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Introduction: The cell free ribosomal DNA (cf-rDNA) is accrued in the totgiool
of cell free DNA (cfDNA) in some non-cancer diseases and demstrates DAMPs
characteristics. The major research questions: (1) How daecell free rDNA content
change in breast cancer; (2) What type of response in the MCF7rbast cancer cells
is caused by cf-rDNA; and (3) What type of DNA sensors (TLR9 oll?2) is stimulated in
MCF7 in response to the action of cf-rDNA?

Materials and Methods:  CfDNA and gDNA were isolated from the blood plasma and
the cells derived from 38 breast cancer patients and 20 hediy female controls. The
rDNA content in DNA was determined using non-radioactive cantitative hybridization.
In order to explore the rDNA in uence on MCF7 breast cancer chs, the model constructs
(GC-DNAs) were applied: pBR322-rDNA plasmid (rDNA inset 38 bp long) and pBR322
vector. ROS generation, DNA damage, cell cycle, expressionf TLR9, AIM2, NF-kB,
STAT3, and RNA for 44 genes affecting the cancer cell vialhliwere evaluated. The
methods used: RT-gPCR, uorescent microscopy, immunoassg, ow cytometry, and
siRNA technology.

Results: The ratio RD cf-rDNA/g-rDNA for the cases was higher than for the contral
(median 3.4 vs. 0.8,p < 10 8). In MCF7, GC-DNAs induce a ROS burst, DNA damage
response, and augmentation of NF-kB and STAT3 activity. Theumber of the apoptotic
cells decreases, while the number of cells with an instable enome (G2/M— arrest,
micronuclei) increase. Expression of anti-apoptotic geree BCL2, BCL2A1, BCL2L1,
BIRC3, MDM2) is elevated, while expression of pro-apoptotic genesBAX, BID, BAD,
PMAIP1, BBC3J) is lowered. The cells response for pPBR322-rDNA is much mormtense
and develops much faster, than response for pBR322, and is r@ized through activation
of TLR9- MyD88 - NF-kB- signaling. This difference in respae speed is owing to the
heightened oxidability of pBR322-rDNA and better abilityat penetrate the cell. Induction
of TLR9 expression in MCF7 is followed by blocking AIM2 expssion.

Conclusion: (1) Ribosomal DNA accumulates in cfDNA of breast cancer patits; (2)
Cell free rDNA induce DNA damage response and stimulates dslsurvival, including cells
with an instable genome; (3) Cell free rDNA triggers TLR9- N)88- NF-kB- signaling, with
signi cantly repressing the expression of AIM2.

Keywords: DAMPs, human ribosomal gene, rDNA, TLR9, AIM2, cfDNA , oxidized cfDNA
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INTRODUCTION TLR9—MyD88 —NF-kB signaling pathwayd 40), whereas
AIM2 induces apoptosis in cancer cells being a part of the

The operation of the innate immune system is based on sensofi$ ammasome. In MCF7 breast cancer cell lines, AIM2 induction

of di erent nature, termed pattern recognition receptors (PRRs) promotes apoptosis through the mitochondrial pathway and

The PRRs recognize foreign molecules of viruses and baCter@(.pression of pro-apoptotic proteins4?). MCF7 cells also

These sensors trigger multiple signaling cascades, cdngergexpress TLR9, moreover, it occurs both on the cell surface and

on the production of type | interferons and proin ammatory in the endosome43). It is so far unclear, how these two opposite

cytokines (). The PRRs also interact with biomolecules, whichsignaling pathways, which are activated by the two DNA-sesor

originate from the endogenous damaged and dying cells. Th@at are able to recognize the same free DNA fragments in the

products of damaged cells, which are recognized by PRRgtoplasm, interact in the cancer cell.

are termed alarmins, or damage-associated molecular patter Therefore, the major questions of this study were: (1) How

(DAMPs) signals. The DAMP includes a very wide variety ofjoes cell free rDNA content change in cancer; (2) What type of

biomolecules and low-molecular compoundg, (3). Nucleic  response in the MCF7 breast cancer cells is caused by TR-rDNA;

acids, which are released by damaged and dying cells, are afd (3) What type of DNA sensors (TLR9 or AIM2) is stimulated

recognized by some PRRs and belong to the DAMPs family, MCF7 in response to the action of TR-rDNA?

(4,5). These DAMPs enter into the composition of cell-free DNA

(cfDNA) and underlie the biological activity of cfDNA.

DAMPs in cancer have attracted growing interest in recenMATERIALS AND METHODS

years. DAMPs are known to stimulate the immune cells. Thi%ubjects

results in exacerbation of the antitumor respon§e/§. However,

DAMPs a ect the physiology of the cancer cell itseif 8-14).

Tumor cfDNAs could contribute to the progression of cancedan

Thirty-eight female breast cancer patients had applied for
genetic tests in RCMG. Previously, patients were treated with
promote resistance to anticancer treatmeritsi(G-18). chemothergpy or radiation therapy in oncology o.lepar.tmgnlts of
. . Moscow clinics. The average age of the examined individuals

CfDNA includes various fragments of the genome of

the dead cells. Obviously, not all cfDNA fragment exhibit\r’lvas’lt;m'f2 }2'3 };ﬁars. h'l_'fle cor]:trol group conS|stedt (;:edzct)
the characteristics of DAMPs. In the literature, only one calthy females with no history ot any cancer, age-matc

DAMPs for cancer cells is considered—mitochondrial DAMPsthe panen.t group. Therg were no statistical di erences petween
. . . : . the examined groups in terms of smokers frequencies. The
(mtDNA). The mtDNA is enriched with GC-pairs and includes . A . . . .

. . .. Investigation was carried out in accordance with the latession
unmethylated CpG maotifs, which are TLR9 receptor agonists.

The mtDNA was shown to activate TLR9 signaling duringOf the Declaration of_ Helsinki. The ReglonaI_E_thlcs Cc_>mmatte
. . of RCMG approved it (approval #5). All participants signed an
hypoxia to induce tumor growth(9-24). . X S
. . informed written consent to participate after the nature oeth
Besides, the human genome contains some hundreds 0

copies of another GC-rich sequence—ribosomal DME) (The procedures had been explained to them.
transcribed region of human ribosomal repeat (TR-rDNA) is
a GC-rich sequence about 13.5kb loriggure 1A. Di erent Cell Culture
areas of human TR-rDNA contain from 60% to 85% GC-pairsER/PR-positive MCF7 breast cancer cells were purchased at
TR-rDNA is accumulated in cfDNA, when a chronic processATCC, Manassas, USA (Cat: HTB22). MCF7 cells were cultured
followed by an exaggerated cell death rate occ@g). (The in DMEM medium supplemented with 10% (v/v) fetal calf serum,
TR-rDNA content is augmented several times within cfDNA of2mMM L-glutamine, 100 units/mL penicillin, and 10@&/mL of
patients with rheumatoid arthritis{7), ischemic heart disease streptomycin. Cells were grown in a humidi ed atmosphere with
(26), employees occupationally exposed to heightened ionizing% CO2 in air at 37C.
radiation backgroundZ8). One can assume that TR-rDNAisalso  GC-DNAs were added to the cell culture medium. Unless
accumulated in cfDNA of cancer patients during the therapiestherwise noted, the GC-DNAs concentration in the mediunswa
which result in an elevated cell death rate. 50 ng/mL.

The potential biological activity of TR-rDNA is highlighted
by the presence of speci c antibodies to rDNA in blood serumDNA Isolation From the Blood

of healthy controls 9. TR-rDNA fragments demonstrated Five ml of the blood was collected from the peripheral vein
promoting activity with regard to human mesenchymal stemwith a syringe ushed with heparin (0.1 mL/5mL blood) under
cells, human umbilical vein cell8Q and rat cardiomyocytes strict aseptic conditions. Cells were removed from the blbgd
(31). TR-rDNA can be also expected to materially a ect thecentrifugation at 460 g. DNA was isolated from leukocytes
physiology of cancer cells. Cancer cells express well-knoWgDNA) and plasma (cfDNA) by the standard metho@d.
PRRs—DNA sensors, such as absent in melanoma 2 (AIMZhe DNA quanti cation is performed uorimetrically using the
(32-37) and toll-like receptor 9 (TLR9)I8-41). PicoGreen dsDNA quanti cation reagent by Molecular Probes

The DNA-sensors TLR9 and AIM2 recognizes cfDNA(nvitrogen, CA, USA). We use EnSpire equipment (Finland)
fragments, which penetrate the cells. However, these twangen at excitation and emission wavelengths of 488 and 528 nm,
perform diametrically opposed functions in the cancer cellrespectively. Relative standard error of the cfDNA concertrat
TLR9 promotes survivability of cancer cells by activating then the plasma was 10 4%.
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Cancer Control : ¢ Cancer Control
Descriptive statistics | Cancer Control : Desc‘ri;‘rrive Cancer Control
N 38 20
Range 14-6828 |34-1408 N 38 20
Mean + SD 667 + 1427|400 £ 346 Range 09-11.5 [0.4-15
Medi 96 263 16 MeantSD |3.9+2.2 |0.810.29
Coef.of var. 21 0.9 Control  Cancer Control  Cancer Median 3,4 0.77
g-rDNA cf-rDNA Coef.of var. |0.57 0.34
FIGURE 1 | TR-rDNA accumulates in circulating cfDNA of patients witlréated breast cancer. Scheme of the human ribosomal repeaiA) Segment of the rDNA
analyzed with NQH is shown(B) CfDNA concentration for the two groups. Horizontal dottedihes represent the medians. Table below contains statistat data. Each
point on the graph is an average of three independent experiants. The main contribution to the overall error of the expéanent is made by the step of isolating DNA
from the leukocytes. The total standard error was 10 4%. (C) Ribosomal DNA copy number in the cell (genomic) DNA (g-rDNApd in the plasma cell free DNA
(cf-rDNA). Each point on the graph is an average of three ingendent experiments. The rDNA content was calculated usin§lQH (44). The total standard error was
11  8%. Two groups do not differ in the content of rDNA in gDNA, busigni cantly differ in the content of rDNA in cfDNA (the dataok the U-test are given)(D) The
ratio RD cf-rDNA/g-rDNA,; cf-rDNA and g-rDNA are the content of rDNA irtfDNA and gDNA of the same person. Table below contains statiical data. Two groups
signi cantly differ in the ratio R (J-test).

Non-radioactive Quantitative probe p(ETS-18S) (the fragment of rDNA 5.8-kb long, from
Hybridization (NQH) 515 till 5321 relative to the transcription initiation poirtiSU

The method of quantitative non-radioactive hybridizatiovas 13369, GeneBank) was usétglre 1A). It was cloned into the
speci ed in details previously2g, 44). Briey, the denatured vector pBR322. The rDNA-probe was biotinylated using the nick
gDNA or cfDNA samples (50 ng/mL) were applied to a preparedransiation kit (Biotin NT Labeling Kit, Jena Bioscience Gt)b

lter (Optitran BA-S85, GE healthcare). From 4 to 6 dots wereAfter hybridization was completed, the dried lter was scadin
applied per each sample. Six standard samples of the genonfitorder to assay the hybridization outcome, special sofewess
DNA (50 ng/mL) with a known content of the rDNA were applied used (Images6, Research Center for Medical Genetics, Moscow).
to the same lter, in order to plot a calibration curve for the The software determined the dot location, measured the estar
dependence of the signal intensity on the number of rDNAbackground signal and calculated the integral dot intensit
copies in a particular sample. Lambda phage DNA (50 ng/mL$ignals from several dots corresponding to the same sample
was also applied to the same lter in order to control the non-were averaged. The rDNA content in a studied DNA sample was
speci ¢ signal. The Iter was heated at 8D in vacuum for calculated using the calibration curve equation. Relatiaedard
1.5h. For the detection of the human ribosomal repeat, therrorwas 11 8%.
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TABLE 1 | Sequences of DNA for shRNA obtaining.

Synthetic DNA sequence Plasmid Position
name (mRNA)
50GATCCGAACATCACTGATGAGGAAC TTCAAGAGAGTTCCTCATCAGTGATGTTCTTTTTG pK-AIM2(1) 290
GCTTGTAGTGACTACTCCTTGAAGTTCTCTCAAGGAGTAGTCACTACAABAACTTAA &
5%ATCC®AATCTATCAGAGAAGGGTTTCAAGAGA(-\CCCTTCTCTGATAGATTC cCTTTTTG pK-AIM2(2) 670
GCCTTAGATAGTCTCTTCCCAAAGTTCTCTTGGGAAGAGACTATCTAAGBBAACTTAA 8
5GATCCGTGACCATCGAGCCCAGCACC TTCAAGAGASGTGCTGGGCTCGATGGTCACTTTTTG pK-TLR9(1) 969
GCACTGGTAGCTCGGGTCGTGGAAGTTCTCTCCACGACCCGAGCTACCAIAAAACTTAA §
50GATCCACCTCCGAGTGCTGGACCTGATTCAAGAGA CAGGTCCAGCACTCGGAGGCTTTTTG pK-TLR9(2) 1561
GCGGAGGCTCACGACCTGGACTAAGTTCTCTAGTCCAGGTCGTGAGCCTERARAAAACTTAA
50GATCOGTGCGTTGCTAGTACCAACTTCAAGAGATTTTTTACGCGTG pK

GCACGCAACGATCATGGTTGAAGTTCTCTAAAAAATGCGCACTTRAS

Bold, sense and antisense strands.

Model GC-DNAs Construction of Recombinant

pBR322-rDNA: plasmid DNA (10,197 bp) contains rDNA RNAIi-ReadypSIREN-DNR-DsRed-
sequences (5836 bp, 73% GC) cloned into EcoRI site of pBR3E%(preSS Vectors

veé:ltgrt. 'I;shgeziDl;lﬁ fragmgr;\} clpned fzvers the positions from'I'wo SiRNA target sites for each genes were selected fromgodin
0 of human rbNAigure 14). equence of AIM2 (AF024714.1) and TLR9 (NM_017442).

PBR322: vector (4361 bp, 53% GC) served as a controfvo obtain short hairpin RNA oligonucleotides Téble 1)

for pBR322-rDNA. Plasmid pBR322 is the commermakNere synthesized and inserted into the BamHIl and EcoRI

product (Sigma-Aldrich). sites of the RNAi-Read
] ) . . - ypSIREN-DNR-DsRed-Express
PEGFP-IDNA: Plasmid DNA (5151 bp) contains GC-rich chtor (BD Biosciences, Clontech, Mountain View, CA,

rDNA sequences (420 bp, 91.9% GC) cloned into BaT*?Hl site 9vww.clontech.com). For the control shRNA a plasmid pK

ggftFPl-gzll\éecft%r. Clonel:()erDNA fra%r:\ent covers positions frorT]encoding a luciferase siRNA was constructed (oligonucleotid

0 ) orhumanr AHigure 2A). 0 tprovided by Clontech with pSIREN vector). Plasmids
pEGFP: plasmid pEGFP-C1 (pEGFP) (53.4 % GC) thaof DK-AIM2(1),  pK-AIM2(2), pK-TLO(1), pK-TLO(2)
contains the EGFP gene (http://www.bdbiosciences.con, ; ' . - !
) K t trol EndoF

GenBank accession number U55763) was used as contrlgzlld PK' (negative control) were puried using EndoFree

for pPEGFP-rDNA. byasséglgenF(’:Lijr:;catlon kit (www.giagen.com) and con rmed
All the plasmids are enriched with GC-pairs compared :

To conrm the e ciency of AIM2 and TL9 knockdown,
to humar! gDNA (42% G.C)' .A" the GC-DNA sample§ RT-PCR analysis was conducted to detect mRNA level after
were subjected to the purication with EndoFree Plasmid

Puri cation kit (www.giagen.com). In order to prove that transfection with plasmids pK-AIM2(1), pK-AIM2(2), pK-

. TL9(1), pK-TL9(2), and ti trol (pK). The pri i
the observed response was caused exclusively by DNA, rl?geé i)n tFI)‘liS part(oz‘ir?\Tesr[]ngﬁolf control (pk). The primer pairs
by endotoxin residuals, additional experiments were set AIM2(118 bp) F: GAAGCCCTTCACGTTTGAGACCCA'
up. (1) A sample of plasmid DNA underwent completeR_ TGAATTTATCTT'.I'CAGCAGTGTA ’

hydrolysis down to nucleosides using DNA exonucleases TLR (161 bp) F: AAATTGCCGCCGCTGCGACCAC: R: AG
and phosphatase. The resultant plasmid hydrolysates haéi \ T

: ; s L : CCACGGAACCAACTGGCATT.
no biological activity, which is intrinsic to intact DNA.
(2) We analyzed the expression of TLR4 gene, whici\nalysis of rDNA and
is always activated in the presence of the endotoxi tDNA Fragmentation

The samples. of plasmid DNA induced no increase o RfDNA analysis by gPCR method and primers for
TLR4 expression. . " miDNA and TR-IDNA are described earlierd¢, 46). 8-

A questhn whether plasmid DNA requires Ilnearlz_atlon xoguanine DNA glycosylase (fpg) were used for gDNA
before ~adding to the culture medium was Cor]S'deredﬁydrolysis under manufacturer's protocol (Merck). Paramete

earlier {9). Our tests failed .to shpw any di erencedpf DNA fragmentation was calculated by normalizing
between the rates of accumulation of intact GC-DNAs an . .
an fpg—hydrolyzed amplicon to intact (unhydrolyzed)

their linearized forms in the cells. When the cells were . ;
. . . . .amplicon (Figure 20).
present in the medium, the supercoiled circular plasmlda

DNA is rapidly hydrolyzed down to linear molecules of 8_oxodG Levels in the Model GC-DNAs

dierent length. On the basis of these data, we addedrhe method for DNA oxidation was specied previousl§7.
non-linearized plasmids to the culture medium during thegriey plasmids (100 ngfL) were oxidized in 1% bO,
major experiments. solution with UV irradiation ( D 320 nm) for 3min at 25C.
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FIGURE 2 | TR-rDNA sequence bears hallmarks of DAMPYA) Scheme of the TR-rDNA. Segments of the rDNA inserted into ptaids are shown. (B) Distribution of
CpG motifs (TLR9 agonists) and dGn motifs (prone to the oxidion) within TR-rDNA, mtDNA, inserts of the plasmid pBR322DNA and vector pBR322. The digits
indicate the nucleotide order number, while the vertical bashows the motif location. The numbers on the right show the amber of motifs in a region of DNA 1 1kb
long. (C) Under the action of ROS (H02/320 nm), rDNA is oxidized largely than mtDNA. Parameter of fDA and mtDNA damage was calculated by normalizing a
damaged amplicon (hydrolyzed with Fpg) to intact ampliconEach point on the graph is an average of three independent exggiments. (D) Under the action of ROS
(HpO,/320 nm), pBR322- rDNA is oxidized largely than pBR322. The nteod of immunoassay on nitrocellulose membrane using 8-ox@#G antibodies conjugated with
alkaline phosphatase was used. (1) Four standard samples difie oxidized genomic DNA (10 ng/dot) with a known content of 8xodG (was determined by
ESI-MS/MS) were applied in order to plot a calibration curve fche dependence of the signal intensity on the content of 8-vodG. (2) The samples of the oxidized and
non-oxidized (control) pBR322 and pBR322-rDNA (10 ng/dot) wre applied. The experiment was repeated twice.

Modi ed DNA was precipitated with 2 volumes of ethanol in the the oxidized genomic DNA (10 ng/dot) with a known content
presence of 2M ammonium acetate. The precipitate was washefl 8-oxodG (was determined by ESI-MS/MS using AB SCIEX
twice with 75% ethanol, then dried and dissolved in water3200 Qtrap machine) were applied to the same lter, in order
Resulting DNA concentrations were assessed by the analysistofplot a calibration curve for the dependence of the signal
UV spectra. intensity on the number of 8-oxodG copies in a particular
The method for 8-oxodG quantitation was speci ed in detailssample. The lter was heated at 80 in vacuum for 1.5h.
previously ¢8). Briey, the DNA samples were applied to a 8-oxodG antibody conjugated with alkaline phosphatase was
prepared lter (Optitran BA-S85, GE healthcare). Three do® (1 used. Then the Iter was placed into a solution of substrates
ng/dot) were applied per each sample. Four standard samplesfoir alkaline phosphatase NBT and BCIP. Upon the completion
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TABLE 2 | Primers list.

Gene Forward primer(5 %39 Reverse primer(5 %39

AKT1 GTCATCGAACGCACCTTCCAT AGCTTCAGGTACTCAAACTCGT
AKT2 AGGCACGGGCTAAAGTGAC CTGTGTGAGCGACTTCATCCT
AKT3 AATGGACAGAAGCTATCCAGGC TGATGGGTTGTAGAGGCATCC
AMBRA GCCCAGACAGGACTCTCTTAG TGAACACACTTGCCAGTCTTC
BAD CCCAGAGTTTGAGCCGAGTG CCCATCCCTTCGTCGTCCT

BAX GGAGCTGCAGAGGATGATTG GGCCTTGAGCACCAGTTTG
BBC3 GCCAGATTTGTGAGACAAGAGG CAGGCACCTAATTGGGCTC
BCL2 GCCTTCTTTGAGTTCGGTGG ATCTCCCGGTTGACGCTCT
BCL2A1 TACAGGCTGGCTCAGGACTAT CGCAACATTTTGTAGCACTCTG
BCL2L1 CGACGAGTTTGAACTGCGGTA GGGATGTCAGGTCACTGAATG
BID ATGGACCGTAGCATCCCTCC GTAGGTGCGTAGGTTCTGGT
BIRC2 GAATCTGGTTTCAGCTAGTCTGG GGTGGGAGATAATGAATGTGCAA
BIRC3 AAGCTACCTCTCAGCCTACTTT CCACTGTTTTCTGTACCCGGA
BRCA1 TGTGAGGCACCTGTGGTGA CAGCTCCTGGCACTGGTAGAG
BRCA2 ACAAGCAACCCAAGTGTCAAT TGAAGCTACCTCCAAAACTGTG
CCND1 GCTGCGAAGTGGAAACCATC CCTCCTTCTGCACACATTTGAA
CDKN1A GGAAGACCATGTGGACCTGT ATGCCCAGCACTCTTAGGAA
CDKN2A ATGGAGCCTTCGGCTGACT TAACTATTCGGTGCGTTGGG
HIF1A ATCCATGTGACCATGAGGAAATG TCGGCTAGTTAGGGTACACTTC
HUWE1 TTGGACCGCTTCGATGGAATA TGAAGTTCAACACAGCCAAGAG
IFNG TCGGTAACTGACTTGAATGTCCA TCGCTTCCCTGTTTTAGCTGC
IL1B GGTGTTCTCCATGTCCTTTGTA GCTGTAGAGTGGGCTTATCATC
IL6 AAATTCGGTACATCCTCGACGGCA AGTGCCTCTTTGCTGCTTTCACAC
IL8 ACTGAGAGTGATTGAGAGTGGAC AACCCTCTGCACCCAGTTTTC
IL10 AAGGCGCATGTGAACTCCC ACGGCCTTGCTCTTGTTTTC
MAP3K1 CTACACGCAGTTGCAGTACAT CAGCAGGATCTGGATCTCCC
MAP4K4 GAGCCACAGGTACAGTGGTC AAGCCTTTTGGGTAGGGTCAG
MDM2 CAGTAGCAGTGAATCTACAGGGA CTGATCCAACCAATCACCTGAAT
MMP2 CCCACTGCGGTTTTCTCGAAT CAAAGGGGTATCCATCGCCAT
MMP7 GAGATGCTCACTTCGATGAGG CCTAGACTGCTACCATCCGTC
MYD88 GGCTGCTCTCAACATGCGA TGTCCGCACGTTCAAGAACA
MTOR TCCGAGAGATGAGTCAAGAGG CACCTTCCACTCCTATGAGGC
NFKB1 CAGATGGCCCATACCTTCAAAT CGGAAACGAAATCCTCTCTGTT
PMAIP1 ACCAAGCCGGATTTGCGATT ACTTGCACTTGTTCCTCGTGG
RELA TAAGCAGAAGCATTAACTTCTCTGGA CCTGCTTCTGTCTCTAGGAGAGTA
RIG1 GAGATTTTCCGCCTTGGCTAT CCGTTTCACCTCTGCACTGTT
STAT3 GGGTGGAGAAGGACATCAGCGGTAA GCCGACAATACTTTCCGAATGC
STAT6 GTTCCGCCACTTGCCAATG TGGATCTCCCCTACTCGGTG
STING CCAGAGCACACTCTCCGGTA CGCATTTGGGAGGGAGTAGTA
TIRAP ATGGTGGCTTTCGTCAAGTCA TCAGATACTGTAGCTGAATCCCG
TNFa CAGCCTCTTCTCCTTCCTGAT GCCAGAGGGCTGATTAGAGA
TP53 TTTGGGTCTTTGAACCCTTG CCACAACAAAACACCAGTGC
VEGFA AGGCCAGCACATAGGAGAGA TTTCTTGCGCTTTCGTTTTT

of reaction, the Iter was washed with water and dried in theLabeled Probe pBR322-rDNA ed

darkness. The dried Iter was scanned. For the quantitative abeling of plasmid DNA was performed by nick translation
analysis of the dots, special software was used (Images6, RCMfSing CGH Nick Translation Kit (Abbott Molecular) under
Moscow). Signals from several dots for the same sample aneanufacturer's protocol with slight modi cation. Solutisnof
averaged. The 8-oxodG content in a studied sample is calculatglasmid DNA (3mg/mL) were labeled with SpectrumRed. In the
using the calibration curve equation. Relative standardrermas  reaction mix, 50% of the dTTP was substituted with the lathele
15 5%. dUTP. About 20% of the uorescent-labeled nucleotide was
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FIGURE 3 | The in uence of GC-DNAs onTLR9and AIM2 expression. (A) (1) RT-gPCR. The dependence of the RNALR9 or RNA AIM2 on the duration of the

cultivation of the cells with pBR322-rDNA and pBR322. (2) F& The dependence of proteins TLR9 or AIM2 content on the duran of the cultivation of the

cells with pBR322-rDNA and pBR322. Description of the de nibn of proteins by FCA is given irBupplementary Material . Each point on the graph is an average of four
(Continued)
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FIGURE 3 | independent experiments. p < 0.05 (differences with control are signi cant)(B) FM of the cells stained to TLR9. The cells were cultured for 24, then
plasmid pBR322 or pBR322-rDNA was added and the cells were cliured for 1 h. (C) FM of the cells stained with TLR9 (FITC) and with TLR9(PE) d&utlies. The cells
were cultured for 24 h, then the cells were treated with pBR32-rDNA and pBR322 (green) or pEGFP and pEGFP-rDNA (red) fo B. The right photo—is an enlarged
image of the selected area(D) FM of the cells stained with AIM2 (FITC) antibodies. The cellseve cultured for 24 h, then plasmids pBR322 and pBR322-rDNA wre
added and the cells were cultured for 1 h. All the FM-experim&s (B,C) were repeated at least three times.

incorporated into the DNA, while unincorporated nucleotides 0.5% BSA in PBS for 1 h and incubated overnight & with the
were removed by ethanol precipitation. The fragment size wagH2AX, TLR9, AIM2, NF-kB(p65), STAT3 antibody (Abcam).
in 300-3,000 bp range as determined by electrophoresis #fter washing with 0.01% Triton X-100 in PBS MCF7 cells were
1% agarose. incubated for 2 h at room temperature with the FITC/PE goat
anti-mouse IgG, washed with PBS and then stained with DAPI.

Flow Cytometry (FCA)
Before FCA, cells were washed in Versene solution, thakitracelullar Localization of Labeled pBR322-rDNA
treated with 0.25 % trypsin under control of light microscopic Fragments and DCF
observation. Cells were washed with culture media, thehabeling of pPBR322-rDNA was performed by nick translation
centrifuged and resuspended in PBS. Staining of the celissing CGH Nick Translation Kit (Abbott Molecular) under
with various antibodies was performed as described belowanufacturer's protocol. MCF7 cell cultures were pretreatisd w
(47). Briey, to x the cells, the paraformaldehyde (Sigma)5mM of H2DCFH-DA (Molecular Probes/ Invitrogen, CA, USA)
was added at a nal concentration of 2% at 87 for for 5min, then labeled pBR322-rDNAY were added to the
10min. Cells were washed with 0.5% BSA-PBS (x3) anthbltivation media for further 30 min. The cells were washekéh
permeabilized with 0.1% Triton X-100 (Sigma) in PBS forttimes with PBS and immediately photographed.
15min 4C. Cells ( 50  10°) were washed with 0.5%
BSA-PBS and stained withng/mL FITCgH2AX (Ser139) Analysis of Genomic Instability
antibody (Temecula California), FITC-Ki-67 antibody. Ither  Before treatment with DNA probes, cells were grown for 24 h in
cases, cells were stained with PCNA, AIM2, TLRO, K@~ slide asks. The GC-DNAs fractions were added to cultivatio
(p65), and STAT3 antibodies (Abcam) for 3h atG} then media for 48h. Cells were xed in 3% formaldehyde @
again washed with 0.5% BSA-PBS and stained witiy/inL  for 20 min washed with PBS and stained witim@/mL DAPI.
secondary FITC- or PE-conjugated antibodies (Abcam) for 1 lApproximately 1,000 cells were investigated for the presence of
at4 C. micronuclei, nuclear buds and nuclear bridges as desciih&d

To quantify intracellular DNA, cells were treated with .
propidium iodide (PI) and RNAase A. To quantify the Nuclear Fragmentation
background uorescence, we stained a portion of the cellyvVas examined by Hoechst 33342 (Sigma) stainingr@/nL)
with secondary FITC(PE)-conjugated antibodies only.Getise ~ for 10min at 37C. 1,000 cells were investigated for the presence
analyzed at CyFlow Space (Partec, Germany). of the damaged nuclei.

Quanti cation of MRNA Comet Assay

Total MRNA was isolated using RNeasy Mini kits (Qiagen,]he degree of the DNA damage was analyzed by means of the

Germany), treated with DNAse 1, and reverse transcribed by RNA-comet assay with CometAs§é(y_Reagent Kit for Single

Reverse Transcriptase kit (Sileks, Russia). The expressiolepro C€ll Gel Electrophoresis Assay (Trevigen, Inc. 8405 Helgerma

were obtained using gRT-PCR with SYBR Green PCR Master Mfx!- Gaithersburg, MD 20877). Average comet tails were select

(Applied Biosystems). The mRNA levels were analyzed using tffier the calculation. One hundred nuclei per each slide were

StepOnePlus (Applied Biosystems); the technical error vizgs. ~ @nalyzed. The software package CometScore v. 1.5 (supplied by

SeeTable 2below for the list of primers used (Sintol, Russia).  11iTek Corp.” http:/tritekcorp.com) was used for the comet
B2M2 (reference gene): F GCTGGGTAGCTCTAAACAAT assay performance.

GTATTCA; R CATGTACTAACAAATGTCTAAAATGG.TBP

(reference gene): F GCCCGAAACGCCGAATAT; R: cCGTGAROS Assay

TTCGTGGCTCTCT The cells were analyzed using total uorescence assay inghe 9
well plate format at exD 488 nm and emD 528 nm (EnSpire
Fluorescence Microscopy (FM) equipment, Finland). The cultivation medium was replaced by
Cell images were obtained using the AxioScope Al microscofgmm H2DCFH-DA (Molecular Probes/Invitrogen, CA, USA) in
(Carl Zeiss). PBS solution and a relative uorescence intensity incresas
detectedat37C.8 (4 2)repeated measurements were provided
Immunocytochemistry for each GC-DNA and 16 for the control. The mean absolute

MCF7 cells were xed in 3% formaldehyde (@) for 20min, intensities were divided by the average value of the intgnsi
washed with PBS and then permeabilized with 0.1% Triton X-106orresponding to tD 0, obtaining the values ofl The graphs
in PBS for 15 min atroom temperature, followed by blockingwit are presented in the coordinates I-time.
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TABLE 3 | The changes in expression levels of selected mRNAs after egpure of MCF7 cells to either pBR322 or pBR322-rDNA.

pBR322-rDNA pBR322

2h 48 h 2h 48 h

|

BRCA1 20 0.1* 31 0.1 19 0.6* 4.2 0.5*
2 BRCA2 13 01 10 01 0.7 0.1 09 01
ANTEAPOPTOTIC
3 BCL2 25 0.2* 49 0.3 1.1 03 35 0.5*
4 BCL2A1 (B -1/A1) 28 0.2* 25 0.3 12 03 23 03
5 BCL2L1 (BCL-X) 15 0.2* 21 0.3 10 03 15 0.1*
6 BIRC3 (c-IAP1) 20 0.1* 08 0.1 12 02 40 0.4*
7 BIRC2 (c-IAP2) 1.4 01 1.8 0.1* 1.2 02 25 0.1*
8 MDM2 2.7 0.1* 18 0.2* 18 0.2* 28 0.3
TUMORSUPPRESSORS
9 HUWE1 0.1 02 08 0.1 06 03 10 0.1
10 AMBRA 04 0.1 1.4 01 0.8 03 09 02

11 HIF1A 43 0.2* 15 01 09 03 09 02
NRBPATHWAY
12 MAP4K4 22 02* 1.3 02 11 01 15 03
13 MYD88 25 0.2* 20 0.2* 12 01 1.3 0.2
14 NFKB1 26 0.2* 19 0.2* 08 0.2 08 04
15 TIRAP 20 0.2* 22 0.2 08 0.2 21 0.3
16 RELA 1.7 0.2 21 0.2 08 03 22 0.2*
17 MAP3K1 1.3 02 14 03 1.0 03 1.3 03
CYTOKINES. CHEMOKINES ANDRECEPTORS
18 IL10 3.8 0.3* 15 0.1* 32 03 53 04
19 IFNG 23 03" 1.8 0.2* 10 01 19 0.1*
20 IL6 14 03 35 0.3* 1.0 03 08 02
21 IL8 09 0.2 3.4 04* 0.7 0.2 06 04
22 TNFa 3.9 0.4* 23 0.3 11 02 05 03
23 IL1B 04 0.1 16 0.2 06 03 14 04
STATFAMILY
24 STAT3 22 0.2* 1.6 0.1* 11 02 20 0.2*
25 STAT6 13 02 24 0.3* 1.0 02 3.1 0.3*
26 MMP2 16 0.2 1.1 0.2 04 0.1 03 0.1
27 MMP7 1.7 01* 1.8 0.2* 10 01 26 02

28 VEGFA 23 0.2* 1.8 0.4 1.0 02 14 0.1
29 MTOR 94 0.5* 35 0.3 05 0.2 04 02
30 AKT1 42 0.3* 25 0.2* 04 0.2 05 0.1
31 AKT2 3.6 0.3* 15 0.2* 0.8 03 1.0 03
32 AKT3 3.4 0.2* 1.6 0.1* 06 0.2 0.8 0.2
33 CDKN2A 3.0 0.2* 1.1 03 21 0.1* 13 03
34 CDKN1A 15 0.1* 22 0.2* 1.7 0.2 22 0.2*
35 TP53 1.7 0.2* 15 0.2* 21 0.3 46 0.2*
36 CCND1 (CyclinD1) 12 03 16 03 13 0.2 12 0.1
37 BAX 03 0.2 0.7 0.1 13 0.2 09 03
38 BID 0.7 0.2 3.1 04* 04 0.1 02 02
39 BAD 04 0.2 24 0.2* 03 01 02 02
40 PMAIP1(NOXA) 0.6 0.1 1.7 0.2 0.7 0.1 03 0.1
42 BBC3(PUMAdelta) 0.7 0.2 13 0.2 02 0.2 03 02
43 RIG1 11 02 1.3 02 1.0 03 1.3 03
44 STING 6.2 05 0.6 0.2 08 0.2 18 03

Relative levels of expression are averages for three biologigaplicates and a standard deviation*, p < 0.05—against control cells, non-parametric U-test.
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FIGURE 4 | Changes in the activity of NFkB in MCF7 cells exposed to GC-DNAs(A) FAC. (1) Distribution of uorescence intensities of the callstained with NF-kB
(p65) antibodies (FITC). (2) The proportion of cells (\B)C in three studied types of MCF7 cultures. (3) The average oféhmedian signal intensities of FL1 for
(NFkB)C. Each point on the graph is an average of three independent geriments. (B) FM of the cells stained with NFkB (p65) antibodies. The cells were cultured
for 24 h, and then GC-DNAs were added for 2 or 24 h(C) Blocking TLR9 inhibits NF-kB activity. We used the cells, wibh express average amounts of TLR9 protein
(24 h of cultivation). Transfection of the plasmids pK and pRLR9(2) into the cells was performed with Turbo Fect reagerfior 24 h. Two hours after changing the
medium to fresh, pBR322-rDNA was added to the cells for 2 h. Uder the action of pPBR322-rDNA, NFkB is not activated in the cells containing pK-TLR9(2).

(D) Graph of the proportion of cells with nuclear staining for N¥kB in studied types of MCF7 cultures. All the FM-experimentéB,C) were repeated three times.

Statistics for descriptive statistics). The TR-rDNA content in cfDNA
All reported results for gPCR, PT-gPCR, immunoassay and FCAnd gDNA was determined using non-radioactive quantitative
were reproduced at least three times as independent biologidaybridization (NQH) of the samples with biotinylated DNA-
replicates. The signi cance of the observed dierences waprobe pBR322-rDNAKigure 1A). Two groups do not di er in
analyzed using non-parametric Mann- Whitney U-tests. Theadat the content of rDNA in the gDNA, but signi cantly dier in
were analyzed with StatPlus2007 Professional softwate:/(ht the content of rDNA in cfDNA Figure 1Q). The ratio of TR-
www.analystsoft.com/). Allp-values considered statistically rDNA content in cfDNA to that in gDNA (index P cf-rDNA/g-
signi cant at p< 0.05. rDNA) in the patient group was signi cantly higher than in the
healthy controls. In 33 of 38 patients (87%), the index R was
higher than in the control groupKigure 1D, see the table for

RESULTS descriptive statistics).

TR-rDNA Is Accumulated in Circulating

cfDNA of Breast Cancer Patients

Circulating cfDNA and gDNA were isolated from blood pIasmaTR'rDNA Sequence Bears Hallmarks

and leukocytes of 38 female breast cancer patients, whaf DAMPS

received radiation therapy or chemotherapy, and 20 healthjnalysis of TR-rDNA sequence revealed two peculiaritiesclvh
female controls. The levels of cfDNA in plasma of cases anehable considering TR-rDNA as a potential DAMPs molecule
healthy controls were virtually equaFigure 1B, see the table (Figure 2B).
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FIGURE 5 | Changes in activity of transcriptional factor STAT3 in MCF@ells exposed to GC-DNAs.(A) FAC. (1) Distribution of uorescence intensities of the cell
stained with STAT3 antibodies (FITC). (2) The proportion oélts (STAT3] in three studied types of MCF7 cultures. (3) The average oféhmedian signal intensities of
FL1 for (STAT3}. Each point on the graph is an average of three independent geriments. (B,C) FM of the cells stained with STAT3 antibodies. The cells were
cultured for 48 h, and then GC-DNAs were added. Experiment warepeated three times.
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FIGURE 6 | The exposure of MCF7 cells to GC-DNAs leads to an increase in®S production and DNA damage.(A) (1) FM—based evaluation of MCF7 cells treated
with 5mm Hy DCFH-DA and pBR322—rDNAEY (50 ng/mL) and incubated for 30 min. Top photo: green granules-DCF and red granules—pBR322—rDNJ£d in the
cells. Some of the signals are the same (some examples of oMapping signals are indicated by arrows), indicating DCF syhesis at the site of DNA contact with the
cell. The result is reproduced in three independent experients. (2) FL-plate reader (37C). The cells were analyzed using total uorescence assay ié 96-well plate
format atl ex D 488 nm and | em D 528 nm. Eight repeated measurements were provided for each G-DNA and 16 for the control. The mean absolute intensities
were divided by the average value of the intensity correspating to t D 0, obtaining the values ofly D1. (3) The value of the tangent of the slopek] together with the
error of determination was calculatedke D1—reaction rate constant for DCF formation in the control cés. *p < 0.05 (comparison with the control)(B) (1) Comet
assay in alkaline conditions. Digital photography of the ralei with varying degree of DNA damage. (2) Cumulative higieams for the tail moment. Statistics of
Kolmogorov—Smirnov are given on the graph. The result is repduced in three independent experiments(C) dsDNA breaks in the cells exposed to GC-DNAs. Cells
were processed for immuno uorescence staining with antgH2AX antibody ¢-foci). (1) FM. Control and pBR322-rDNA (50 ng/mL, 2 h). Numbs denotes three
detected types of nuclei: 1—with multiple dsDNA breaks, 2—ith a few dsDNA breaks, 3—with intact DNA. (2) FAC analysis gtfoci. Fractions of the cells as evident
in gating areas R1, R2, R3. (3) Relative proportions of ceNsgithin gating area R2. The result is reproduced in three ingeendent experiments. (D) Evaluation of
micronuclei (MN) in MCF7 treated with GC-DNAs (50 ng/mL, 48 hj1) Example of DAPI staining of the xed cells treated with pR322-rDNA. (2) Proportion of the cells
with modi ed nuclei in three studied types of MCF7 cultures. ¥éwed 30 photos and determined the average cell content wittmicronuclei.

First, TR-rDNA carries many unmethylated CpG motifs. Thesensors, for example, AIM2, STING, RIG and intracellular TLR9.
DNA regions with these motifs are ligands for TLR9 DNA- It was also found that oxidized DNA stimulates DNA damage
sensors §0). The density of CpG motifs along TR-rDNA is response in the cellgl().
several times higher, than in mitochondrial DNA (mtDNA).  To conrm the increased susceptibility of TR-rDNA to
MtDNA is known to be a generally recognized ligand foroxidation, we compared the e ciency of oxidation of TR-rDNA
TLR9 @1). and mtDNA in gDNA isolated from blood leukocytes of healthy

Second, TR-rDNA contains many (dg)notifs (Figure 2B).  young donor Eigure 20). In order to quantify the oxidation
The nucleoside dG inside (dg)has the lowest oxidation marker 8-oxodG, qPCR technique and enzyme 8-oxo-guanine
potential among all nucleosides in DNAT). One may suppose DNA glycosylase (Fpg) were used. Because of DNA hydrolysis
that TR-rDNA is prone to oxidation. The oxidation of cfDNA with Fpg, 8-oxodG is eliminated from the DNA strand, and
drastically increases its penetration into the cancer ckilshe  this DNA is no longer a template for PCR (excluded from the
cytoplasm, cfDNA can potentially stimulate intracellular DNA analysis). We examined the regions of mtDNA and TR-rDNA
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having approximately the same dG count. After gDNA exposurénhibition of AIM2 expression a ect§LR9expression to a much

to ROS in solution [1% hydrogen peroxide/ irradiation at 320 nmsmaller degree.

(47)], the number of fragments not containing 8-oxodG was Plasmid pBR322—rDNA (50 ng/mL) induced a several times

several times lower in the case of rDNA fragmehiglure 20). increase of RNATLR9 and TLR9 protein already in 30 min

Therefore, TR-rDNA was oxidized in a much greater degregFigure 3A (1 and 2), blue lines]. In 2h, the content of RNA

than mtDNA. TLR9 and TLR9 protein decreased, but still remained higher
Thus, one would expect that (1) TR-rDNA stimulates the well-than the baseline within the following 48 h. pBR322 also induced

studied signaling pathway TLR9-MyD88-NF-kB, and (2) TR-expression of LR9 but to a smaller degree than pBR322—rDNA

rDNA oxidizes easily on the surface of the cancer cells atett af (p< 0.05 for TLR9 protein at 0.5, 2, and 24Figure 3A(2); p <

oxidation, it can induce the DNA damage response (DDR) in0.05 for RNATLR9at 0.5 hFigure 3A(1)].

the cell. When inducing TLR9 expression with pBR322—rDNA
plasmid, we observed a signi cant inhibition of AIM2 expressio
Model GC-DNA Fragments at the levels of both RNA and proteirfFigure 3A, brown lines).

CfDNA contains various GC-DNAs and is substantially damagegvhen pBR322 was used, the contents of RAIM2 and AIM2
(49). Therefore, cfDNA is not a suitable object to explore theprotein also decreased, but the changes were less pronounced (
TR-rDNA action on the cancer cells. In order to nd out, if < 0.05 for AIM2 protein at 0.5 hifigure 3A(2);p< 0.05 for RNA
TR-rDNA fragments can a ect the physiology of cancer cellsAIM2 at 0.5 hFigure 3A(1)].
we investigated a model system: MCF7 cancer cell line @iltur pPlasmid pBR322—rDNA also a ects the amount of RNA of
exposed to plasmids pBR322-rDNA and pBR322. pBR322another DNA-sensor: stimulator of interferon genes (STING
rDNA (10197 bp) contains rDNA sequences (5836 bp, 73% GG 2h, the level of RNASTING elevated six-fold, but in 48h
cloned into pBR322 vector (4361 bp, 53% GC). The cloned rDNQecreased below the control baseline (line Bable 3. In case
fragment covers positions from 515 to 5,321 of human TR- of the vector pBR322, the amount of RN&TING increased
rDNA (Figure 2A). pBR322 served as a control. Vector pBR323y 80% as late as in 48h (the e ect is less than in the case of
is similar to mtDNA in terms of CpG and (dG)motif content  pBR322—rDNAp < 0.05). Both plasmids had virtually no e ect
and drastically di ers from TR-rDNA Figure 2B). Lengthy easily on the level of RNA of DNA-sensor retinoic acid-inducible gene
oxidizable (dGj motifs can be found in pBR322-rDNA much 1 (RIG1) (line 43Table 3.
more frequently, than in pBR322 or mtDNA. Thus, pBR322-
rDNA and pBR322 plasmids are models for dierent GC-The In uence of GC-DNASs on the Location of TLR9
DNAs of human genome, which could aect cancer cells ingnd AIM2 in MCF7
di erent ways. The experiments were carried out on cells, which had been
The elevated oxidability of pBR322-rDNA plasmid wascyltivated for 24h. After 24h of cultivation, the level of
proved using immunoassayrigure 2D). The technique enables TLR9 in control cells was still quite lowFigure 3B and
quanti cation of the oxidation marker 8-oxodG in DNA. DeSHt Supp]ementary Figure lA_ Weak signa|s were located in the
the identical conditions of p|asm|d isolation and Storagbet Cytop]asm_ The level of AIM2 was, on the Contrary, h|gh yet
intact pBR322-rDNA was more strongly oxidized, than the(Supplementary Figure 18 In most cells, the signals were
vector (fourteen 8-0xodG/fON vs. two 8-0xodG/1BN). After  |ocated in the cytoplasm. In some cells, AIM2 was detected in the
oxidation in solution [1% hydrogen peroxide/radiation atB@m  nyclei (Figure 3D).
(47)] 8-oxodG was found approximately in 22% of pBR322 TLR9. As early as in 30min of the exposure to pBR322—
molecules and in 51% of pBR322-rDNA molecules. HenceDNA, a signi cant increase in the protein content occurred
PBR322-rDNA, like TR-rDNA, contains an easily oxidizableas compared to the control celligure 3B). The signals were
motifs, which have very low oxidation potentials. located along the perimeter of the cells (yellow arrows in

. Figure 3B) and in the cytoplasm. This observation suggests
TR-rDNA Stimulates TLR9—NF-kB expression of TLR9 both on the cell surface and inside the

Signaling and Blocks AIM2-Signaling cells. In 24h after adding pBR322—rDNA to the medium,
The In uence of GC-DNAs on TLR9 and the picture considerably changegigure 3C. Staining intensity
AIM2 Expression along the perimeter of the cells and in the cytoplasm substiiyntia

The MCF7 cells express  TLR9 and AIM2 decreased. The signals for TLR9 were found located in the
(Supplementary Figure ). The genefA\IM2 and TLR9respond nucleus, namely, in the nucleolar area, where ribosomaégen
to a change in the time of cultivation in di erent way3LR9 were locatediigure 3C The vector pBR322 also induced TLR9
expression considerably increases with the time, whilsl2  expression on the surface and inside the cells in 30 min of
expression drastically decreases. One of the causes otteas®e exposure, however the signals were not so numerous. 24 h later
in TLR9 expression can be an increase in cfDNA content witlsignals disappeared on the cell surface. However, in contrast
time of the cell cultivation $upplementary Figure 2 to pBR322—rDNA, the vector did not induce accumulation of
In order to understand, if the expressions of gerd$/12  TLR9 in the nucleolus.
and TLR9 are related, we used a technique of inhibiting gene This interesting fact of TLR9 accumulation in nucleoli
expression with siRNA Supplementary Figure 3. We found was proved by experiments on another plasmid pair— vector
that inhibition of TLR9expression with the siRNAs considerablypEFGP and plasmid pEFGP-rDNA. Cloned rDNA fragment
elevatef\IM2 expression, especially at the level of RNA amountcovers positions from 601 to 1,021 b of human rDNA
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(Figure 2A). Antibodies labeled with PE were used as secondary The translocation of NF-kB into the nucleus under the action
antibodies, Figure 3C Like in case of pBR322—rDNA, we of pBR322-rDNA does not occur if the RNALR9is previously
observed accumulation of TLR9 in the nucleolus in 24 hblocked with siRNA Figure 4C). Two plasmids: pK-TLR9(2)
of cell cultivation with pEFGP-rDNA. Vector pEFGP, like encoding fragments of siRNA for gerfd.R9 and pK plasmid
vector pBR322, did not induce accumulation of TLR9 inwithout the insert were used for this experiment. In the tezht
the nucleoli. with pBR322-rDNA population of cells containing pK-TLR9
Thus, TR-rDNA fragments in plasmid pBR322—rDNA and (2), the number of nuclei containing the factor NF-kB was
pPEFGP-rDNA considerably induced TLR9 expression in MCF&everal times less than in cells transfected with the pK vector
cells resulted in accumulation of TLR9 protein inthe cellmadi.  (Figure 4D). Thus, it can be assumed that TLR9 stimulation with
Vectors did not exhibit this e ect. pBR322-rDNA is the main cause of NF-kB activation.
AIM2. In consequence of the exposure to plasmid pBR322— o _
rDNA (1 or 24 h) location of AIM2 protein altered considerably Activation of STAT3 Transcription Factor in the
(Figure 3D). As compared to the control cells, the protein wasPresence of GC-DNAs
not detected in the cytoplasm, but migrated inside the nuslén ~ Signal transducer and activator of transcription 3 (STAT3)
the nucleus, AIM2 was located as compact structures in certafpelongs to the signal transducer and activator of transwipt
areas. The nucleoli are distinctly contrasted in the photwd a (STAT) family. STAT3 is inactive in non-stimulated cells, fit
one can see that AIM2 never penetrated these compartment@pidly activated by various cytokines, such as IL56)( This
In the presence of vector pBR322, AIM2 migrated to nuclefactor plays a signi cant role in the resistance of cancer cells
of approximately a half of the cells. The other cells expressd@ therapy. NFkB can aect STAT3 activity because NB-

virtually no AIM2. regulates expression of the STAT3-activating cytokine.IL-6
Plasmid pBR322—rDNA in 2 and 48 h provoked expression

Activation of NF-kB Transcription Factor in the of RNA for signal transducer and activator of transcription 3

Presence of GC-DNAs and 6 (STAT3, STAT6) and genes for metalloproteinases MMP2

The experiments were carried out on the cells, which had beeand MMP7. Their transcription is under the control of STAT3
cultivated for 24 h. Using RT-qPCR, we explored changes at tHdable 3 lines 24-27). The vector also induced expression of
level of RNA of some genes, principal players of this signalin§ TAT3, STAT6andMMP7 RNA, but as late as in 48 h.

pathway, under the action of plasmids pBR322—rDNA and We assayed STAT3 protein in the cells using FCA and
pBR322 Table 3 lines 12-17). As early as 30min after theFM, Figure5 The level of the protein in the STAT3
beginning of action, the contents of RNA for gent§KB1  fraction increased by 40 and 70% in 2h of cultivation with,
MYDB88 TIRAP,and RELAincrease and remain elevated in 48 hrespectively, pBR322 and pBR322—rDNgure 5A(3)]. Inside

of cultivation. The vector pBR322 also induces transcriptién othe cells, STAT3 is located in the nucleus as compact granules
these genes, but later and to a smaller degree. ActivatittFef Figures 5B,C In 2h of the exposure to the plasmid, the protein
kB factor in the presence of TR-rDNA was also proved by the datéontent increased. The protein was accumulated in thosesarea
of an increase in the content of RNA for Cytokines genENG’ of the nUCleUS, which encompass the nucleoli. In 72 h, looatio
TNF- alpha, IL6, ILB transcription of which is regulated by the of the protein essentially changed—STAT3 was detected in the
factor NF-kB. The vector pBR322 induced a reliable increas@y/toplasm only, suggesting inhibition of the factor.

in the amount of RNAIFNG only, and just after a long-lasting Thus, STAT3expression and STAT3 factor activity after the
exposure {able 3 lines 19-22). exposure to GC-DNAs at rst increase and then decrease below

Using FCA, we studied changes in the content of NF-kB (p65the baseline.
rotein under the action of GC-DNAg;igure 4A. In the control .
(F:)ells cultivated for 24 h, two subpopu?ations can be detectedIR'rDNA Stimulates DNA Damage
with high content of the protein (30%) and with low content Response in MCF7 Cells
(70%),Figure 4A(1). Under the action of pBR322—rDNA, the DNA damage response is a network of cellular pathways that
cell count of NF-kB (p65) fraction [Figure 4A(2)] and mean sense, signal and repair DNA lesions. Stimulation of DDR is
content of the protein in cells of this fractionF[gure 4A(3)]  important for the survival of cancer cells). We have previously
increased. The vector had virtually no e ect on NF-kB (p5) shown that oxidized human DNA stimulates the DDR in MCF7
fraction size, with just a slight augmentation of the proteincells ¢7). The main cause of DNA damage in the cancer cells can
content in this fraction. be an increased level of ROS. ROS damage DNA by inducing
In control cells, which had been cultivated for 24 h, NF-kBswa DNA breaks. DNA damage stimulates the DDR, therefore, we
located mostly in the cell cytoplasiigures 4B,D The plasmid analyzed the e ect of GC-DNAs on the level of ROS and on the
that carried an insert of TR-rDNA induced translocation oFN level of DNA breaks in MCF7 cells.
kB from the cytoplasm to the nucleus in 2 h in 70% of the cells, L
This fact suggests induction of NF-kB activity in the present  GC-DNAs Induce ROS Synthesis in
TR-rDNA fragments. The vector pBR322 did not enhance NF-kBMCF7 Cells
activity: in 2 h, the factor still was located in the cell gjteism.  The primary MCF7 cell response to a change of cfDNA content
In 24 h, translocation of NF-kB to the nucleus was observed iim the culture medium is ROS synthesKigure 6A. The ROS
15% of the cells. synthesis was analyzed using reaction of DCF formati®f). (
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After the exposure of the cells to GC-DNAs, the total signaéle proliferation blocking. This line of evidence for a cell cyaleeat
increased, and isolated brightly stained DCF grains appearedas also supported by gRT-PCR analysis of mRNA encoding
in the cells. Joint allocation of DCF and uorescently labeledhe inducible cell cycle arrest proteins, includif@DKN2A
pBR322-rDNAEY samples showed that ROS synthesis becan@DKN1A CCND1, TP53and an important negative regulator
intensi ed in the places of contact between DNA and the cellof the p53 tumor suppress®DM2 (Table 1, lines 33-36, 8).
Location of some signals from uorescently labeled DNA (red) In 48h, the signal intensity of (KI-6%) fraction exceeds
and DCF grains (green) coincided (some of these signals atlke control level,Figures 742,3), and amounts of RNA for

indicated by white arrowssigure 6A). geneLDKN1A TP53 andMDM2 remain elevated. These genes
The kinetics of DCF formation upon the exposure to GC-regulate the cell's damage response.
DNAs was examined using a uorescent readégures 6A42,3). Figure 7B shows the distribution of cells by the amount

The GC-DNAs induced ROS synthesis to a greater extendf DNA in nuclei, stained with propidium iodide. The
than genomic DNA isolated from the cells. The rate ofexposure to GC-DNAs for 48h leads to the augmentation
ROS synthesis began to grow immediately after adding DNAf the fraction of the cells with an amount of DNA more
samples to the medium. As quickly as 20 min later, the rat¢han 2n (S—and G2/M cycle phaseslgure 7q1) presents
of ROS synthesis considerably reduced. The pBR322—rDN& plot of FL1-KI-67 signal to FL2-DNA signal. Two sub-
and pBR322 plasmids stimulated ROS generation with thpopulations can be isolated: (KI-67(proliferating cells) and

same e ectiveness. (KI-67) . The histogramFigure 7Q(2) displays the content
of fractions subG1, G1/GO, S, and G2/M in (KI-@?)and

GC-DNAs Induced DNA Damage in (KI-67) sub-populations in the control. The relative values

MCF7 Cells of fractions sizes for the cells exposed to GC-DNAs are

The number of nuclear DNA breaks was evaluated usin@?ovsvna': dFIgCtJZr/eI\/T qfrgziét:gnts)Otiz S;SJ;?S::ESO?:’ tt:: ;?Q;ir;tce

comet assay (alkaline electrophoresiBigure 6B In 30 min i -

after adding pBR322—rDNA to the medium, DNA breaks weremc GC DNAS' In case of . PBR322—DNA,  the € ect of
. y . . accumulation of G2/M cells is much stronger, than in case of

detected in the most cells [“‘comets” were formEdjure 6B(1)], he vector

but 2 h later, the number of breaks considerably reduced. pBR3ﬁ :

. . Thus, an increase in the GC-content of extracellular DNA
also stimulated break formation, but the e ect was much weake. .
Figure 38(2). induces an arrest of a part of cells in S— and G2/M—phases of the

The number of double strand DNA breaks was evaluate&e” cycle. Cells with an elevated DNA amount accrues in MCF7

via determining the content of H2AX histone in the nuclei, population with the time of culfivation.

. . L In response to the DNA break formation in the presence
Figure 6C In the control cells, three types of nuclei occur: with . :
} . . of pBR322-rDNA, the cells demonstrated growing expression
abundant gamma-focuses [type Eigure 6Q1)], with single

L of proliferating cell nuclear antigen (PCNA),—a protein that
breaks (type 2) and nuclei without DNA breaks (type 3). The articipates in excision DNA repair (data obtained with FCA,

numbers of nuclei of each type were determined using Fcﬁgigure 7D)

Figure 62). FL2-H2AX—SSC plots can be divided into three GC-DNAS stimulateBRCAlexpressionTable 3 line 1). This

areas: with a great number of H2AX (gate R1), with relativel s . . . )
eneis directly involved in the repair of double strand biedke

high H2AX content (gate R2), and with low signal level (gat . L .
R3). After the cells were exposed to pBR322—rDNA for 2hamount of RNA forBRCAlincreased twice in 2 h and remained

we observed a two-fold increase in the size of fraction 24s_ce|élevated 48 h later.

o . - The improved survival ability in the presence of GC-
with single gamma-focuses. The numbers of cells with matipl . .

amma-focuses did not di er signi cantly. In case of expostoe DNAs is .suggestgd by the increased content of RNAs for
9 ’ spme anti-apoptotic geneBCL2, BCL2A1, BCL2L1, BIRC2,

pBR322, the increase in tr_]e cell fraction R2 was observed as I% C3 (Table 3 lines 3-7). The level of expression is elevated
as after 24 h of the cultivation. . . )
L . . in 2h after adding pBR322-rDNA to the medium, and 48h
One of the indicators of genome instability due to DNA . . .
damage is the formation of micronuclei (MNY§). GC-DNAs later, the expression of some genes remains heighteB€dlZ,
9 ) BCL2A1, BCL2L1and BIRC3. The vector also stimulates

signi cantly increases the number of cells with micronucle the expression of the anti-apoptotic genes, but as late as

(Figure 60). in 48h. In parallel with the increase in expression of the
. . anti-apoptotic genes, the levels of expression of pro-apoptotic

GC-DNAs Stimulate DNA Repair Response genes BAX, BID, BAD, NOXA, BBC3(lines 37-42) and

and Increase Cell Survival tumor suppressor geneslUWE1 and AMBRA (lines 9 and

A transient cell cycle arrest and proliferation blocking iseo 10) decrease in the presence of plasmids pBR322-rDNA
of the initial stages of a cell's response to DNA dam&df®. ( and pBR322.

We determined the relative number of proliferating cells by pBR322—rDNA induces an increase in the expression of the
using antibody to the proliferation marker KI-67 and FCA regulator of oxygen homeostadilF1-alpha(Table 3 line 11).
technique Figure 7A). In response to GC-DNAs (50ng/mL, In addition, the content of RNA for the genes of Akt/mTOR

2 h) the number of (KI-675 cells Figure 7A(2)] and the mean signaling pathwaysMTOR, AKT1, AKT2, AKT3 lines 29-32)
signal intensity Figure 7A(3)] decrease, suggesting the celland the gene for growth factoWEGFA (line 28) drastically

Frontiers in Oncology | www.frontiersin.org 15 May 2019 | Volume 9 | Article 445



Malinovskaya et al. Ribosomal DNA as DAMP Signal

FIGURE 7 | Proliferation and cell cycle of MCF7 cells exposed to GC-DN&A (A) (1) FCA. Fixed cells stained with anti-Ki-67 antibodies (gen). Background
uorescence was quanti ed using FITC-conjugated secondary atibodies (black). (2) Proportion of KI-6€ cells in total cell population. (3) The average© 3) of the
median signal intensities of FL1 (KI-6Z). (B) FCA. Distribution of uorescence intensities of the cells siined with PJ (DNA content)(C) (1) FCA. Cells plots: FL1-KI-67
vs. FL2-DNA. (2) The content in the KI-6€ and KI-67- control populations cells with the amount of DNA caresponding to the SubG1/G0, G1/G0-, S and G2/M
phases of the cell cycle. (3) Effect of the plasmids on the i&ive proportions of the cell with the amount of DNA correspnoding to the phases of the cell cycle.
Cultivations conditions: GC-DNAs, 50 ng/mL, 48 h. (2 and 3)—He averaged data for three experiments(D) (1) FCA. Fixed cells stained with anti-PCNA antibodies. (2)
The average i D 3) of the median signal intensities of FL1 (PCN2). (E) Total number of cells in studied cell population (50 ng/mL GANAs, 48 h). Before the start of
the experiments, cells were cultured for 24 h.j < 0.05 (comparison with the control).

elevate. In contrast to plasmid pBR322—rDNA, the vector hatorm of the plasmid pBR322-rDNA stimulate TLR9/MYD88/NF-
virtually no e ect on the expression of geiF1-alphg genes of kB signaling pathway and suppresses expression of AIM2. (3)
Akt/mTOR signaling pathways, andEGFA TR-rDNA fragments induce DDR in MCF7 cancer cells.

The total cell number in the presence of GC-DNAs increased
in 48 h of cultivation by 30-40% compared to the control cellsSTR-rDNA Fragments Stimulate

(Figure 7B TLR9/MYD88/NF-kB Signaling Pathway
and Suppresses Expression of AIM2
DISCUSSION Aberrant expression of TLR9 in tumor cells was shown to be

able to promote tumor growth and invasior8%, 40, 43). In
Cell free rDNA can be considered as a marker for accumulatiothe literature, the data of TLR9 expression in MCF7 cells are
of GC-rich fragments of the genome in the pool of cfDNA for contradictory. Some authors registered a lack of TLRS),(
some disease2@289). These diseases are characterized by awhereas the others detected expression of TLR9 in MCF7 cells
increased level of cell death. Changes in the GC- content ¢f1). According to study 43), TLR9 is expressed both on the
cfDNA leads to the emergence of a new biological activity f th surface of MCF7 cells and in the cytoplasm. We have found that
DNA with respect to various body cells. In this study we showedhe level of TLR9 expression depends on the duration of cell
that (1) fragments of rDNA accumulate in breast cancer pdsen cultivation. The content of TLR9 protein increased by an order
cfDNA in appreciable quantity. (2) TR-rDNA fragments in the after the cell cultivation over 72 hStpplementary Materia).
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FIGURE 8 | A summary of the events developing in MCF7 cells exposed to GONAs. Early response ( rst few minutes — rst hours of exposure)(1) GC-DNAs
interact with the cell surface and stimulate ROS synthesistdhe site of contact. GC-DNAs also interact with the surfac&LR9. (2) GC-DNAs are oxidized with the
ROS. The oxidation level depends on the GC-DNA sequence. Vear pBR322 is oxidized slowly. The rDNA fragments rapidly adize and interact with hypothetical
sensors of oxidized DNA. TLR9 expression increases signi ¢aly and AIM2 expression is blocked. Proliferation is temparily blocked. (3) Oxidized rDNA fragments
penetrate the cell and interact with the internal TLR9s. TL®RMyD88-NF-kB and STAT3—signaling is stimulated. DNA-sensors AIM2 are capletely blocked: protein
expression in the cytoplasm is reduced, the protein moves io the nucleus. Oxidized DNA fragments stimulate oxidativstress in mitochondria ¢7), ROS level in the
nucleus increases temporarily. DDR is developing. Expre&m of the repair genes, antiapoptotic genes, gene of the mTR- signaling is increased Late response (24 h
or more). (4) Fragments of oxidized rDNA penetrate the nucleolus ihé form of complexes with TLR9. The pBR322 fragments oxidizand penetrate into the nucleus,
causing a response similar to rDNA. Apoptosis is blocked. Tétotal number of cells is increased compared to the controlThe cancer cells with an unstable genome
survive. Many cells in the state of G2/M arrest.

One of the possible explanations is the growth of the contenTR-rDNA (Figures 4 5) can be one of the causes of the cancer
of cfDNA, which can induce expression ofLRQ Model cells resistance to the therapy.
GC-DNAs also promotedTLR9 expression. pBR322—rDNA  Simultaneously with the increasingLR9 expression, the
stimulatedTLR9expression much higher and faster, than vectorexpression of intra-cytoplasmic sensors AIM2 is appreciably
pBR322Figure 3A). suppressedHRigures 3A,D). AIM2 is known to play a critical
Activation of TLR9 with the rDNA fragments induces the role as a tumor suppressor. Loss of AIM2 expression promotes
activity of NF-kB Figure 4). NF-kB is considered to play key tumor progression §2-36). AIM2 suppresses human breast
roles in the development and progression of many cancergancer cell proliferatiorin vitro and mammary tumor growth
Cytokines whose expression is induced in response to NFka a mouse model 7). The level of AIM2 expression in
kB in immune cells of the tumor microenvironment lead to case of pBR322—rDNA is declined much more, than in
STAT3 activation in both malignant and immune cells5(56). case of pBR322, that corroborates more active stimulation of
Activation of NF-kB and STAT3 resulting from an exposure toTLR9expression.
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In order to examine, to what extent the levels of expressioMCF7, aimed to heighten the cancer cell's survivability. The
of the two genes for DNA-sensors are associated, we usethjor di erence consist in the fact that the cell response to the
siRNA (Supplementary Materia). The silencing RNATLR9 action of pBR322-rDNA is realized much earlier and with higher
considerably increased both contents of RWMAV2 and AIM2 e ciency, than the response to the action of pBR322. This can
protein. We failed to reveal a pronounced reverse e ect: siftepnc be seen, rst of all, when analyzing changes of expression of
RNA AIM2 did not result in any substantial alteration in the genes for cytoplasmic DNA receptors, such as TLR9, AIM2
the content of RNATLR9 but the content of TLR9 protein (Figure 3) and STING {Table 1). We explain this fact primarily
slightly increased. by a high oxidation rate of the insert in pBR322-rDNA compared

The biological activity of AIM2 is realized in the cytoplasmavi to the vector in the conditions of a short-time increase in ROS
binding to intra-cytoplasmic DNA. This protein is a component production at the moment of interaction with the cell surface.
of inammasomes forming in the cytoplasnt{). When the
level of AIM2 expression is high enough (in 24-48h after ..
the beginning of cultivation), the protein is detected in the 1 N€ Speci city of the Cell Response to the
cytoplasm. When the level 8iM2 expression reduces due to the Action of rDNA Fragments
activation of TLR9expression, AIM2 protein translocates from The region of TR-rDNA as a part of pPBR322-rDNA also harbors a
the cytoplasm to certain inner nuclear regions. The trarstmn ~ sequence, which determines speci city of the cell respons®to T
of AIM2 to the nucleus seems to be one of the ways to diminisnDNA fragments only. When studying the expressionTdfR9
activity of this sensor, together with reducing expressidn oinduced by the presence of GC-DNAs in the culture medium
AIM2 gene. (Figure 3), we revealed an interesting fact. TLR9 protein, the

Thus, DNA-sensors TLR9 and AIM2 perform oppositecontent of which becomes considerably increased after the
functions to entail either survival (TLR9) of death (AIM2) dfeé  exposure to pPBR322-rDNA (or pEFGP-rDNA), can be found in
cancer cells. TR-rDNA fragments can a ect NF-kB in two waysthe area of nucleoli, where the ribosomal genes are locéted.
to enhance activity of NF-kB by means of activation of TLR9 andrector pBR322 (or pEFGP) do not induce accumulation of TLR9
simultaneously to suppress activity of AIM2, a suppressor of NFn the nucleolus, one can suppose that they are rDNA fragments,
kB (56). It seems that blocking the activity GiLR9in a course which provide for the TLR9 transportation to and xation in the
of anticancer therapy can achieve two purposes: (1) reduce timeicleolus. This intriguing fact requires further researdt.R9
resistance of cancer cells to treatment and (2) promote egtid  might not be a unique protein transported by rDNA fragments
due to activation of AIM2-associated signaling pathway. to the nucleolus. It was shown, that rDNA locus could titrate

genome-wide levels of various factdss,(59). Besides, the fact of

. nding out TLR9 in the nucleolus suggests, that rDNA fragment
GC-DNA Fragments Induce DDR in MCF7 reach the nucleolus. The presence of additional rDNA fragtsien
Cancer Cells in the nucleolus can result in binding the transcription fart
Cancer cells have high ROS production. At the site of conta@nd a ect the ribosome biogenesis.
between the GC-DNA and the cell membrane, the synthesis The plasmid pBR322—-rDNA greatly enhances expression of
of ROS further increasesFigure 6A). Oxidation of cfDNA genes of the Akt/mTOR signaling pathwayable 3 lines 29—
considerably enhances its ability to penetrate MCF7 carelés.c  32), whereas the vector pBR322 does not have this ability.
The mechanism for penetration is so far obscure. We assume anTOR activity is known to be associated with the ribosome
existence of cell receptors, which recognize the oxidizBiNAf  biogenesis. In cancer cells, activation of Akt/mTOR sigmgal
and perform transportation of this DNA into the cells. Theredp  pathway resulting in heightening the metabolic rate and cance
oxidized DNA fragments easily penetrate MCF7 cells and ieduccell proliferation is observeds(). mTOR protein can bind to
ROS synthesis in the mitochondrid?). The explosion of ROS rDNA. Perhaps, rDNA facilitates nuclear translocation ofth
synthesis near the cell nucleus induces DNA damage. In responfactors that enhance the expression of genes of the Akt/mTOR
to DNA damage, the cell activates the DDR. signaling pathway.

Activation of the signaling pathways that provide the DNA  Thus, we have shown that extracellular TR-rDNA is a
damage response, as well as activation of TLR9—NF-kBiologically active molecule, which can aect the functional
signaling, contributes to the survival of the cancer cefl. | activity of MCF7 cancer cells-{gure 8). The biological activity
the presence of TR-rDNA fragments (in the form of pBR322-of extracellular TR-rDNA in human body is suggested by the
rDNA) in the medium, the cells demonstrate elevated levéls coccurrence of specic antibodies we found in human blood
expression of genes for proteins involved in processes that aserum @9). Antibodies against TR-rDNA exist in a free form or
aimed to cancer cell survival. Such genes include DNA repabound to cfDNA. The constant for the interaction of antibodie
genesBRCAL, PCNA a regulator of oxygen homeostadiifl-  with TR-rDNA is by an order of magnitude higher than the
alphg, anti-apoptotic genes, tumor suppressors, genes of theonstants for conventional standard DNA antibody complexes
Akt/mTOR signaling pathway and vascular endothelial growthwith dsDNA in SLE (systemic lupus erythematosus). Moreover,
factor A (VEGFA)(Table 3. In addition, TR-rDNA fragments serum of healthy donors contains virtually no conventional
block the expression of pro-apoptotic genes . antibodies to dsDNA. The immune system of a healthy control

It is important to note that both GC-DNAs (pBR322-rDNA seems to produce speci ¢ antibodies to TR-rDNA for the purpose
and pBR322) induce qualitatively much the same responses af destroying and/or eliminating this active DAMPs molecule
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from the blood stream. It can be speculated that an intake -BUPPLEMENTARY MATERIAL

the antibodies to TR-rDNA for the removal of extracellular-TR _ _ _
rDNA from the cancer patient's body might contribute to more The Supplementary Material for this article can be found

e ective tumor destruction during the therapy. online at: https://www.frontiersin.org/articles/10.388nc.
2019.00445/full#supplementary-material
CONCLUS'ON Supplementary Figure 1| GenesAIM2 and TLR9respond to a change in the

time of cultivation in different waysTLR9 expression considerably increases, while

In cfDNA derived from breast cancer patients, the contentA!M2 expression drastically decreases(A) FCA of AIM2 and TLR9 expression in
MCF7. Cells were stained with AIM2 or TLR9 antibody (FITC). RéoFL1 (TLR9 or

of TR-IDNA is increased several times Compared to Comlf0|SAIM2) vs. SSC. The MCF7 population includes the cells with agti content of
TR-rDNA fragments can act as DAMPs for MCF7 cancerr rg (30%) and the cell with a low content. In both subgroups, IR9 expression
cells. TR-rDNA induces TLR9/MYD88/NF-kB and DDR- grows up during cultivation. The percentage of the cells wit a high TLR9 content
signa"ng pathways and suppresses expression of AIM2. Tlirgreases up to 60% in 72 h. Expression of AIM2 protein also cheges during
exposure of cells to extracellular TR-rDNA leads to ebvateaﬂtivation. The cells can be divided in two fractions—witlthe high AIM2 content

expression of genes responsible for cancer cell survi biIi,[(40%), and with the lower AIM2 content. The amount of AIM2 prota in cell
p g p va culture grows up in 48 h, but after that, it decreases back asdst as in 24 h. In

AS a reSU|t: in MCF7 population cell are accruing with 96 h, the content of AIM2 decreases by an order of magnitude cormpared to the
instable and changed genome. Cell-free TR-rDNA can promotgaseline value in the start of cultivation(8) The dependence of the median signal
transporta’[ion of some proteins to the nucleolus. It is exthjie intensity FL1 (TLR9 or AIM2) (1), the RNA (TLR9 or AIM2) contéB} and the ratio

to regard cell free TR-IDNA as a possible object of thé=Ll/RNA (3) on the time. With time of cgll cultivation, the Tcﬂon gf RNATLR9
considerably grows up. The (TLR9 protein) /(RNALRY) ratio achieves the
cancer therapy.

maximum as fast as in 24 h and holds constant further. RNAIM2 signi cantly
decreases in 72 h of cultivation. The (AIM2 protein)/(RNAIM2) ratio increases

ETHICS STATEMENT during the rst 2 days of cultivation, and decreases after tha p < 0.05 - against

control cells, non-parametric U-test.
The inveStigation was carried out in accordance with thedat Supplementary Figure 2| The dependence of the cfDNA concentration on the
version of the Declaration of Helsinki. The Regional Ethicsiuration of the cultivation for the control cells.

Qommltteg of RCMG gpproved it (approv‘?‘ll#S)' All partICIpamSSupplementary Figure 3| Inhibiting TLR9 and AIM2 expression with the siRNAs.
signed an informed written consent to participate after théuma  Four plasmids [pK-TLR9(L), pK-TLR9(2), pK-AIM(L), and pKHA(2)] encoding

of the procedures had been explained to them. fragments of SiRNA for genes TLR9 and AIM2 were usedble 1). The control is
a pK plasmid without the insert. We used the cells, which exgss maximum
AUTHOR CO NTR | BUTIONS amounts of AIM2 protein and average amounts of TLR9 protein £-48 h of

cultivation). Transfection of the plasmids into the cells as performed with Turbo

i Fect reagent. (A) RT-gPCR. Estimation of the amount of the RNATLR9 and AIM2.
SVK, NV, VV, and SIK designed the study. EM, ES, EE, EK, MKg) Fca. Estimation of the amount of the proteins TLR9 and AIM2. tier TLR9

and NO performed the experiments. NV and LP performed theexpression inhibitor [(pK-TLRI(1) and pK-TLR9(2)] loweteeveral times the
statistical analysis. EM provided cell cultures. SVK, V\4 BV content of RNATLR9as compared to the plasmid—vector pK. The content of
wrote the initial draft. LP translated the manuscript to EilSQl TLR9 protein also decreases, but merely by 30% (when pK-TLR2) was used).

.. . .- .. Plasmids [(pK-TLR9(1) and pK-TLR9(2)], while suppressedgression of RNA
All the authors part|C|pated in critical revision and apprOVMt TLR9, substantially stimulated expression of RNAIM2 (by a factor of 4-6) and, to

nal manuscript before submission. a smaller degree, expression of AIM2 protein (by 40-50 %). Irfifors of AIM2
expression [pK-AIM2(1) and pK-AIM2(2)] reduced the levels bbth RNA AIM2
FU N Dl NG (1.5-2 times) and AIM2 protein (by 30-40%). At the same timehé¢ content of

RNATLR9 changed insigni cantly, and the TLR9 protein content slighy increased
. . by 20-40%. Thus, inhibition ofTLR9 expression considerably elevatesAIM2
The work was supported by funding under Project No. 0517-

) ) ; . expression, especially at the level of RNA amount. Inhibiticof AIM2 expression
2018-0003 under the Basic Research for Biomedical Techigelogaftects TLR9 expression to a smaller degree. p < 0.05 - against contral cells,

program of the Russian Academy of Science Presidium (1.42). non-parametric U-test.
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