nuclei were stained by Hoechst as indicated. Patterns of CTIP2 and Ku70 

expressions were analyzed by confocal microscopy. 

 

 



Table 1. Structures of DNA and RNA molecules used in the study and stability of their 

complexes with the recombinant Ku protein  

Name Structure Kd, nM* 

21-mer 

DNA   
0.9±0.3 

40-mer 

DNA  
0.5±0.2 

dsRNA 
 

NB 

dsRNA-

bulge 
 

NB 

TAR 

 

54 ± 6 

TAR-M1 
 

145 ± 17 

TAR-M2 

 

85 ± 16 

hp1RNA 

 

45 ± 10 

hp2RNA 

 

125 ± 20 

let7a 

 

70 ± 7 

mir-504 
 

115 ± 11 

NB – No binding detected. 
*The mean of at least three independent experiments with standard deviations 
 













Highlights  

Human Ku interacts with bulge-containing stem-loop RNA structures  

Ku binds 7SK snRNA at the terminal G-rich loop of its hairpin 1  

Ku interacts with proteins of 7SK snRNP: HEXIM1, Cdk9 and CTIP2  
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