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Некодирующие РНК
3

До 90% генома человека транскрибируется – транскрипционный шум или 

функциональные элементы?

10.3390/ncrna8040059

https://doi.org/10.3390/ncrna8040059
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10.3390/ncrna8040059

https://doi.org/10.3390/ncrna8040059
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Discovered in 1998 



Малые некодирующие РНК 9PMC9231384



Некодирующие РНК вблизи промотера и 3’UTR
10
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Длинные некодирующие РНК

12



Роль длинных некодирующих РНК
13

Длинные некодирующие РНК (днкРНК, lncRNAs) — некодирующие РНК, которые как правило 

имеют длину более 200 нуклеотидов, и расположены в ядре или в цитоплазме.
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https://doi.org/10.1038/s41580-022-00566-8
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17

HOTAIR (chromosome 12) is required for gene-

silencing of the HOXD (chromosome 2) locus by PRC2

HOTAIR is also known as an oncogene, with its 
expression strongly correlated with the grade and 
prognosis of a variety of cancers



• Targeted disruption of Hotair leads to 
homeotic transformation and gene de-
repression

18

10.1016/j.celrep.2013.09.003

targeted deletion of mouse Hotair lncRNA leads to de-
repression of hundreds of genes, resulting in homeotic 
transformation of the spine and malformation of 
metacarpal-carpal bones

https://doi.org/10.1016%2Fj.celrep.2013.09.003


Xist (X-inactive specific transcript)
19

https://www.youtube.com/watch?v=4SN2Sh6W_L0 – см. подробнее о механизмах и стадиях инактивации

https://www.youtube.com/watch?v=4SN2Sh6W_L0


Dosage compensation

• X-chromosome inactivation (XCI) is the form of dosage compensation in 
mammalian female cells to balance X-linked gene expression levels of the two 
sexes

20

If there is but one X chromosome in a diploid 

cell (1X:2A), the fly is male. If there are two X 

chromosomes in a diploid cell (2X:2A), the fly 

is female
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https://www.youtube.com/watch?app=desktop&v=wr0lcBIMGAs
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Enhancer RNA
23

10.3389/fcell.2023.1205540

eRNAs are short, bidirectional ones, which are generally non-polyadenylated and unstable, 
whereas elncRNAs are usually polyadenylated and have higher stability

https://doi.org/10.3389/fcell.2023.1205540
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Circular RNA
25

The biological 

function of 

most circular 

RNA is 

unclear



Circular lncRNA
26

10.7150/ijbs.22531
Exonic circular RNA

Exon-intron CircRNA

Intronic CircRNA (ciRNA)

https://doi.org/10.7150%2Fijbs.22531
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Эпигенетика и мутации/повреждения ДНК
Роль в онкологических заболеваниях

29



Спонтанное деаминирование
30



Механизмы мутаций
31



Механизмы мутаций
32



benzo[a]pyrene diol epoxide-DNA adducts
33



34



Nucleosomes and DNA mutations

Espiritu,D., Gribkova,A.K., Gupta,S., Shaytan,A.K. and Panchenko,A.R. (2021) 

Molecular Mechanisms of Oncogenesis through the Lens of Nucleosomes and 

Histones. J. Phys. Chem. B, 10.1021/acs.jpcb.1c00694.

https://doi.org/10.1021/acs.jpcb.1c00694


APOBEC3 deaminases drive the acquisition of clustered 
mutations in human cancer cells

36

Petljak, M., Dananberg, A., Chu, K. et al. Mechanisms of APOBEC3 mutagenesis in human cancer cells. Nature 607, 799–807 (2022). 
https://doi.org/10.1038/s41586-022-04972-y, https://pcr.news/novosti/belki-apobec3-generiruyut-mutatsii-v-rakovykh-kletkakh/

APOBEC — белки-дезаминазы (C>T). 

Известны как редакторы РНК, но они 

могут быть нацелены и на ДНК, 

например, для защиты от вирусов с 

ДНК-геномами.

Мутационные сигнатуры, связанные с 

APOBEC3 — замены C>T и C>G и/или 

C>A в тринуклеотидах TCN, где N —

любой нуклеотид. 

В классификации мутационных сигнатур 

они обозначены как SBS2 и SBS13.

Сигнатуры, характерные для 

APOBEC3, обнаружены в 70% типов 

рака и в 50% всех раковых геномов.

https://doi.org/10.1038/s41586-022-04972-y
https://pcr.news/novosti/belki-apobec3-generiruyut-mutatsii-v-rakovykh-kletkakh/


Kataegis 

- Kataegis (after the Greek for 
thunderstorm) - hypermutation 
localized to small genomic regions

- Kataegis is characterized by clusters 
of C>T and/or C>G mutations which 
are substantially enriched at TpCpN 
trinucleotides and on the same DNA 
strand. Foci of kataegis include from 
a few to several thousand mutations 
and are often found in the vicinity of 
genomic rearrangements.

37

Alexandrov, L., Nik-Zainal, S., Wedge, D. et al. Signatures of 
mutational processes in human cancer. Nature 500, 415–421 
(2013). https://doi.org/10.1038/nature12477



Онкогистоны
38

Nacev, B.A., Feng, L., Bagert, J.D. et al. The expanding landscape of ‘oncohistone’ mutations in human cancers. Nature 567, 
473–478 (2019). https://doi.org/10.1038/s41586-019-1038-1



39

Espiritu, D.; Gribkova, A. K.; Gupta, S.; Shaytan, A. K.; Panchenko, A. R. Molecular Mechanisms of Oncogenesis through the Lens of 

Nucleosomes and Histones. J. Phys. Chem. B 2021. https://doi.org/10.1021/acs.jpcb.1c00694.

https://doi.org/10.1021/acs.jpcb.1c00694
https://doi.org/10.1021/acs.jpcb.1c00694
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Espiritu, D.; Gribkova, A. K.; Gupta, S.; Shaytan, A. K.; Panchenko, A. R. Molecular Mechanisms of Oncogenesis through the Lens of 

Nucleosomes and Histones. J. Phys. Chem. B 2021. https://doi.org/10.1021/acs.jpcb.1c00694.

https://doi.org/10.1021/acs.jpcb.1c00694
https://doi.org/10.1021/acs.jpcb.1c00694
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a | An active enhancer is marked by H3K4me1 and H3K27ac, which are generated by mixed lineage leukaemia 3 (MLL3) and

MLL4, and histone acetyltransferases such as CREB-binding protein (CREBBP) and EP300. Enhancers are bound by transcription

factors (TFs), mediators and transcription coactivators such as BRD4, which activate RNA polymerase II (RNA pol II) for

mediating productive transcription from promoters and generating enhancer RNA (eRNA) to facilitate gene activation. Enhancer–

promoter looping underlies activation of gene transcription. Loss or inactivation mutation of CREBBP or EP300 and/or MLL3

or MLL4 is characteristic of cancers such as B cell lymphoma, resulting in decreased H3K27ac and/or H3K4me1 at

enhancers and reduced expression of genes related to tumour suppression, cell differentiation and/or antitumour immunity.



42

b | Wild-type MLL1 uses an N-terminal region for interacting with chromatin-binding cofactors, menin and PC4 and SFRS1-

interacting protein (PSIP1). MLL1 or its partial tandem duplication (PTD) results in elevated H3K4me3 at oncogenes such 

as HOX, promoting acute leukaemogenesis. An MLL1 fusion oncoprotein gains a C-terminal segment from its fusion partner, 

such as AF9, ENL or AF4, which recruits DOT1L complex (DotCom) for catalysing H3K79 methylation and/or the super 

elongation complex (SEC) for catalysing serine 2 phosphorylation (Ser2ph) of the C-terminal domain (CTD) of RNA pol II. 

H3K79me and RNA pol II CTD Ser2ph, possibly with other activators such as PAF1, promote expression of oncogenes such as 

those of the HOX family.



43

c | A collective action of wild-type EZH2 and its gain-of-function mutation, Y646X (X = F, C, H, S or N), causes abnormal 

elevation of H3K27me3 in lymphoma, leading to downregulation of transcripts related to cell cycle control and B cell 

differentiation.

Zhao, S., Allis, C.D. & Wang, G.G. The language of chromatin modification in human cancers. Nat Rev Cancer 21, 413–430 (2021). 
https://doi.org/10.1038/s41568-021-00357-x



44

e | In breast cancer, overexpressed DOT1L interacts with MYC and EP300 to antagonize histone deacetylases (HDACs) and 

DNMT1, leading to the elevated H3K79me and H3Kac levels at epithelial–mesenchymal transition (EMT)-promoting oncogenes 

such as SNAIL and ZEB1.

Zhao, S., Allis, C.D. & Wang, G.G. The language of chromatin modification in human cancers. Nat Rev Cancer 21, 413–430 (2021). 
https://doi.org/10.1038/s41568-021-00357-x

DOT1-like histone H3K79 methyltransferase



Cell free nucleosomes
45

Fedyuk, V., Erez, N., Furth, N. et al. Multiplexed, single-molecule, epigenetic analysis of plasma-
isolated nucleosomes for cancer diagnostics. Nat Biotechnol 41, 212–221 (2023). 
https://doi.org/10.1038/s41587-022-01447-3

We developed a single-molecule multiparametric assay to 

comprehensively profile the epigenetics of plasma-isolated nucleosomes 

(EPINUC), DNA methylation and cancer-specific protein biomarkers. Our 

system allows for high-resolution detection of six active and repressive 

histone modifications and their ratios and combinatorial patterns on 

millions of individual nucleosomes by single-molecule imaging.

EPINUC analysis of a cohort of 63 colorectal cancer, 10 pancreatic cancer 

and 33 healthy plasma samples detected cancer with high accuracy and 

sensitivity, even at early stages.



Эпигенетическое репрограммирование и 
импринтинг

46



Epigenetic genome wide reprogramming
47



Epigenetic genome wide reprogramming
48



Импринтинг
49



As of 2019, 260 imprinted genes have been reported in 

mice and 228 in humans

50

10.1038/hdy.2014.54



51



• In germline cells the imprint is erased and then re-established according to 
the sex of the individual, i.e. in the developing sperm (during spermatogenesis), 
a paternal imprint is established, whereas in developing oocytes (oogenesis), a 
maternal imprint is established. This process of erasure and reprogramming is 
necessary such that the germ cell imprinting status is relevant to the sex of the 
individual.

52
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Эпигенетическая разметка мешает 

клонированию
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Актуальные вопросы эпигенетики

55



Часы Хорвата
56

Horvath spent over 4 years collecting publicly 

available Illumina DNA methylation data and 

identifying suitable statistical methods

the same set of 353 CpGs and the same prediction algorithm 
is used irrespective of the DNA source within the organism

the epigenetic clock captures an emergent 

property of the epigenome

The median error of estimated age is 

3.6 years across a wide spectrum of 

tissues and cell types

https://en.wikipedia.org/wiki/Illumina_(company)
https://en.wikipedia.org/wiki/Emergence
https://en.wikipedia.org/wiki/Emergence


Ciccarone F, Tagliatesta S, Caiafa P, Zampieri M. DNA methylation dynamics in aging: how far are we from understanding the
mechanisms? Mech Ageing Dev. 2018 Sep;174:3-17. doi: 10.1016/j.mad.2017.12.002.

57

Schematics of DNA methylation patterns in early life and 
ageing



Часы Хорвата
58



iPSC - механизмы

Induced pluripotent stem cell

59
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c-MYC

60

Krüppel-like factor 4



61

10.1126/science.abb007

https://doi.org/10.1126/science.abb0074


Управление  эпигеномом
62
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64
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Vmw65, also known as VP16 or α-TIF (Trans Inducing Factor) is a trans-acting protein that 

forms a complex with the host transcription factors Oct-1 and HCF to induce immediate early 

gene transcription in the herpes simplex viruses.
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Z-ДНК

69



70

Left-handed Z-DNA/Z-RNA is bound with high affinity by the Zα domain protein family that includes ADAR (a double-

stranded RNA editing enzyme), ZBP1 and viral orthologs regulating innate immunity.

Adenosine deaminases acting on RNA (ADARs) 
catalyze adenosine to inosine editing within double-
stranded RNA (dsRNA) substrates

Z-ДНК связывающие домены у человека есть в 

генах ADAR и ZBP1 – они связаны с 

внутриклеточным иммунным ответом.



Aicardi–Goutières syndrome (AGS), which is completely distinct from the similarly named Aicardi 

syndrome, is a rare, usually early onset childhood, inflammatory disorder most typically affecting the 

brain and the skin (neurodevelopmental disorder)

71

In humans, the P193A mutation in

the Zα domain is causal for

Aicardi–Goutières syndrome

https://en.wikipedia.org/wiki/Aicardi_syndrome
https://en.wikipedia.org/wiki/Aicardi_syndrome
https://en.wikipedia.org/wiki/Neurodevelopmental_disorder
https://en.wikipedia.org/wiki/Aicardi%E2%80%93Gouti%C3%A8res_syndrome
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If Z-RNA could be adopted by some RNAs in the cell—even transiently—its 
recognition by Zα-containing proteins like ADAR1 (adenosine deaminase acting on 
RNA 1) and ZBP1 (Z/D-RNA binding protein 1) would explain how it could be 
stabilized in vivo.



Flipons 
73



74



75

10.1084/jem.20221156 



76

10.1038/s41422-023-00784-5 
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Z-DNA enhances 
immunotherapy 

by triggering 
death of 

inflammatory 
cancer-

associated 
fibroblasts

78Herbert A, Balachandran S. Z-DNA enhances immunotherapy by triggering death of inflammatory cancer-associated fibroblasts. J Immunother Cancer. 2022 
Nov;10(11):e005704. doi: 10.1136/jitc-2022-005704.

ZBP1-initiated cell death 

signaling and its repression by 

ADAR1.

ZNA induced by a small molecule 

bypasses the need for ADAR1 inhibition 

and directly activates ZBP1 to induce 

necroptosis in iCAFs.



Интер/Трансгенарационное эпигенетическое 
наследование: есть или нет?

79



80

The Dutch Famine Birth Cohort

10.1126/sciadv.aao4364

Here we show that individuals who were prenatally exposed to famine 
during the Dutch Hunger Winter in 1944–45 had, 6 decades later, less DNA 
methylation of the imprinted IGF2 gene compared with their unexposed, 
same-sex siblings. The association was specific for periconceptional 
exposure, reinforcing that very early mammalian development is a crucial 
period for establishing and maintaining epigenetic marks. These data are 
the first to contribute empirical support for the hypothesis that early-life 
environmental conditions can cause epigenetic changes in humans that 
persist throughout life.



81

В статистике модель медиации стремится 

идентифицировать и объяснить механизм, 

лежащий в основе наблюдаемой связи 

между независимой переменной и 

зависимой переменной, путем включения 

третьей гипотетической переменной, 

известной как переменная-медиатор, или 

промежуточная переменная.

https://ru.wikipedia.org/wiki/%D0%9D%D0%B5%D0%B7%D0%B0%D0%B2%D0%B8%D1%81%D0%B8%D0%BC%D0%B0%D1%8F_%D0%B8_%D0%B7%D0%B0%D0%B2%D0%B8%D1%81%D0%B8%D0%BC%D0%B0%D1%8F_%D0%BF%D0%B5%D1%80%D0%B5%D0%BC%D0%B5%D0%BD%D0%BD%D1%8B%D0%B5
https://ru.wikipedia.org/wiki/%D0%9D%D0%B5%D0%B7%D0%B0%D0%B2%D0%B8%D1%81%D0%B8%D0%BC%D0%B0%D1%8F_%D0%B8_%D0%B7%D0%B0%D0%B2%D0%B8%D1%81%D0%B8%D0%BC%D0%B0%D1%8F_%D0%BF%D0%B5%D1%80%D0%B5%D0%BC%D0%B5%D0%BD%D0%BD%D1%8B%D0%B5
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Интер/Трансгенарационное эпигенетическое 
наследование: есть или нет?

83

10.1038/ s41576-021-00438-5

fetal programming



Трансгенарационное наследование: есть или нет? 84

10.1038/ s41576-021-00438-5



85

For this study, as target loci, we selected two CGIs associated with metabolism-related gene 

promoters, the Ankyrin repeat domain 26 (Ankrd26) and low-density lipoprotein receptor (Ldlr). 

These genes were of particular interest, as knockout of Ankrd26 or Ldlr results in obesity or 

hypercholesterolemia, respectively, but does not affect mouse viability and fertility

previously established approach, in which integration of CpG-free DNA 

can induce stable de novo DNA methylation of the entire targeted CGIs
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Эпигенетическое наследование у людей? (пример)

У женщины заметилирован ген для 
починки ДНК MLH1, что приводит к раку 
кишечника. Эпигенетическое 
наследование проявляется и у потомков.

ADC, adenocarcinoma; LC, left colon

89

Crépin M. et al. Evidence of constitutional MLH1 epimutation associated to transgenerational inheritance of cancer susceptibility //Human mutation. – 2012. –

Т. 33. – №. 1. – С. 180-188.

Methylation analysis of the MLH1 promoter by 

pyrosequencing in blood or normal tissue from the different 

family members. The CpG sites and percentages of 

methylation are indicated at the top of each panel.



Вирусы и эпигенетика

90



NS1 protein of influenza A H3N2 subtype

We show that the NS1 protein of influenza A H3N2 

subtype possesses a histone-like sequence (histone mimic) 

that is used by the virus to target the human PAF1 

transcription elongation complex (hPAF1C). We 

demonstrate that binding of NS1 to hPAF1C depends on 

the NS1 histone mimic and results in suppression of 

hPAF1C-mediated transcriptional elongation.

Similar to the NS1 histone mimic, the acetylated histone 

H3 tail did not bind to either hPAF1C components.

Marazzi, I., Ho, J., Kim, J. et al. Suppression of the antiviral response by an influenza histone mimic. Nature 483, 428–433 (2012). 
https://doi.org/10.1038/nature10892



Hepatitis Delta Virus histone mimicry drives the 
recruitment of chromatin remodelers for viral RNA 
replication We show that BAZ2B BRD (regulatory subunit 

of the ISWI chromatin remodeling BRF 
complexes), which generally binds the 
K14acXXR motif in histone H3-tail, recognizes 
the same K72acXXR motif in S-HDAg.

Our results suggest that S-HDAg mimics 
histone H3 acetylation to recruit BRF 
complexes and RNA Pol II on the HDV RNP to 
sustain HDV replication.

Natali Abeywickrama-Samarakoon et al., ‘Hepatitis Delta Virus Histone Mimicry Drives the Recruitment of Chromatin Remodelers for Viral RNA 

Replication’, Nature Communications 11, no. 1 (21 January 2020): 419, https://doi.org/10.1038/s41467-020-14299-9.

https://doi.org/10.1038/s41467-020-14299-9
https://doi.org/10.1038/s41467-020-14299-9


Спасибо за внимание!
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