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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 aso 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 immunopreci pitation)
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 specificaly
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 ikn80 subunits plays an important role
in the non-homologous end-joining DNA repair pathwas a sensor of double-strand DNA
breaks. Ku is also involved in numerous cellulawgasses, and in some of them, it acts in an
RNA-dependent manner. However, RNA binding propsrtf the human Ku have not been well
studied. Here we have analyzed interactions ofcamdinant Ku heterodimer with a set of
various RNA structures as well as eCLIP (enhancesdstinking and immunoprecipitation) data
for human Ku70. As a result, we have proposed a&wus RNA structure preferable for the Ku
binding that is a hairpin possessing a bulge jesir tGpG sequence-containing terminal loop.
7SK snRNA is a scaffold for a ribonucleoprotein gdex (7SK snRNP), which is known to
participate in transcription regulation. We havewh that the recombinant Ku specifically binds
a G-rich loop of hairpin 1 within 7SK snRNA. Moreay Ku protein has been co-precipitated
from HEK 293T cells with endogenous 7SK snRNA aadhsproteins included in 7SK snRNP
as HEXIM1, Cdk9, and CTIP2. Ku and Cdk9 bindingfand to be RNA-independent,
meanwhile HEXIM1 and Ku co-precipitation dependedtbe presence of intact 7SK snRNA.
The latter result has been confirmed using recoamtinHEXIM1 and Ku proteins.



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

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

Highlights

Human Ku interacts with bulge-containing stem-IGdgA structures
Ku binds 7SK snRNA at the terminal G-rich loop tsfhairpin 1

Ku interacts with proteins of 7SK snRNP: HEXIM1, k®dand CTIP2
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1. Introduction

The Ku protein is a highly abundant protein in maahian cells made up by two subunits,
Ku70 and Ku80 [1]. The most well-known Ku functio participation in the repair of DNA
double-strand breaks (DSBs) through the non-honmisgnd joining (NHEJ) pathway where
the Ku heterodimer acts as the main sensor of DB&isig bound to DNA ends, Ku recruits the
catalytic subunit of DNA-dependent protein kinaB&A-PKcs) and forms the trimeric complex
DNA-PK, which triggers a cascade of phosphorylagwents required for the subsequent DSB
repair [2—4]. In addition to NHEJ, Ku is involved various cellular processes such as V(D)J
recombination, AP-site repair, telomere maintenamptosis, transcription, and translation
[1,5-9]. Its exact function in these processes mesnghe subject of intensive research. In
particular, one cannot rule out a possibility of RKNediated participation of Ku in some of
these processes. Indeed, even in the well-studi®B Epair, a direct role of RNA has been
revealed in recent works [10-12]. In particulag ttoncoding RNA LINP1 acts as a scaffold that
links Ku and DNA-PKcs and enables efficient DNA agpthrough the NHEJ pathway in breast
cancer cells [12].

Accumulating evidence demonstrates that Ku acemaR@NA binding protein in telomere-
length maintenance in yeast [13—-17] and in humadis §B8]. There is no sequence similarity
between the RNA components of yeast and human &shlsas, but in both RNAs Ku associates
with similar stem-loop structures [14,18]. The naigion between the Ku heterodimer and
telomerase RNA (TLC1) fronsaccharomyces cerevisiae is required for proper recruitment of
yeast telomerase to the chromosome end and tel@yetigesis [15,19].

Ku participation in translation can also be medlaby its interaction with RNA. For
example, Ku70 is found to bind the5-UTR elemerftsm&NAs of some growth factors, and this
finding provides data to propose a role for Ku I tmodulation of IRES-mediated mRNA



translation [20]. Both Ku subunits are identifieda screen for proteins’ binding to the 5’-UTR
of the mRNA encoding the tumor suppressor prot&8, @ master gene regulator of the DNA
damage response [21]. The Ku binding with p53 mRMg8ults in repression of p53 protein
synthesis and p53-mediated apoptosis and the ataorsdl repression is relieved after genotoxic
stress due to Ku acetylation, which disrupts Ku-p83NA interactions [6].

Another important cellular process where Ku pgration might be mediated by its
binding to RNA is alien DNA sensing and innate immauesponse. Several works have shown
that Ku (alone or in its complex with DNA-PKcs) cactivate an innate immune response when
it detects foreign DNA [22-25]. Recently, it hasebefound that Ku is involved in DNA-
mediated innate immune response being a compohentalti-subunit RNP complex, in which
several proteins are associated with a long nomgodNA NEAT1 [26]. This RNA is known
as a paraspeckle marker [27], and in addition td0<UKu80 and DNA-PKcs, this RNP complex
also contains paraspeckle proteins (SFPQ, NONOCRSRBM14, and MATRIN3). Another
interesting component of the RNP is hexamethylaaeabetamide-inducible protein 1
(HEXIM1), an RNA-binding protein involved in the ol of transcription elongation by RNA
polymerase Il (RNAPII) [28,29]. Among all the prote listed above, only SFPQ, HEXIM1, and
Ku70 have been found to be co-localized with theANE accordingly to immuno-fluorescence
in situ hybridization in HelLa cells. This data allows saping a direct interaction of Ku70 with
RNA NEATL1.

It should also be noted that Ku has been foundsso@ate with RNA helicase A (RHA)
[30], a multifunctional protein, which is involvad several steps of RNA metabolism, such as
RNA processing, cellular transit of viral molecylesbosome assembly, regulation of
transcription, and translation of specific mRNAg][3nterestingly, Ku was immunoprecipitated
with RHA in an RNA-dependent manner, and both pnstevere identified in hnRNP complexes
[30]. Moreover, in these complexes, DNA-PK consgtiof Ku protein and a kinase subunit
(DNA-PKcs) was able to perform RNA-dependent phosylation of hnRNP proteins and of
RHA [30]. It was a surprising result since previgudNA-PK had been believed to exhibit its
phosphorylating activity only after binding to DNBAut not RNA [32,33]. However, later it was
shown that DNA-PK could phosphorylate heterogeneouslear ribonucleoprotein Al
(hnRNPAL1), and its phosphorylation is stimulated thg presence of both DNA and the
telomerase RNA component, hTR [34].

Participation of Ku protein in the transcriptiorguation of cellular and viral genes has
been extensively studied [35-40], and no uniforntimaaism has been revealed. Nothing is
known about Ku interactions with any RNA duringnisaription regulation. However, Ku has
been found to interact with TAR (trans-activatioesponse) RNA [41] forming a hairpin



structure located at the 5-end of the synthesm#®NA and known as a key player in active
transcription from the HIV-1 promoter [42—44]. Th&re, one cannot rule out that at least the
viral transcription regulation by Ku could be mad@by some Ku-RNA interplays.

The structural aspects of Ku-RNA binding have beeii studied for the yeast Ku protein,
and a minimum consensus structure for a Ku-binditeggwithin RNAs has been proposed [16].
It represents a bulged stem-loop structure, angbtbsence of UA or UG bulge, and the size of
the terminal loop, but not the loop sequence agentlost important marks for Ku recognition.
For Saccharomyces cerevisiae, it has been shown that Ku defective in DNA bindalgo loses
its affinity to telomerase RNA (TLC1) [13]. Thisset allows considering that the yeast Ku
protein has the same binding site for both typeswadleic acids. Interaction of Ku from
mammalian cells with different RNA structures isdestudied, but the existing data show that
the human protein also prefers stem-loop RNAs doiniga a bulge [6,18]. Analysis of Ku
binding with TAR RNA demonstrates that, in contrastthe yeast protein, the loop sequence
may be important for recognition by human Ku [4Bésides, a series of RNA aptamers for Ku
heterodimer has been developed [33], however, #tere of their binding to Ku has not been
clarified.

Here we have analyzed structural aspects of RNgations with human Ku heterodimer
based on the results of eCLIP (enhanced crosstn&imd immunoprecipitation) experiments
available from ENCODE database, and our experinhstudy of recombinant Ku binding with
different RNA molecules. As a result, we could e a consensus RNA structure favorable
for the Ku binding, which is a hairpin containindgpalge within a few nucleotides from the loop
and possessing GpG sequence in the terminal lolg, Ave investigated Ku interplay with a
non-coding small nuclear 7SK RNA (7SK snRNA), whisha scaffold for a ribonucleoprotein
complex (7SK snRNP) participating in transcriptigggulation [45]. We have found that Ku
binds mainly the hairpin 1 containing the most Girioop in the complex secondary structure of
7SK snRNA. Interestingly, the hairpin 1 is involved7SK snRNA interaction with HEXIM1
protein, an RNA-binding protein well-known as anilitor of the positive transcription
elongation factor b (P-TEFb), which controls traison elongation by RNAPII [29,46]. Of
note, Ku does not compete with HEXIM1 for bindingg TSK snRNA, since we detected
formation of a ternary complex composed of bothtggns and 7SK snRNA. Ku has been co-
precipitated with HEXIM1 from cells, however RNaseatment destroyed HEXIM1-Ku
complex. Moreover, Ku interacts with some othengirs of the 7SK snRNP complex, namely
cyclin-dependent kinase 9 (Cdk9), which is the paR-TEFb, and the cellular repressor CTIP2.
It is known that 7SK snRNA links HEXIM1 and CTIP@ €dk9 and CyclinT1 in an inactive



form of the P-TEFb complex [47]. Basing on the tessabtained 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 expressigactor pET15b His6 Ku70 (-
1nt)_Ku80, PCR with primers Ku70-N-Ndel '(5
CATATGTCAGGGTGGGAGTCATATTACA-3) and Ku70-C-BamHlI (5'-

GGATCCGTCCTGGAAGTGCTTGGTGA-3 was used to amplify the human Ku70 coding
sequence (corresponded to NP_001275905.1) from p&GEXKu70 without a stop codon [48],
and the product predigested with Ndel and BamHirig®n endonucleases (Thermo Fisher
Scientific, USA) was cloned between Ndel and Bansilés into a pET15b vector (Merk
Millipore, USA). A new Xhol restriction site was @ed following by the BamHI site in the
resulted plasmid by site-directed mutagenesis (QGicange Il Site-Directed Mutagenesis Kit,
Agilent Technologies, USA) with primers (5'-
AACAAAGCCCGAAAGGAACTCGAGTTGGCTGCTGCCACC-3' and 5'-
GGTGGCAGCAGCCAACTCGAGTTCCTTTCGGGCTTTGTT-3"). Themyman Ku80 coding
sequence (corresponded to NP_066964.1) was andplifem a pCDNA3_Ku80 3xFLAG
vector (described in [49]) with primers Ku80-N-BainH (5'-
GGATCCTTAAAAGAGGAATTATAATGGTGCGGTCGGGGAATAA-3’) andKu80-C-Xhol
(5'- CTCGAGTTATATCATGTCCAATAAATCGTCCAC -3') and cloed between BamHI and
Xhol restriction sites into the vector pET15b-Kudhtained at the previous step. The primer
Ku80-N-BamHI introduced the Shine-Dalgarno seque@@e€G, the intercistronic sequence
AATT, and a stop codon at the 3’-end of the Kuédg after the ligation of the PCR product
into the vector for the optimal translation efficty 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 HEXIM1emottotal RNA from HEK
293T cells was extracted by TRIzol Reagent (TheFister Scientific, USA) according to the
manufacturer’s protocol and cDNA was synthesizedgushe MMLV kit (Evrogen, Russia).
Then, the HEXIM1 coding sequence (correspondedRo(06451.1) was amplified from cDNA
by PCR using primers 5-ACTTCGAGGACTCTACTAGCC-3 @&n 5'-
GTTTCAGTCTAGTCTCCAACTTGG-3 and verified by Sangesequencing. For the
construction of the GST-HEXIM1 expression vectaGHX-6p-1-hHEXIM1), HEXIM1 coding
sequence was amplified using primers HEXIM1-N-Bglll  (5'-
ATGCAGATCTATGGCCGAGCCATTCTTG-3) and HEXIM1-C-Xhol (5'-



ATGCCTCGAGTTACTAGTCTCCAAACTTGGAAAGCGG-3") and clore into the
PGEX-6p-1 vector between Bglll and Xhol restrictisites in frame with GST tag.
The vector for mammalian expression of human HEXIM1protein
(pcDNA3_HEXIM1_3xFLAG) was obtained by cloning thEEXIM1 coding sequence into the
Aflll restriction site after the Ku70 gene wast out of pcDNA3_Ku70_3xFLAG (used in [49])
by the Aflll restriction enzyme.

pNTap-CTIP2 and RFP-CTIP2 plasmids were descrilbbediqusly [51].

2.2. Expression and purification of recombinant@ircs

For recombinant human His6-Ku70/Ku80 productioB,coli BL21(DE3) Codon
Plus/pLysS strain was transformed with plasmid pEI His6_Ku70_(-1nt)_Ku80, grown in 2
L of modified 2YT medium (16 g/L bactotryptone, Q. yeast extract, 1 g/L K2ZHPO4, 1.5 g/L
NaH2PO4, 1% glycerol, pH 7.5) in the presence & d@/L ampicillin (Sigma, USA) at 37 °C
until the culture reached OD600 = 0.6. Recombimaatein expression was induced by adding
IPTG water solution up to 0.1 mM, and bacteria warkured at 18°C. After 6 h of cultivation,
lactose in the concentration of up to 5 g/l wasealdd he total cultivation time was 20 h at 18°C.
Cells were harvested by centrifugation (20 minC4 4000 g), and 50 g of cellular debris was
resuspended in 1 L of lysis buffer (50 mM Tris-H@H 8.0, 3 mM 2-mercaptoethanol, 1 M
NaCl, 5% sucrose, 0.05% TritonX-100, 2mM PMSF) wiith/L lysozyme and incubated on ice
for 30 min. After sonication, the insoluble matévieas removed by centrifugation (40 min, 4 °C,
35000 g), the supernatant was purified from baateBDNA by incubation with 0.05%
polyethylenimine (pH 5.0) on ice for 30 min, andhitduged 45 min, 4°C, 35000 g. The lysate
was loaded on Ni-NTA-agarose beads (Thermo Fisbiengfic, USA), and incubated overnight
at 4°C. After binding, the resin was washed withuffer (50mM Tris-HCI, pH 8.0, 2uM 2-
mercaptoethanol, 0.5 M NaCl, 5% glycerol, 0.05%0nX-100, IMM PMSF), and a buffer (50
MM Tris-HCI, pH 8.0, 2uM 2-mercaptoethanol, 0.1 M NacCl, 5% glycerol, 50 nmMdazole, 1
MM PMSF) and finally eluted with a buffer (M Tris-HCI, pH 8.0, 2«M 2-mercaptoethanol,
0.1 M NaCl, 10% glycerol, 500 mM imidazoleMM PMSF). The fraction of the eluted protein
was diluted by 5@:M Tris-HCI, pH 8.0 up to 50 mM NaCl concentratiorddahen loaded on the
heparin-sepharose (GE Healthcare, USA), washedanltiffer (50uM Tris-HCI, pH 8.0, 2«M
2-mercaptoethanol, 10% glycerol, 1 mM PMSF, 50 mMCN, and eluted with this buffer
containing 400 mM NacCl.

For recombinant human HEXIM1 productiok,coli BL21(DE3) Codon Plus/pLysS
strain was transformed with plasmid pGEX-6p-1-h-HEX, grown in 2 L of 2% LB medium in
the presence of 100 mg/L ampicillin (Sigma, USAB@t°C until the culture reached OD600 =



0.6. Recombinant protein expression was inducedduyng IPTG up to 0.1 mM and bacteria
were cultured at 25°C for 3 hours. Cells were hsted by centrifugation (20 min, 4 °C, 4000 g)
and resuspended in a lysis buffer (50 mM Tris-HE,7.8, 0.5 M NaCl, 0.1% TritonX-100, 0.1
mM PMSF) containing 1 g/L lysozyme, and incubatedice for 30 min. After sonication, the
insoluble material was removed by centrifugatiofl (din, 4 °C, 35000 g), and the lysate was
loaded on Pierce®Glutathione Agarose (Thermo FisBeientific, USA). After overnight
incubation at 4°C, the resin was washed with 50 ahlysis buffer and 50 mL volumes of a
wash buffer (50 mM Tris-HCI, pH 7.8, 0.25 M NaCIlu®1 2-mercaptoethanol, 5% glycerol, 0.1
mM EDTA). The protein was eluted with 1 ml of thash buffer containing 50 mM glutathione
and was dialyzed against the wash buffer using &dlak Dialysis Tubing (Thermo Fisher
Scientific, USA) overnight.

Protein concentrations were measured by BradfoshyagThermo Fisher Scientific,
USA) using BSA (Thermo Fisher Scientific, USA) agratein standard.

2.3. Western blot

Protein samples were separated using 10% SDS PAGREralyzed by western blot with
anti-His6 antibodies (produced in mouse, SAB1305538ma, USA), anti-Ku70 rabbit
polyclonal antibody (ab83502, Abcam, USA), anti-Ru@bbit polyclonal antibody (#2735, Cell
Signaling, USA). HRP-conjugated anti-rabbit (progldidn mouse, A6154, Sigma, USA) and
anti-mouse antibodies (produced in goat, A9044,m3ig USA) were used as secondary
antibodies. Visualization of specific protein bansas performed with Clarity Western ECL
substrate (Bio-Rad, USA) using ChemiDoc MP systBrarad, USA).

2.4. Mass-spectrometry

The protein samples were prepared for MS identiboaand analyzed as described [52].
Mass-spectra were obtained on UltrafleXtreme Bruk@altonics MALDI-TOF mass-
spectrometer, analyzed by FlexAnalysis 3.3 (Brubaltonics, Germany), protein identification

was performed using Mascot (www.matrixscience.cfraple S1).

2.5.%%P-labeled nucleic acid preparation

All oligonucleotides were synthesized using the gghmramidite method on a Mermaid
12 synthesizer (Bioautomation, USA) by the standgrérating procedures using commercially
available reagents (Glen Research, USA). Oligomticles were double purified by denaturing
PAGE, and RP-HPLC and their purity was confirmed U§y-MS. Purified DNA and RNA
ligands were labeled with T4 polynucleotide kinéBleermo Fisher Scientific, USA) and DCi



[y-3?P]-ATP (3000 Ci/mmol) for 30 min at 37 °C. T4 polgieotide kinase was inactivated by
the addition of EDTA followed by phenol-chloroforextraction. The resulting ligands were
purified from unincorporated/{**P]-ATP by 15% denaturing PAGE.

2.6.1nvitro transcription

In vitro transcription was performed using MEGAscHpfT7 Transcription kit (Thermo
Fisher Scientific, USA) as recommended by the mactufer with minor modifications: reaction
mixture contained additional 9 mM guanosine forsaduent®?P labeling of 5'end of RNA.
Primers 5-TAATACGACTCACTATAGGATGTGAGGGCGATCTG-3', containing the
sequence of T7 promoter, and 5-AAAGAAAGGCAGACTG@C-were used for the
amplification by PCR of 7SK template fam vitro transcription. The sequence of human 7SK
SnRNA (332 bases long, RefSeq NR_001445) was mdpdaom 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 (EMSAER-labeled nucleic acids (0.1 nM)
were annealed and then incubated with increasingesdrations of Ku protein (0-600 nM) in 20
uL of a buffer (50 mM Tris-HCI pH 8.0, 100 mM Na@,mM DTT, 1 mM EDTA, 3% glycerol,

5 ug/ml yeast tRNA, 0.1 mg/ml BSA) for 20 min at roesemperature (RT) and subsequently for
10 min on ice. Then, the resulting complexes wepagated using 5% pre-run native PAGE at
4°C for 3 h at 60 V in 1XTBE buffer and visualized autoradiography*{P). For the super-shift
assay, the reaction mixture containing 0.1 #®tlabeled TAR RNA and 50 nM Ku protein was
supplemented with {il of either anti-Ku70, anti-Ku80, anti-His6, andtiaactin (A2103, Sigma)
antibody and incubated for 30 min at RT.

For competition experiments, a double-stranded 40-BINA duplex with the sense
sequence 5-GACTACGGTTCAAGTCAGCGTGTGGAAAATCTCTAGCAGS3' was used.
%2p_labeled 0.1 nM hp1RNA was incubated with 100 nMp¢otein in the reaction buffer in the
presence of increasing concentrations of the utddbeNA duplex (0, 0.1, 1, 10, 25, 50, 100,
1000 nM) for 20 min at RT. For the RNA displacemémm its complex with Ku by the
unlabeled DNA*P-labeled 0.1 nM hp1RNA was pre-incubated with A80Ku protein in the
reaction buffer for 20 min at RT, followed by théd#ion of increasing amounts of the DNA and
incubation for 20 min more.

To analyze binding of human full-length 7SK snRN#daecombinant Ku protein, 7SK
snRNA wasin vitro transcribed and 5'-entfP-labeled by+-**P]-ATP and T4 polynucleotide



kinase. Then, 5 nM 7SK snRNA was incubated withr@asing concentrations of recombinant
Ku protein (0 — 400 nM) in the reaction buffer 0 min at RT followed by separation in the
native PAGE.

Typhoon FLA9500 Phosphorimager (GE Healthcare, \8&9 used for gel visualization
and quantification. The dissociation constants wegermined through an approximation of
experimental data using a standard equation foroleionlar ligand-receptor binding. Chart
preparation and analysis of experimental data weydormed using GraphPad Prism7.03

software.

2.8. RNase T1 footprinting assay

200 nM recombinant Ku protein was incubated wihnM T7-transcribed 5*P-labeled
full-length 7SK snRNA in 20Qul of a buffer (50 mM Tris-HCI pH 8.0, 100 mM Nad, mM
DTT, 1 mM EDTA, 3% glycerol, ;ug/ml yeast tRNA, 0.1 mg/ml BSA) for 20 min at room
temperature. Then, samples containing either 7Skeémplex or only free 7SK snRNA were
treated with 0.005 U RNase T1 (Thermo Fisher SitienUSA) per 1ul of the reaction mixture
for 5 min at 37° C. RNase T1 digestion was stoppgdadding phenol-chloroform and
subsequent RNA-extraction and precipitation withaebl in the presence of glycogen ().
Reaction products were suspended in a loading b(#f@% formamide, 0.05% bromophenol
blue, 0.05% xylene cyanol, 1XTBE) and separated%n10% and 10%-15% polyacrylamide

denaturing gels.

2.9. Cell culture
HEK 293T cells and microglial cells were cultured3@°C and 5% CO2 in DMEM
medium supplemented with 10% FBS and 100 I.U./mbig@iin/100 ug/mL streptomycin

solution (all from Thermo Fisher Scientific, USA).

2.10. Immunoprecipitation assay

For RNA-immunoprecipitation assay, HEK 293T cefisai1l00-mm dish were transfected
with 30 pg of the empty pCDNA3.1 vector (negative controy) ¢alcium phosphate or co-
transfected with 151g of pCDNA3_Ku70_3xFLAG and 1hg of pCDNA3_Ku80_3xFLAG
vectors described earlier [49]. 48 h after transbec¢ the cells were lysed for 30 min onice in a
lysis buffer (20 mM Tris-HCI pH 7.4, 150 mM NaClQ% glycerol, 1 mM EDTA, 5 mM MgG]
0.05% Triton-X100, 0.1% Tween20, 1ImM DTT, 0.5 mM 8BHW), supplemented with Protease
inhibitor cocktail (Thermo Fisher Scientific, USAnd RiboLock RNase Inhibitor (Thermo
Fisher Scientific, USA). Extracts were cleared antcfugation for 10 min at 14,000 g, and



protein concentration was measured on NanoDrop ZXj@#rtrophotometer (Thermo Fisher
Scientific). 0.1 mg of cell lysates were savedifgut analysis. 1 mg of total protein was mixed
with FLAG-antibody conjugated agarose (Sigma) amzulbated overnight at 4°C. Beads were
washed 5 times with lysis buffer for 10 min at 44Bd bound protein complexes were eluted
with 0.1 M glycine pH 2.5 for 20 min at room temaierre. Elution fractions and inputs were
divided for Western blot analysis and RNA extragtioy TRIzol Reagent (Thermo Fisher
Scientific, USA) according to the manufacturer'stpcol. cDNA was synthesized using the
MMLYV kit (Evrogen, Russia), and gPCR was perfornvath primers for human 7SK snRNA
(5-GTCAAGGGTATACGAGTAGCTG-3' and 5-TGACTACCCTACGTCTCCTAC-3), for
human U6 RNA (5-CGCTTCGGCAGCACATATAC-3 and 5'-
AAAATATGGAACGCTTCACGA-3) using the gPCR Mix-HS SYB (Evrogen, Russia) on a
Biorad CFX96 amplifier (Biorad, USA).

For co-immunoprecipitation following harvest, celNgre lysed for 30 min on ice in the
lysis buffer (20 mM Tris-HCI pH 7.4, 150 mM NaClQ% glycerol, 1 mM EDTA, 5 mM MgGl
0.05% Triton-X100, 0.1% Tween20, 1 mM DTT, 0.5 mM®EF), supplemented with Protease
inhibitor cocktail (Thermo Fisher Scientific, USA)fter centrifugation 15 min 14000 rpm, the
protein amount in the extract was quantified bydBosed assay. Antibodies anti-Cdk9 (sc13130,
Santa Cruz Biotechnology, USA), anti-HEXIM1 (ab2B38Abcam, USA), anti-Ku80
(ab119935, Abcam, USA), and rabbit IgG isotype aanfThermo Fisher Scientific, USA) as a
negative control were incubated with Dynabeadsditids (Thermo Fisher Scientific, USA) for
3 h at 4°C, after that 1 mg of total extract pemumoprecipitation was added for overnight
incubation. After several washes with IPLS buffeé® mM Tris-HCI pH 7.4, 120 mM NacCl, 0.5
mM EDTA, 0.5% NP40, 10% glycerol) and IPHS buff&0 (mM Tris-HCI pH 7.4, 0.5 M NacCl,
0.5 mM EDTA, 0.5% NP40, 10% glycerol) proteins welated by Laemmli sample buffer
(Biorad, USA) and analyzed by Western blot.

For HEXIM1-FLAG immunoprecipitation, HEK 293T cellsy 100 mm dish were
transfected with either 3Qug of the empty pcDNA3.1 vector (negative controly o
pcDNA3.1_HEXIM1_3xFLAG by calcium phosphate. 48 tem transfection, the cells were
lysed for 30 min on ice in the lysis buffer (20 mMis-HCI pH 7.4, 150 mM NaCl, 10%
glycerol, 1 mM EDTA, 5 mM MgGCl 0.05% Triton-X100, 0.1% Tween20, 1mM DTT, 0.5 mM
PMSF), supplemented with Protease inhibitor cotKtdermo Fisher Scientific, USA). Extracts
were cleared by centrifugation for 10 min at 14@9®, and protein concentration was measured
using NanoDrop 2000 spectrophotometer (Thermo FiSgwentific, USA). 0.1 mg of cell
lysates were saved for input analysis. 1 mg ofl tptatein was mixed with FLAG-antibody
conjugated agarose (Sigma, USA) and incubated mtdrat 4°C. Beads were washed 5 times



with the lysis buffer for 10 min at 4°C and thenuhd protein complexes were eluted by
Laemmli sample buffer (Biorad, USA) and analyzed/Mgstern blot.

For RNase treatment, prior to addition of antibody-boungnBbeads Protein G or
FLAG-antibody conjugated agarose to a cellular aetirit was incubated in the presence or
absence of RNase A at 250 U/ml and RNase T1 at Ua®0 for 10 min at 37°C and subjected
to immunoprecipitation as above.

For CTIP2 immunoprecipitation with 3FLAG-Ku70, cekultured in 150-mm diameter
dishes were transfected using a calcium phosplaf@eripitation method with the plasmids
indicated. Lysates were prepared two days possfeation as previously described [47].
Immunoprecipitations were performed using the sasshdechnique, as in [47]. Finally, the
immunoprecipitated complexes were processed for -BBSGE and immunoblot analysis.
Proteins were visualized by chemiluminescence usig Super Signal Chemiluminescence

Detection System (Thermo Fisher Scientific, USA).

2.11. Bioinformatics analysis

The eCLIP data were obtained from the ENCODE dawb@he data of experiments
ENCSR571ROL and ENCSR258QKO, obtained for HepG2 &&3®%2 lines, were used
respectively. Detailed protocols of experiments dath processing are available on the pages of
experiments (https://www.encodeproject.org/expents&NCSR571ROL/ and
https://www.encodeproject.org/experiments/ENCSRZ88). Uniquely mapped reads were
used for reads coverage counting. Files were dawddd in “bed” format containing the
coordinates of the RNA binding sites in the humanamne (version GRCh38). For every site
values of the normalized coverage (eCLIP signall) mwalue were given. Peaks were filtered by
thresholds to a signal level of at least 6.3 andlpe no more than 0.01. For further analysis,
only the peaks present in both biological replisatere used and the average coverage was
calculated. If the partially overlapping sites, teequences occurring in one replicate was
selected, and the average coverage for the comragmént was counted.

For analysis we used the following software: RNAsture for RNA secondary structure
prediction [53], RNAforester from ViennaRNA Packag@el with parameter -r for RNA
secondary structure similarity calculation [54], cledRNA for consensus RNA structure
prediction [55]. Preferable for Ku binding consen®NA structure was build using our tested
RNAs (TAR, hplRNA, let7a) and published structurenf p53 mRNA [6] and human
telomerase RNA [18]. Also, we included GpG sequentm consensus structure since UGGG >
CAAA substitution in the terminal loop of TAR RNAedreased its binding with Ku.



2.12. Confocal microscopy

Microglial cells were cultivated on glass covesslin a 24-well plate and transfected with
Jetprim€ (polyplus transfection) according to the manufemts protocol. 48-hours post-
transfection, cells were fixed with PFA 4% and peainilized with PFA 4%/ triton 1%. The cells
were incubated in BSA blocking buffer, then incugaator 1hour with primary mouse anti-Ku70
antibodies (Abcam 3114) followed by a 1-hour indidrawith Alexa 647-labeled anti-mouse
antibodies. Finally, the cells were incubated f@n8nutes with Hoechst to stain the cell
nucleus. The cells were washed with PBS after esiep. Fluorescence was recorded by
confocal microscopy using a Zeiss laser scannirggascope (model 510 invert) equipped with

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

3. Results
3.1. Expression and purification of recombinant Kuprotein

The Ku protein usually used fon vitro studies is either an endogenous protein purified
from mammalian cells or a protein produced in theubovirus system [56,57]. Both approaches
to Ku production are multi-step and result in rigkly low yields and high costs. Purification
from E.coli cells is mainly used only for truncated Ku proge[68,59]. Earlier, we designed a
method for a recombinant Ku70 subunit productiekjrtg advantages of two-tags (His6- and
GST-) protein purification [48,49], and here trieml apply this method to Ku80 production.
However, the expression of Ku80Hn coli resulted in its significant proteolysis and indmlidy
(data not shown). Therefore, we used an approaduridbed earlier [60] for bi-cistronic
expression of Ku70 and Ku80 subunits from the &nGl promoter with some modifications.
We constructed a plasmid vector containing the KGRCC6) coding sequence followed by
the Ku80 (XRCC5) coding sequence. To increase fideskation efficiency from the second
cistron, we used an approach described in [50]:Ks#juence had an internal Shine-Dalgarno
sequence in the open reading frame of Ku70 sequamdestarted with a -1nt shift related to
Ku70 open reading frame (Fig. 1A).

Recombinant Ku protein bearing a His6-tag at théemiinus of Ku70 subunit was
expressed inE.coli BL21(DE3) Codon Plus/pLysS, and purified by two secutive
chromatography procedures. However, the proteipgresl along with a full-size Ku70 (MW ~
75 kDa) and Ku80 (MW ~ 90 kDa) subunits containad major Ku80 proteolysis product (MW
~ 65 kDa) (40% according to Western blot) (Fig. .1Bpnetheless, the final yield of the full-
length Ku70/Ku80 was estimated at 0.45 mg/L, whscbomparable to that described previously
[60]. The first N-terminal peptide resulted fromygsin digestion of the Ku80 proteolysis
product, according to mass-spectrometry analysis, 2 WMVMISLEGEDGLDEIYSFSESLR*



(Table S1). We supposed that it is C-terminal fragtrof Ku80 with an approximate length of
523 amino acids. The truncated Ku80 lacked a magot of the N-terminal alpha-helix/beta-
barrel von Willebrand A (VWA) domain, which parpeites in neither DNA nor Ku70 binding
[61,62]. This explains the ability of the truncatkd80 to form a stable complex with Ku70
during both purification steps.

The main function of Ku protein is recognition oNB ends during double-stranded DNA
break repair via NHEJ pathway [1,4,5]. The minideadgth of DNA duplexes sufficient for Ku
binding is about14-20-mer, and this binding is setjuence-specific [61-63]. To examine the
functional quality of the prepared recombinant Kotgin, we tested its DNA-binding capacity
using an electrophoretic mobility shift assay (EM)SBriefly, a *P-labeled 21-mer or 40-mer
DNA duplex was incubated with increasing concerarat of the recombinant Ku protein, and
then the mixture was resolved on a nondenaturgiiigacrylamide gel. As shown in (Fig. 1C),
Ku was able to form stable complexes with both DNgends; determined Kd values were
0.9+£0.3 nM and 0.5£0.2 nM for 21-mer and 40-mer Ddifplexes, respectively, and correlated
with published data [64]. As it was described eatl60,62,64], we detected two lower migrating
bands in the case of 40-mer DNA, probably, corredpw to complexes with DNA:Ku ratio
equal to 1:1 and 1:2, since the latter appearey anincreased Ku concentrations. The 21-mer
duplex formed with Ku only one complex, since tlupléx length was evidently insufficient for
binding two Ku heterodimers.

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

Having confirmed that the purified recombinant Kandind dsDNA, we next studied its
RNA binding capacity by EMSA using a set tiP-labeled RNA ligands (Table 1). No
interaction between the Ku heterodimer and a 21-dwrble-stranded RNA (dsRNA) was
observed (Fig. 2A, Table 1). Ku purified from Hetealls is known to interact with HIV-1 TAR
RNA [41], which has a hairpin structure with a 3dlge just near the terminal loop. We
analyzed the recombinant Ku binding with TAR RNAd&ound that incubation of the protein
with the RNA resulted in a new band with reducest&bphoretic mobility (Fig. 2A). To verify
the nature of the complex, the binding was perfarmmethe presence of anti-Ku80, anti-Ku70,
and anti-His6 antibodies (supershift assay). Ircadles, the appearance of a new high-mass band
was observed, thus confirming the RNA-protein carps composed of Ku70 and Ku80 (Fig.
2B). Thus, we confirmed that our recombinant Kunfed a stable complex with TAR RNA
(Table 1). At high protein concentrations, the setdRNA-protein complex was detected
suggesting binding of two Ku molecules to the ligaas it was demonstrated for Ku-DNA
interactions. Earlier, we showed that the human Xsibunit purified fromE.coli interacted



with RNA only in the absence of M[48]. Due to an excess of the Ku70 subunit in thefied
heterodimer, we performed Ku-TAR RNA binding in theesence and absence of go
distinguish between Ku70-RNA and heterodimer Ku-Rébplex formation. No difference in
theKy values was determined in both experiments thdirooed the preferable formation of the
heterodimer Ku-RNA complex. Further experiments evearried out in the absence of g
cations to minimize RNA degradation.

We also analyzed Ku interactions with two RNA haigpderived from TAR RNA: TAR-
M1 hairpin lacking a bulge, and TAR-M2 with UGGGCAAA substitutions in the terminal
loop. The latter decreased the RNA binding by Kuffad from Hela cells [41]. Changing the
loop sequence decreased the affinity of the recoambi Ku protein to TAR RNA as well;
however, the decrease was not as strong as inagee af the bulge deletion, which led to an
approximately 3-fold drop iKq (Table 1).

Next, we examined Ku binding with several RNA haigoof various structures (Fig. 2D,
Table 1). Among them, hplRNA, resembling TAR witte tbulged stem-loop structure but
without sequence similarity, was bound the mogdtiefiitly. The Ku affinity to RNAs without
bulges, hp2RNA and microRNA mir-504, was comparafith that to TAR-M1. Interestingly,
Ku binding to another microRNA, hsa-let-7a-2, camitag a bulky bulge just near the loop was
somewhat less efficient than to TAR and hp1lRNA sTdllowed assuming that the bulge in hsa-
let-7a-2 was probably too bulky and created somecstension when binding to Ku.

Under investigation of Ku interactions with humaotnerase RNA [18] or p53 mRNA
[6], it was found that endogenous Ku from HelLa <afficiently bound a bulged hairpin
structure in both RNAs. The p53 mRNA hairpin conéa two consecutive bulges; the first one
contained two nucleotides and was located just tleatoop, and the second one was a large
bulge composed of 8 nucleotides and located doeesirthe stem. Importantly, only the
deletion of the first bulge led to the disruptidntiee Ku-RNA complex. Noteworthy, altogether
our and literature data demonstrate the importafdcbe stem-loop RNA structure containing a
bulge close to the loop for its recognition by theman Ku protein, and this is consistent with
observations made with the yeast Ku protein [16].

To test whether the existence of a bulge is astracmotif sufficient for RNA recognition
by human Ku, we constructed an RNA duplex (dsRNAgbucontaining a 4-nucleotide bulge.
A complex between dsRNA-bulge and recombinant Kudd out to be detected only at the
highest protein concentration (400 nM) (Fig. 2Ahus, we could conclude that an unpaired
region in the duplex is not enough for successiARecognition by Ku, and therefore, the
RNA structure motif necessary for the efficient Kinding is a hairpin with a bulge located near
the loop.



To determine a region within heterodimeric Ku rasgble for its interactions with a
hairpin RNA, we used a competitor approach andexhiwut the binding assay in two variants.
First, P-labeled hp1RNA was incubated with Ku in the pneseof increasing concentrations of
an unlabeled double-stranded DNA competitor. Sectmel competitor was added to a pre-
formed complex of*’P-labeled hplRNA and Ku. In both cases, the dsDMcassfully
interrupted the complex formation suggesting theeshinding site for dSSDNA and RNA hairpin
(Fig. 2C). These data are consistent with obsematmade with Ku purified from mammalian
cells [33].

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

To determine RNA structures interacting with Ku tem in cells, we used eCLIP
(enhanced crosslinking and immunoprecipitationadatailable from the ENCODE database.
This method allows the identification of proteimding sites within cellular RNAs and the
estimation of enrichment values for the precipdad®NAs [65]. The ENCODE database contains
the results of eCLIP experiments for HepG2 and K86 lines. Precipitation of cross-linked
RNA-Ku complexes was carried out using antibodeKu70, in cells Ku70 is tightly associated
with Ku80, and the identified RNAs were most likddgund to the Ku heterodimer. The data
were obtained in a processed form and represemsitiqns of the protein binding sites in the
precipitated RNAs and peak intensity values. Thensity of the peaks was calculated as reads
coverage of the protein binding site in RNAs in &@&LIP library, normalized to reads coverage
of the site in the transcriptome library. Importgnthese data can be used not only to detect all
RNAs associated with the protein but also to idgnsipecific regions of RNA, which are
recognized and bound to the protein.

The analysis of the eCLIP data revealed severakdtrgpts that have at least one region
bound by Ku70 and longer 10 bases (28 RNA regitsied in Table S2). The set of these
transcripts differed between two cell lines, onlyrénscripts were identified in HepG2 line, and
14 transcripts in K562 line. To clarify whether thas a specific RNA motif recognized by
Ku70, we analyzed structures of the identified RNXg&gions (N=28). For each region, a
secondary structure was predicted using RNAstractaftware [53]. At first sight, the predicted
structures looked rather unlike each other andrwting in common. Of note, the secondary
structure of some of them resembled those of HIVAR RNA and hplRNA as well as a
consensus RNA hairpin preferable for the yeast Kulibg [16]. Also, we noticed that some
identified RNAs had G-rich sequences, in particuzpG dinucleotide, in the terminal loop. The
presence of this sequence was found to be impddathe Ku binding since mutations UGGG-
>CAAA in the TAR RNA loop slightly decreased itsding to Ku (Table 1).



Since RNAs had different signals in eCLIP, we assdittat the value of the eCLIP signal
should depend on the RNA structure. To verify @$sumption, we constructed a consensus
RNA structure on the base of RNAs validated in @yeriments as well as in the literature (Fig.
3A), and then we aligned structures of the idesdifRNAs with it. Using the alignment, the
degree of similarity between the identified RNAdn@ents and the consensus structure was
calculated. The similarity to the consensus stmectsas found to correlate positively with the
magnitude of the eCLIP signal. The greatest caroglawas observed taking into account the
presence of the GpG sequence in the loop in thdasity counting (Spearman correlation
coefficient r = 0.48) (Fig. 3B). Thus, we have shotlhat the structure of RNA determines the
Ku-binding affinity not onlyin vitro but also in cells.

3.4. Ku interacts with 7SK snRNA

TAR RNA, which plays an important role in transtigm regulation from the HIV-1
promoter, is known to have some structural sinmigiwith 7SK snRNA [46,66,67]. The latter
is a highly structured small nuclear RNA participgt in the regulation of transcription
elongation by RNAPII [68,69]. Taking into accouhethigh affinity of Ku to TAR RNA, we
decided to analyze its capacity to bind 7SK snRIN&t forms four hairpins with a stem-loop
structure.

The EMSA experiment with the recombinant Ku protaird *P-labeled T7-transcribed
RNA showed that 7SK snRNA formed a complex with KodKy value for this complex was
estimated as 30 nM (Fig. 4A). To elucidate the Kuding site within 7SK snRNA, we used a
footprinting assay with RNase T1 digestion. We idledemonstrated strong protection of G50-
G52 and G55 residues located in the terminal Iddpevconserved hairpin 1 (HP1) pointing out
to the Ku binding with this bulged stem-loop regi@iRig. 4B-C). We also observed the
protection of several G-residues in the hairpinHP3), but it was much slighter than the
protection of the G50-G55 region. We cannot rulesmme weak interactions of Ku with HP3,
but rather Ku being strung on HP1 by its bulk riikg- DNA-binding domain covers the
structures lying next to it within the tertiary RNstvucture.

Further, we performed the RNA-immunoprecipitati@say to find out interactions of Ku
and 7SK snRNA in HEK 293T cells. Briefly, Ku70 aKdi80 tagged by 3xFLAG-peptide were
overexpressed and pulled down by anti-FLAG resiatgin-RNAs complexes were washed and
eluted, and the RNAs were extracted. Cells tratsfieaith an empty pcDNA3 vector was used
as a negative control. The level of the co-preatpd RNAs was estimated by RT-gPCR. We
obtained two-fold enrichment of 7SK snRNA but ndd BhRNA, which we used as a control
(Fig. 4, D). U6 snRNA is a non-coding small nuclBMNA with a stem-loop structure, however,



it contains neither bulge nor terminal G-rich 10@10,71] (Fig. S1). Thus we have first shown
that Ku protein is able to bind 7SK snRNAvitro or being over-expressed in HEK 293T cells.

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

7SK RNA is known to form a scaffold for a ribonumteotein complex [45,69]. We
analyzed whether Ku can interact with such compteh7SK snRNP as HEXIM1 and Cdk9.
For this purpose, we performed immunoprecipitabbthese endogenous proteins using specific
anti-HEXIM1 or anti-Cdk9 antibodies, and as a reswle observed the Ku80 subunit in the
precipitated fraction (Fig. 5A). Moreover, endogesdiEXIM1 and Cdk9 were co-precipitated
with endogenous Ku80 using anti-Ku80 antibodiesy.(FA). The co-precipitation of the
proteins from 7SK snRNP with Ku could be mediatgditteractions between Ku and 7SK
SsnRNA. To clarify a possibility of a direct Ku bimg to Cdk9, we carried out
immunoprecipitation of endogenous Cdk9 in the preseand absence of RNase cocktail, and
subsequently monitored the amounts of co-purifiedogenous Ku80 (Fig. 5B). A significant
amount of Ku80 was co-precipitated with Cdk9 inRiNase-resistant fashion suggesting direct
protein-protein interactions between them.

In the case of HEXIM1, immunoprecipitation of Fleggged HEXIM1 was performed
from cells transiently transfected with either pcBB8Nor pcDNA3-HEXIM1-3xFLAG vector
(Fig 5C) also with or without RNase treatment. Vdeld detect Ku80-HEXIM1 complex under
native conditions, whereas the RNase treatmeniapartlisrupted the complex. To verify if the
association of these proteins is indeed RNA-depamae recombinant GST-HEXIM1 protein
was purified, and interaction of recombinant pnogeHis6-Ku70/Ku80 and GST-HEXIM1 was
studied in a GST-pull-down assay. We did not ded#reict binding of Ku and HEXIM1 in the
absence of 7SK snRNA (data not shown). To exantieeféarmation of the ternary complex
containing HEXIM1, Ku and 7SK snRNA, we performetdEMSA using labeled T7-transcribed
7SK snRNA and the recombinant proteins (Fig. 5D)tHe absence of HEXIM1, we detected
two complexes of Ku with full-length 7SK snRNA aad¢omplex probably composed of Ku and
degraded RNA. When HEXIM1 was added, bands corretipg to the complexes of Ku with
full-length 7SK snRNA disappeared, and the fornratd a higher-mass complex was observed.
Notably, this complex possessed slightly lower rigbihan a binary HEXIM1-RNA complex,
suggesting it contained HEXIM1, Ku and RNA. Thus wan conclude that the association of
Ku with HEXIML1 protein occurs via their interacti®mith 7SK snRNA.

We have previously shown that the cellular repne€SHP2 associates with 7SK snRNA
and HEXIML1 to repress P-TEFb function [47]. Here amalyzed interactions of Ku with CTIP2
by co-immunoprecipitation experiments and confocahicroscopy analysis. Co-



Immunoprecipitation experiments were performed witltlear extracts from HEK 293T cells
expressing CTIP2 and Ku70-Flag. We found that CTdB&s interact with Ku protein (Fig. 5E).
To confirm Ku association with CTIP2 in a cellumntext, we next analyzed Ku70 and CTIP2
localization patterns in microglial cells. Thesdlsare considered as the main HIV-1 reservoirs
of the central nervous system, and CTIP2 is showibd a key regulator of HIV-1 gene
transcription in microglial cells (reviewed in [J2]The confocal microscopy analysis of CTIP2
and Ku70 nuclear localization also pointed to tlvssibility of interactions of these proteins
(Fig. 5F). Ku70 harbored a punctate pattern of lizadon in the nucleus of the cells in the
absence of RFP-CTIP2 expression (lane A), wherpas RFP-CTIP2 expression we observed a
clear concentration of the endogenous Ku70 pratei@TIP2-induced structures. As shown by
the yellow staining in Fig. 5F (lane C4), RFP-CTa®l Ku70 were co-localized in the nucleus.
As a specificity control, no green staining wasedetd with the fluorescent secondary antibody
alone (lane B). Altogether, these results sugdestthe Ku protein physically interacts with the
CTIP2-associated inactive pTEFb complex.

4. Discussion

Accumulating data point out to the importance of-RNAs interactions in eukaryotic
cells. There are studies elucidating the functiomd¢ of Ku-RNA binding in DSB repair,
telomere maintenance, modulation of translationiandte immune response [10-14, 21-24, 29,
33]. However, the mechanism of RNA binding by hunkn heterodimer has not been yet
clarified. To figure out the structural aspects RNA interactions with the human Ku
heterodimer, we developed a new system for reccembiku production irk.coli, and using the
purified heterodimer and RNA molecules possessiffgrdnt structures, we performed EMSA
studies. Besides this, we analyzed the results GLIR (enhanced crosslinking and
Immunoprecipitation) experiments available for hantéu from the ENCODE database. The
results obtained altogether allowed us to proposersensus RNA structure favorable for the
Ku binding, which is a hairpin containing a bulgéhin a few nucleotides from the loop and
possessing the GpG sequence in the terminal loigp 3R). The structure proposed resembles
consensus RNA preferable for binding with yeastdescribed earlier [16] except for the loop
sequence importance for the recognition by the mupnatein, but not the yeast one.

We also investigated Ku interplay with a highlyustured 7SK snRNA, which is a
scaffold for a ribonucleoprotein complex participgtin transcription regulation [45]. We found
that the recombinant Ku protein and T7-transcriB&A formed a stable complex wiky value
about 30 nM (Fig. 4A). Also, RNA-immunoprecipitatiof transiently expressed FLAG-tagged
Ku in HEK 293T cells confirmed the intracellulartenaction of 7SK snRNA and Ku protein



(Fig. 4C). To better characterize the mode of K#7BNA interplay, we performed a
footprinting assay with RNase T1 digestion, whidloveed us to elucidate the Ku-binding site
within 7SK snRNA. Despite a complex stem-loop suue of this RNA with a lot of hairpins
and stem abnormalities preferable for Ku binding, detected strong and reliable protection
only for G50-G52 and G55 residues located in thimiteal loop of a conservative hairpin 1
(HP1) (Fig. 4B). Upon our study of the Ku bindingttwdifferent RNA structures, we detected
the formation of a stable complex between Ku andRTRNA, which is a bulged hairpin formed
at the 5’-end of the nascent transcript of HIV+itetestingly, structural similarities of TAR and
7SK RNAs were thoroughly studied, and a structuna@hicry was found for TAR and two
hairpins of 7SK snRNA, HP1 [46] and HP4 [66]. Howevwe detected no protection in the
HP4; the result that points out to a specific cbimaof the Ku binding to 7SK snRNA.

Of note, HP1 is involved in interactions with thartscription repressor HEXIM1 that
binds an inverted GAUC double-strand repeat locatedr the terminal loop [73,74].
Importantly, in 7SK snRNP, HEXIM1 also interactstiwCdk9, a component of P-TEFb bound
with HP4, and inhibits its phosphorylating activify5,76]. We verified the association of
endogenous Ku with these proteins in HEK 293T cdlls for Cdk9, the interaction of Ku70
only with its minor 55 kDa-isoform was previouslyosvn in HelLa cells [77]. In our study, Ku
was co-precipitated with the main 42 kDa-isoformQufk9, and the binding of these proteins
was RNA-independent. HEXIM1 was co-precipitated hwiku as well, however, RNase
treatment destroyed HEXIM1-Ku complex (Fig. 4D-AYloreover, recombinant Ku and
HEXIM1 were not able to interact in the absenc& 8K snRNA. Importantly, we detected the
formation of a ternary complex containing the rebomant HEXIM1, Ku, and full-length 7SK
snRNA (Fig. 4G), although HEXIM1 and Ku bind theveaHP1. We can propose two possible
explanations of this fact: either HEXIM1 and Ku tidifferent regions within HP1 and therefore
do not interfere with each other, or in the preseoicKu, HEXIML1 interacts with another 7SK
snRNA region since it has been found to bind HP3vel [74]. We have also elucidated the
interaction of Ku with another component of 7SK BHR namely, the transcriptional repressor
CTIP2 that is a major modulator of P-TEFb actividf1P2 is known to interact with an inactive
P-TEFb complex containing the 7SK snRNA and HEXINZ[

There are numerous studies showing the participadfoKu protein in the transcription
regulation of cellular and viral genes [40,78-84ihd it is supposed that there is a specific
mechanism of Ku-dependent regulation for each q@#dear gene. Among the mechanisms
proposed, there is no either involving the intacacof Ku with RNA, but we cannot completely
rule out such a possibility. Also, it has been shdhat depletion of the Ku protein level affects
the efficiency of HIV-1 transcription in infectecelts [84—86]. However, the nature of Ku



influence has not been elucidated, and no Ku-bmdite within the HIV-1 LTR promoter is yet
determined [87,88].

5. Conclusions

We have demonstrated that Ku may efficiently bidhbTAR and 7SK snRNA that are
known to be involved in HIV-1 transcription regudat [42,89,90]. Our data give reasons to
hypothesize that Ku protein could be involved aistein the HIV-1 transcription regulation via
its interactions with TAR and/or 7SK snRNA as wadl protein components of 7SK snRNP.
Indeed, we have previously reported that the aalluépressor CTIP2 binds both the 7SK
snRNA HP2 and HEXIML1 to repress P-TEFb function #mereby cellular and HIV-1 genes
transcription [47]. Here we further report that Kinds and colocalizes with CTIP2 in the
nucleus. These results confirm Ku association wiéhinactive P-TEFb complex and suggest the

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

Fig. 1. Expression, purification, and DNA binding taracteristics of the Ku heterodimer
prepared in E.coli. A. Scheme of the expression vector fragment codingherKu protein
subunits.B. Recombinant N-His6-Ku70/Ku80 protein after twegstpurification on Ni-NTA-
agarose and heparin-sepharose analyzed by SDS RM@GEsubsequent Coomassie blue
staining (lane 1), and Western blot with anti-K&he 2) and anti-Ku80 (lane 3) antibodies. M
- molecular mass markers in kD@. Gel-shift analysis of 0.1 nM DNA binding with ireasing
concentrations of recombinant N-His6-Ku70/Ku80. tBirm concentrations are indicated above

the gel.

Fig. 2. Binding of the recombinant Ku protein to®P-labeled RNA ligands tested by EMSA.
A. Binding of 0.1 nM double-stranded RNA (dsRNA),dad double-stranded RNA (dsRNA-
bulge) and TAR RNA with increasing concentratiofidhe protein. Positions of free and Ku-
bound RNAs are indicated by arrovizgs. Complex formation between Ku and TAR RNA in the
presence of anti-actin (negative control), anti-Budnti-Ku70, or anti-His6 antibodies. Positions
of free and Ku-bound RNAs and super-shift of the-RMNA complex by an antibody are
indicated by arrows.C. Binding of 0.1 nM*?P-labeled hp1RNA with Ku in the presence of
increasing concentrations of unlabeled DNA competiteft gel), and displacement &fP-
labeled hplRNA from its pre-formed complex with Kay increasing concentrations of
unlabeled DNA (right gel)D. Curves of RNA binding with increasing concentratioof Ku
based on the gel-shift assay. Points represemh#iam of at least three independent experiments.

Fig. 3. Analysis of RNA structures preferably boundby Ku in cell cultures. A. A consensus
structure of RNA preferably bound by KB. Dependence of the eCLIP signal of RNA bound by
human Ku on its similarity of structure to the census structure. For black dots, the similarity
was calculated relying on the RNA folding (Spearncarrelation coefficient r = 0.43, p-value
0.021, N=28); for empty square, the similarity cddtion considered the presence of GpG
sequence in the loop in addition to the RNA fold{&gpearman 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 théP-labeled T7-
transcribed 7SK snRNA with increasing concentraiohthe recombinant Ku protein. Positions
of free and bound 7SK snRNA are indicated by arrd@vd-ootprinting assay with RNase T1



digestion of the®P-labeled T7-transcribed 7SK snRNA in the preseme absence of the
recombinant Ku protein. Products of the footprigtassay were resolved by denaturing PAGE
(the left gel is 10-15%, and the right gel is 6-)0%80-mer and 184-mer RNAs were used as
mobility controls. Positions of the protected notides are marked by arrows and lin€s.
Conserved hairpins of 7SK snRNA with binding sitels HEXIM1 and P-TEFb proteins.
Indicated G50, G51, G52, and G55 residues wereegied by Ku protein in the RNase
footprinting assay.D. Immunoprecipitation of Ku70-FLAG/Ku80-FLAG from ansiently
transfected HEK 293T cells using anti-Flag beadssiéftn blot of input and precipitated
proteins with detection by anti-FLAG antibody. Level of co-precipitated with Ku70-Flag and
Ku80-Flag endogenous 7SK and U6 snRNAs detectddTbgPCR. Cells transfected with the
PcDNAS3 vector was used as a control. Data frometimdependent experiments are presented as
mean of percentages of the bound input, error tegmesent 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, abdk9 from HEK 293T cells using
specific anti-HEXIM1, anti-Cdk9, and anti-Ku80 dmidies. Input and precipitation steps were
monitored for endogenous Ku80, HEXIM1, and Cdk9miamoprecipitation with rabbit IgG was
used as a contrdB. Immunoprecipitation of endogenous Ku80 and CdkenfHEK 293T cells

in the presence (marked by a plus) or absence gddk a minus) of RNase cocktail. Input and
precipitation steps were monitored for endogenou8and Cdk9. Immunoprecipitation with
rabbit IgG was used as a contr@l. Anti-Flag immunoprecipitation of HEXIM1-FLAG from
transiently transfected HEK 293T cells with eithmntrol pcDNA3 or pcDNA3-HEXIM1-
3XFLAG vector. Prior immunoprecipitation the ceflulysate was incubated in the presence (+)
or absence (-) of RNase cocktail. Western blot gisamti-Ku80, anti-Ku70, and anti-Flag
antibodies D. Gel-shift analysis of binding of th&P-labeled T7-transcribed 7SK snRNA with
Ku and HEXIM1. Positions of free and bound 7SK sR&te indicated by arrow&. Nuclear
extracts from HEK 293T cells transfected with pN¥&@pIP2 combined to the pcDNA3-Flag or
the pcDNA3-Ku70-3xFlag vector were subjected to umwprecipitations targeting the Flag
peptide and analyzed by Western blot for the presef CTIP2 as described previously [51].
Controls of CTIP2 and Ku70 expressions in nucledraets of HEK 293T cells were also
accessed by Western blét. Control microglial cells (lane A) and microgliatlts expressing
RFP-CTIP2 (Lanes B and C) were subjected to imntangags with mouse anti-Ku70 / Alexa
647-labeled goat anti-mouse IgG (Lane A and C)itin wlexa 647-labeled goat anti-mouse IgG



alone (Lane B). Nuclei were stained by Hoechstrakcated. 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 Kg, NM*
21-mer 5'-gtgtggaaaatctctagcagt-3’ 0.90.3
DNA 3’-cacaccttttagagatcgtca-5’ =Y
40-mer 5’-gactacggttcaagtcagcgtgtggaaaatctctagecagt, 0,4,
DNA 3’-ctgatgccaagttcagtcgcacaccttttagagatcgtca~ >~
5’-aucaucaaaccguuuuagc-3’
dsRNA 3'-uaguaguuuggcaaaaucg-5’ NB
dsRNA- 5’-guugugcucc ucuacgcguc-3' NB
bulge 3’—caacacgagga uagaugcgcag—S’
cc
5. a uCu cu
TAR , cugguuag ccaga gagc g 54+ 6
3’-gaucaauc ggucu cucgagg
5’—cugguuagaccagagagccug
TAR-M1 3’-gaucaauc ggucucucgagg 145+ 17
, a uCu cc,
TAR-M?2 5,—cugguuag ccaga gagc 85 + 16
3’-gaucaauc ggucu cucga 59
, C a_Ug
5'-gg cgucc uc ccga gc
hp1RNA 3’-cc_gcagg ac ggcu cg © 45+10
a a u c9
agc
5’ gucccucacccaccCcucga
"P2RNA - 13'.cagggag ggguag, & 125+20
Cccu
T C
5'-C93yucuccgacaugucaa uag?9g
let7a 3,_gguaguagguuguauaglé]lfJ Cgucaag 70+ 7
JaauY
' g a u a
_ 5'-gagacccugucugcacucu uc gua u
mir-504 3’-cuuugggacgggacgugagg agucauuC 115+11
ga

NB — No binding detected.
*The mean of at least three independent experimeititsstandard deviations
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Highlights

Human Ku interacts with bulge-containing stem-loop RNA structures
Ku binds 7SK snRNA at the termina G-rich loop of its hairpin 1

Ku interacts with proteins of 7SK snRNP: HEXIM 1, Cdk9 and CTIP2
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