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Streszczenie

Transkrypcja genow kodujacych biatka dzieli si¢ na trzy etapy: inicjacje, elongacje
1 terminacj¢, a enzymem odpowiedzialnym za syntez¢ RNA podczas tego procesu jest
polimeraza RNA II (RNAPII). Na przebieg transkrypcji wplywa zaréwno architektura
chromatyny, jak i czynniki epigenetyczne. Nie jest to jednak relacja jednostronna —
transkrypcja i chromatyna oddzialuja na siebie wzajemnie. Ze wzgledu na bledne
przekonanie, zakladajace, Ze tylko inicjacja i elongacja stanowia kluczowe etapy
transkrypcji, terminacja przez stosunkowo dlugi czas byla marginalizowana. Jednak
pietrzace si¢ dowody naukowe wskazuja, ze terminacja jest kluczowym etapem
regulacyjnym, niezbednym dla precyzyjnej kontroli ekspresji gendw.

Niniejsza praca skupia si¢ na wplywie, jaki organizacja 1 dynamika chromatyny wywiera
na terminacje transkrypcji. W pierwszej czesci pokazuje, ze regiony terminacyjne mozna
zdefiniowa¢ w genomie jako ,,okna” charakteryzujace si¢ wzbogaceniem fosforylacji
treoniny 4 (T4ph) w C-terminalnej domenie (CTD) polimerazy RNAPIIL. T4ph pelni role
uniwersalnego markera pauzowania RNAPII, ktéry jest obecny zaréwno na koncach
genéw jak 1 w miejscach przedwczesnej terminacii transkrypcji (PTT). Dalsza analiza
,okien terminacyjnych” ujawnila, ze ich wystepowanie koreluje ze wzbogaceniem
czynnikow odpowiedzialnych za tworzenie petli chromatynowych. Co wigcej, w ,,oknach
terminacyjncyh”  stopniowo zanika modyfikacja H3K36me3, charakterystyczna dla

regionéw, w ktorych zachodzi aktywna transkrypcja.

W drugiej czesci analizuje role metylotransferazy SETD2, odpowiedzialnej za metylacje
H3K36me3. W wigkszosci przypadkdw, enzym ten jest konieczny do prawidiowej inicjacji
transkrypcji, jednak dla 15-25% gendw jest niezbedny do wlasciwej terminacji. Dla tych
wlasnie genow aktywnos¢ katalityczna SETD2 jednoczesnie stymuluje efektywne cigcie
3> konica pre-mRNA oraz zapobiega kryptycznej inicjacji transkrypcji wewnatrz genéw.

W ostatniej czeSci, zwracam uwage na kliniczne znaczenie prawidiowej terminacii.
Skupiam si¢ na roli PTT w utrzymaniu réznorodnosci transkryptomu na przykladzie
rzadkiego zaburzenia neurorozwojowego — hipoplazji mostowo-mézdzkowej typu 10.
PTT reguluje rownowage miedzy réznymi izoformami mRNA 1 obniza poziom ekspresji
danego genu. Z tego wzgledu, niezwykle istotne jest dalsze badanie roli przedwczesne;

terminacji w kontekscie klinicznym.

Podsumowujac, niniejsza praca kladzie nacisk na rolg, jaka stanowia konce genow.
Wplywajac na stabilnos§¢ mRNA, jego lokalizacj¢ oraz ostateczna funkcje kodowanych
biatek, pelnia one istotna regulacyjna funkcje. Definicja ,,okien terminacyjnych”
w genomie moze mie¢ realny wplyw na ulepszanie adnotacji genomowych i identyfikacje
mutacji zwigzanych z chorobami, ktére znajduja si¢ w rejonach niekodujacych. Ponadto,
odkrycie nowej roli SETD2 w obrébce 3” konca pre-mRNA podkresla zlozonosé
powiazan miedzy czynnikami epigenetycznymi a transkrypcja. Tym samym, terminacja
pelni istotng funkcje regulacji calego procesu transkrypcji zaréwno w warunkach
fizjologicznych jak i w przypadku wielu jednostek chorobowych.
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Abstract

Transcription termination of protein-coding genes represents the last step of nascent RNA
synthesis by RNA polymerase II (RNAPII), following initiation and elongation. Because
transcription occurs in a dynamic nuclear environment, chromatin architecture and
epigenetic factors strongly influence its progression, and transcription and chromatin
organization mutually shape each other. To date, most studies have focused on initiation
and elongation, leaving termination comparatively overlooked due to the assumption that
RNAPII had already completed its most important tasks. Yet accumulating evidence
demonstrates that termination is a crucial regulatory step, essential for safeguarding

transcriptional integrity and fine-tuning gene expression.

This work investigates how chromatin organization and dynamics affect transcription
termination. In the first part, I show that termination regions can be successfully defined
genome-wide as windows marked by threonine 4 phosphorylation (T4ph) of the RNAPII
C-terminal domain (CTD). T4ph acts as a universal marker of RNAPII terminal pausing,
present at both annotated gene ends and premature transcription termination (PTT) sites
within gene bodies. Genome-wide definition of termination windows further reveals their
association with the occupancy of chromatin looping factors and their association with
a gradual decline of H3K36me3, a histone modification characteristic of active
transcription.

In the second part, I explore the role of the H3K36me3-depositing methyltransferase
SETD2. While SETD2 is generally required for correct transcription initiation,
I demonstrate that in ~15-25% of genes it is additionally essential for proper termination.
At these loci, SETD2’s catalytic activity promotes efficient pre-mRNA 3' end cleavage and
prevents cryptic transcription initiation within gene bodies, particularly near gene ends.
Importantly, this function of SETD2 in termination occurs independently of alternative
polyadenylation (APA).

Finally, I address the clinical relevance of accurate termination by showing how PTT
contributes to transcriptome diversity in pontocerebellar hypoplasia type 10, a rare
neurodevelopmental disorder. Since PTT regulates isoform balance and attenuates gene
expression, its role in disease pathogenesis merits further investigation.

Taken together, this work emphasizes that gene ends represent important regulatory
regions influencing transcript stability, localization and the eventual function of encoded
proteins. Genome-wide definition of termination windows offers a valuable resource for
improving genomic annotations and for identifying pathogenic variants in noncoding
regions. Moreover, the discovery of a novel role for the tumor suppressor SETD2 in
3" end processing underscores the intricate interplay between epigenetic regulation and
transcription, and highlights termination as a one of central safeguards of transcriptional
stability in both normal physiology and disease.
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Introduction

Transcription termination: mechanisms and challenges

Transcription of protein-coding genes and non-coding transcription units by RNA
Polymerase 11 (RNAPII) controls every step of cellular development and growth, as well
as metabolic and signaling pathways. Transcription is a multi-step process that can be
divided into three main phases: initiation, elongation, and termination!. All stages are
precisely regulated by specific phosphorylations of the C-terminal domain (CTD) of
RNAPII, in which distinct residues within the heptapeptide repeats are modified at
different steps of transcription®*. These modifications facilitate binding of unique proteins
such as capping enzymes® and 3’ end processing factors®.

Transcription initiates when RNAPII is recruited to the gene promoter by the preinitiation
complex (PIC)”. Approximately 20-40 nucleotides downstream of the transcription start
site (IT'SS) RNAPII pauses?; it can then either be released into productive elongation’, or
displaced from the DNA by promoter-proximal premature termination, resulting in
attenuated gene expression!’. After RNAPII transcribes the polyadenylation signal at the
3> end of the gene, pre-mRNA is cleaved and polyadenylated to produce a mature
transcript!!-13. In mammals, RNAPII continues synthesizing RNA for several hundred to
thousands of nucleotides downstream of the polyadenylation site (PAS)!415. Transcription
ultimately terminates when the polymerase detaches from the DNA template (Figure 1A).
It is important to terminate transcription propetly, as disrupted termination leads to
transcriptional interference, which can result in the downregulation of expression of
a downstream gene (Figure 1B)!6-18. Such delayed termination, known as readthrough, has
been shown to arise in response to various cellular stresses!®?, viral infection?!-?%, and

cancer?3,

A Termination

mRNA
————— AAAA(A)n

Readthrough transcription

__ = RNAPIl ®5'cap

Figure 1. Model of transcription termination and readthrough. A) In mammals, transcription termination typically
occurs ~2 kb downstream of the PAS. After RNAPII transcribes the polyadenylation signal, it undergoes allosteric
changes, and the 5’ end of the cleaved RNA provides an entry site for the XRN2 exonuclease. Termination is achieved
when XRN2 catches up with RNAPII and displaces it from the DNA. B) Disruption of termination can lead to
transcriptional readthrough. This may cause transcriptional interference if a neighboring downstream gene is located
nearby, potentially resulting in aberrant gene expression.
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Mechanistically, there are two models describing how termination is triggered. They were
initially described separately, but are now regarded as unified processes?t?. In the first
model — the allosteric model — transcription of the polyadenylation signal induces allosteric
changes in RNAPII. These changes occur through the exchange of associated factors or
alterations in protein modifications (including RNAPII phosphorylation), ultimately
resulting in termination?%?’. The second model, known as the torpedo model, involves the
5’-to0-3” exonuclease XRN2, which degrades RNAPII-associated RNA exposed following
3> end cleavage (Figure 1A)?29. When XRN2 catches up with transcription machinery,
RNAPII is displaced from the DNA template, leading to termination3”3! However, recent
evidence from yeast has revised the current torpedo model. According to the new data,
Xrn2 forms a stable complex with elongating RNAPII, implying that a chasing mechanism
may not be involved?2.

In addition to gene-end termination, protein-coding genes in metazoans frequently
undergo premature transcription termination (PTT) — also known as transcription
attenuation — which plays a critical regulatory role. This process can be triggered by factors
such as PCF11 at intronic polyadenylation sites!s, the Integrator complex near
promoters!®:3334 in response to heat shock? or disruption of RNA processing factos3%-37.
In addition, premature termination occurs also on non-coding transcripts stimulated by
the Restrictor complex®. Although premature termination may appear energetically
wasteful, its evolutionary conservation across prokaryotes, yeast, and metazoans, as well as
its role in regulating both coding and non-coding transcripts, demonstrates that it has
essential regulatory functions®.

The study of transcription termination was historically challenging because appropriate
methodological tools were lacking. However, the introduction of nascent transcriptomics
technologies — such as chromatin-bound RNA-seq, GRO-seq, PRO-seq, mNET-seq, TT-
seq, and POINT-seq — has markedly advanced the field!43740-42 These methods rely either
on immunoprecipitating RNAPII bound to newly synthesized RNA (mNET-seq and
POINT-seq), on incorporation of biotinylated N'TPs in nascent RNA (PRO-seq, GRO-
seq) or metabolic labelling with 4-thiouridine (T'T-seq). Nonetheless, these approaches still
present difficulties in pinpointing the exact genomic windows where RNAPII dissociates
from the DNA template (Figure 2). This is due to the need for defining a threshold that
distinguishes diminishing signal downstream of the gene end from the intergenic signal
originating from pervasive transcription of non-coding regions*®. This challenge is even
more pronounced when assessing premature termination events within gene bodies.

To overcome these limitations, scientists have taken advantage of long-read sequencing
platforms such as PacBio or Nanopore, combining them with nascent RNA isolation to
develop new methods like POINT-nano?” and FLEP-seq*#. These approaches enable the
simultaneous investigation of 3' end cleavage of nascent RNA and termination on a single
RNA molecule. However, they remain more expensive than short-read sequencing
methods, are biased toward specific transcript lengths#, and require substantially greater

analysis time and computational resources®’.
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Figure 2. Comparison of nascent RNA techniques illustrating the challenge of defining transcription termination
(indicated in grey) based on signal decrease. The first track shows stable RNA detected by RNA-seq, which captures
mainly exon-derived sequences. Data from: GSM7179805, GSM4826609, GSM7119959, GSE81662, GSM2692352
(from the top, respectively).

Chromatin and transcription: reciprocal relationship

Transcription occurs within a highly dynamic chromatin environment and is significantly
influenced by changes in chromatin structure. DNA wrapped around the nucleosome
forms one of the most stable protein-DNA complexes under physiological conditions*.
Nevertheless, nucleosomes are not static entities; rather, they are dynamic structures that
undergo various repositioning events and are subject to multiple chemical modifications.

Histone proteins can be posttranslationally modified at both their tail regions and globular
domains. Lysines (K) may be acetylated, methylated, ubiquitinated, ADP-ribosylated, or
sumoylated; arginines (R) primarily undergo methylation; and serines (S) and threonines
(T) can be phosphorylated®. Specific histone modifications are correlated with both active
and inactive genes; however, they are not necessarily the cause of particular transcriptional
events and may instead be a consequence of transcription itself>*-52. Active promoters are
typically marked by acetylation of histones H3 and H4%3, as well as H3K4me3%*; active
enhancers are associated with H3K27ac and H3K4me1%. Additionally, gene bodies of
actively transcribed genes are decorated with H3K36me3%*, H3K79me3> and
H2BK120u1%s.

In addition to histone modifications, chromatin is subject to numerous remodeling events
mediated by protein complexes that use ATP hydrolysis to alter its structure. The
consequences of chromatin remodeling include nucleosome assembly, changes in
chromatin accessibility, and the installation or removal of histone variants®”. From the
perspective of transcription, the most prominent role is played by remodelers of the
SWI/SNF subfamily. These remodelers reposition nucleosomes by ejecting or sliding
them, thereby exposing binding sites for transcription factors at gene promoters or
enhancers®. SWI/SNF complexes can facilitate gene expression by increasing chromatin
accessibility for RNAPII and its associated factors®l, or repress transcription by inserting
nucleosomes into the nucleosome-depleted region (NDR) near the gene promoter®2.
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However, the most prominent mechanism of gene silencing depends on DNA methylation
within CpG islands located in gene promoters®34. Methylation of these CpG-rich regions
leads to stable repression by preventing transcription factor binding and recruiting
repressive complexes, including Polycomb proteins. During embryonic development,
methyl groups are deposited de novo by two DNA methyltransferases, DNMT3A and
DNMT3B%. While both enzymes contribute to establishing new methylation patterns,
DNMT3A is specifically required for methylating promoters and gene bodies of Polycomb
group target developmental genes, whereas DNMT3B preferentially methylates the X
chromosome and repetitive elements®. To maintain correct gene expression in somatic
cells, established DNA methylation patterns are preserved during cell division by the
DNMT1 methyltransferase®’.

Transcription and chromatin dynamics are closely intertwined, with evidence supporting
both models of interaction: chromatin structure influences transcription, while
transcriptional activity also drives changes in chromatin. Depending on the context,
chromatin remodelers can be recruited in advance to facilitate transcription initiation, or
the transcription machinery itself can promote the recruitment of remodeling complexes.
For example, the SWI/SNF complex is typically recruited to gene promoters ptior to the
full assembly of the transcription initiation machinery®. However, at certain promoters,
pioneer factors first bind to chromatin and subsequently recruit SWI/SNF, thereby
facilitating the recruitment of coactivator complexes®.

Gene promoter activation involves both the action of nearby enhancers and the removal
of nucleosomes. As chromatin becomes more open and accessible, the PIC composed of
RNAPII and six general transcription factors (GTFs) — assembles”. Two histone marks,
H3K4me3 and H3K27ac, are strongly correlated with active promoters; however, their
direct causal involvement in initiation remains debated”. Notably, some studies indicate
that H3K4me3 can enhance PIC formation and stimulate the expression of p53-dependent
genes’!, as well as promote transcription iz vitro’. On the other hand, methylation of H3K4
is not essential for transcription in Drosophila™ 74, and acetylation of H3K27ac at canonical
H3 appears likewise dispensable, as point mutations at H3K27 are sufficient to induce
transcription of genes previously repressed by Polycomb”. These findings suggest that the
causal relationship between histone marks and initiation is highly context dependent.

Following promoter-proximal pausing, RNAPII transitions to productive elongation.
During this phase, progressive nucleosome disassembly is facilitated by the histone
chaperone FACT, which removes H2A-H2B dimers, disrupts the histone octamer, and
then reassembles nucleosomes behind RNAPII’. In addition to FACT, transcription
through nucleosomes is promoted by the chromatin remodeler Chd1, which, together with
FACT, functions in the presence of elongation factors Spt4/5 and TFIIS77. Additionally,
the N-terminal tails of histones on actively transcribed genes are marked by H3K36me3,
a modification that progressively accumulates toward the 3’ end of the gene’®.

In contrast to initiation and elongation, the role of chromatin in transcription termination
— especially in mammals — remains poorly understood. Evidence from yeast indicates that
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nucleosomes can promote termination by serving as barriers to the transcription
machinery”. Similarly, transcription factors such as Reb1 and Rap1 can trigger termination
simply by binding to DNA®. Moreover, increased nucleosome density at 3’ gene ends in
mammals correlates with RNAPII accumulation, suggesting that nucleosome positioning
after the PAS may induce polymerase pausing and facilitate termination®!. Nevertheless,
comprehensive data for these chromatin-related mechanisms in mammalian systems are
still limited.

SETD2 methyltransferase: role in transcription

One of the most prevalent histone marks decorating the gene bodies of actively transcribed
genes is H3K36me3. This modification is deposited co-transcriptionally by the SETD2
methyltransferase, which is recruited through interaction with the RNAPII CTD
phosphorylated at serine 2 (S2ph)®. As transcription progresses, DNA is unwrapped from
nucleosomes, rendering them substrates for SETD2-mediated methylation. SETD2
preferentially deposits H3K36me3 on the upstream histone octamer (Figure 3A), in
coordination with the histone chaperone SPT678. H3K36me3 mark gradually increases
within the gene body and peaks at PAS (Figure 3B).

A B H3K36me3

9, e 20
/K36 38 .
|  <;/ N /i T S
S O
Z © &5
5.0 TSS PAS  10.0kb

= RNAPIl  @®Methyl group

Figure 3. SETD2 and H3K36me3. A) SETD2 deposits H3K36me3 on the upstream histone octamer. B) H3K36me3
distribution on protein-coding genes (n = 4370), data from GSM1177767.

In budding yeast, H3K36me2/3 promotes chromatin restoration during transcription
through the recruitment of the histone deacetylase Rpd3S, which, in turn, prevents cryptic
transcription initiation from within gene bodies®>. In mammals, SETD2-mediated
H3K36me3 is also thought to suppress spurious initiation events, but this process operates
independently of histone deacetylation. In mouse embryonic stem cells (mESCs),
H3K36me3 recruits Dnmt3b, which methylates CpG islands within actively transcribed
genes, thereby suppressing cryptic initiation®*. By contrast, direct mutation of H3K36 in
Drosophila does not result in spurious initiation events — likely because flies possess low
levels of DNA cytosine methylation and lack DNMT3 and DNMTI1
methyltransferases®>%. In human cells, RNA-seq revealed that SETD2 downregulation is
associated with cryptic initiation events within gene bodies. However, since this technique
captures only mature RNA, the evidence provided is indirect?’.

SETD?2 has also been reported to influence splicing. SETDZ2-deficient clear cell renal cell
carcinoma (ccRCC) tumors display pervasive alternative splicing events and widespread
splicing deficiencies®®. Additionally, the specific histone variant H3.3K36me3 recruits
ZMYNDT11, a chromatin reader that associates with the spliceosome and regulates intron
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retention®. As emphasized in the earlier chapter, chromatin and transcription mutually
influence each other; similarly, RNA processing events such as splicing can regulate
SETD?2 activity. In mammals, H3K36me3 is primarily deposited on genes with introns, in
proportion to transcriptional activity, whereas intronless genes consistently display
significantly lower H3K36me3 levels. Furthermore, splicing inhibition impedes SETD2
recruitment and substantially reduces H3K36me3 levels?. Similatly to cryptic initiation,
H3K36 is not required for proper splicing in flies. However, Drosophila cells carrying point
mutation at H3K36 display defective mRNA polyadenylation, implicating this histone
mark in mRNA maturation?!.

SETD?2 has been also implicated in transcription termination. Analysis of total RNA-seq
data from ccRCC tumors shows that mutations causing catalytic inactivation of SETD2
result in the generation of chimeric transcripts that span adjacent transcriptional units. This
finding suggests that SETD2 activity — and, by extension, H3K36me3 — serves to prevent
transcriptional readthrough and intergenic splicing events?}. However, these conclusions
were not corroborated by nascent RNA sequencing methods, leaving the mechanisms
underlying SETD2/H3K36me3-driven transcription termination untesolved.

Alternative polyadenylation

Transcription termination is closely linked to 3’ end processing, but it is important to
emphasize that these are distinct molecular events. The site of nascent RNA cleavage —
cleavage and polyadenylation site (PAS) — determines the end of the 3’ untranslated region
(3 UTR). Together with alternative promoter usage, which defines various 5> UTRs,
selection of alternative cleavage sites, accounts for extensive variation in transcript
isoforms®2. Messenger RN As that share identical coding sequences but differ in their UTRs
can exhibit significant differences in stability and cellular localization. Most human genes
possess multiple polyadenylation sites, and their utilization is highly context- and tissue-
dependent?.

The primary machinery responsible for 3” end processing of pre-mRNA is the cleavage
and polyadenylation complex (CPA), which comprises four subcomplexes: cleavage
stimulation factor (CSTF), cleavage and polyadenylation specificity factor (CPSF), cleavage
factor I (CFIm), and cleavage factor II (CFIIm), alongside other proteins such as poly(A)
polymerase (PAP) and symplekin®. Many proteins in these subcomplexes function as
RNA-binding proteins. Within CPSF, CPSF30 and WDR33 recognize and bind the
canonical polyadenylation signal, the hexameric sequence AAUAAA®. In humans, this
consensus motif is typically located approximately 21 nucleotides upstream of the cleavage
site’. The endonucleolytic cleavage of pre-mRNA is catalyzed by CPSF73, after which
PAP adds the poly(A) tail to the newly generated 3’ end of the transcript”’.

Alternative polyadenylation (APA) predominantly occurs in the 3> UTRs of genes,
producing various mRNA isoforms with differing 3> UTR lengths (Figure 4)°4. These
3’ UTRs contain specific sequence motifs and structural elements that are recognized by
regulatory factors such as microRNAs (miRNAs) and RNA-binding proteins (RBPs),
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which collectively influence mRNA stability, localization, and translation efficiency?. In
mammals, more than 50% of conserved miRNA target sites are located within alternative
UTRs”. Early studies demonstrated that both cancer cells and activated T cells exhibit
global 3” UTR shortening relative to non-cancerous or non-activated counterparts, and
therefore escape repressive effects of miRNAs1%, Over the past decade, research interest
in the roles of 3> UTRs and APA have grown substantially, underscoring the critical impact
of non-coding elements on cellular physiology and metabolic regulation.

Intronic APA 3' UTR APA
l_’ ' ' ' H-HH—H — Y

N

Nascent RNA

" PAS
Figure 4. Alternative polyadenylation (APA) generates transcript diversity. Alternative PASs can be located within 3’
UTRs or introns.

3> UTRs are rich in sequence motifs that function as destabilization elements: AU-rich
elements (AREs), GU-rich elements (GREs) and PUF protein-binding elements!’!. These
motifs are recognized by specific RBPs, which modulate mRNA stability. For instance, in
human IFN-regulatory factor 5 (IRF5), a genetic polymorphism produces two APA
isoforms with differing decay rates due to the presence of an ARE in the alternative UTR,;
the less stable transcripts are associated with increased risk for systemic lupus
erythematosus!??. Additionally, APA can impact mRNA nuclear export and localization —
isoforms with longer 3> UTRs tend to be more prevalent in the nucleus compared to the
cytoplasm!®3. Beyond mRNA localization, APA events can also influence the localization
of the encoded protein: in the cytoplasm, embryonic lethal abnormal vision-like protein 1
(ELAVL1) binds to AREs in the extended 3° UTR of the CD47 gene, facilitating the
translocation of CD47 protein from the endoplasmic reticulum to the plasma

membranel®,

In addition to altering the 3> UTR sequence composition, alternative polyadenylation can
also result in changes to the coding sequence, thereby influencing protein diversification!?>.
A classic example of APA affecting regions upstream of the 3 UTR is the immunoglobulin
M (IgM) heavy chain gene, first described in 1980. During B cell activation, PAS usage
switches from a distal PAS in the most downstream exon to a proximal PAS in a terminal
exon. This switch causes a shift from production of membrane-bound IgM protein to its
secreted antibody form!%. APA upstream of the 3° UTR may also yield truncated proteins.
For instance, the polyadenylation factor retinoblastoma-binding protein 6 (RBBPO)
undergoes differential RNA processing, resulting in several transcript isoforms. One
1soform, produced by the usage of an intronic PAS, encodes a truncated protein (Iso3) that
competes with full-length RBBP6 for binding to CPSF/CSTF complexes. This
competitive interaction inhibits 3> end processing and modulates APA!107.108,
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Alternative polyadenylation and transcription termination in
disease

Choice of PAS is recognized as a key mechanism responsible for transcription isoform
diversity and for modulating the function of the encoded protein. Accordingly, PAS usage
is often disrupted in human diseases, including various cancers, as well as immunological
and neurological disorders®®. Remarkably, even the loss or gain of a single polyadenylation
sighal can have profound consequences. For example, immunodysregulation
polyendocrinopathy enteropathy X-linked (IPEX) syndrome results from a mutation in
the polyadenylation signal sequence of the FOXP3 gene!®. FOXP3’s proper
polyadenylation is thus critical, as its disruption directly leads to regulatory T cell deficiency

and the onset of autoimmunity in IPEX syndrome!!0.

Importantly, APA plays a pivotal regulatory role in central nervous system fundamentally
affecting neuronal transcript isoform diversity. Neurons are generally characterized by
longer 3’ untranslated regions (3’UTRs)!!!, which emphasizes the complex regulation of
gene expression in this system. APA has been reported to play a significant role in the
pathogenesis of neurodegenerative disorders by altering the 3° UTR lengths of disease-
specific genes'!2. For example, in the brains of patients with Alzheimer’s disease (AD), the
BINT gene expresses isoforms with longer 3> UTRs, potentially leading to increased BIN1
protein abundance!!>!13. BINT1 is involved in synaptic vesicle endocytosis and has already
been identified as a risk factor for AD. In Parkinson’s disease, the formation of Lewy
bodies — intraneuronal aggregates rich in misfolded a-synuclein (SNCA) — disrupts normal
cellular processes, contributing directly to neurodegeneration and the characteristic motor
symptoms of the disorder!''*. It has been demonstrated that in PD patients, the SNCA
gene undergoes distal APA, resulting in protein isoforms that localize to mitochondria and

exhibit an increased propensity for aggregation!!>.

Global changes in APA are frequently driven by alterations of CPA factors. For example,
reduced levels of CPSF5 (also known as NUDT21) in glioblastoma are strongly associated
with global 3 UTR shortening, increased cell proliferation, and poor patients’ survival
outcomes!!0. Similar downregulation of CPSF5 is observed in bladder cancer and
hepatocellular carcinoma, contributing to shortened 3> UTRs length and adverse clinical
prognosis''7118, In neuroblastoma cells, depletion of CPA complex component PCF11
triggers widespread transcript lengthening and is linked to spontaneous tumor regression
and favorable outcomes!!”. Collectively, mounting evidence demonstrates that various
cancers are characterized by a predominance of shorter 3> UTRs, a change that enhances
proliferative capacity and alters cellular behavior?%120,

Since transcription termination is often viewed as a linear outcome of nascent RNA
cleavage and polyadenylation, direct evidence for how correct or defective termination
impacts cell physiology and metabolism remains limited. Most insights come from studies
employing nascent RNA sequencing to examine the effects of cellular stress on
transcriptional dynamics. Notably, the induction of osmotic or oxidative stress in cultured
human cells leads to widespread defects in transcription termination, resulting in the
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generation of downstream-of-gene transcripts (DoGs)!-20. These readthrough transcripts
have been proposed to play a protective role in maintaining nuclear integrity during
stress!?!, counterintuitive to the potentially disruptive effects of transcriptional interference

with neighboring genes!?2.

Additionally, termination is perturbed during viral infection. The NS1 protein of influenza
A virus binds to CPSF30 — a subunit of the CPSF complex — thus blocking CPSF binding
to the RNA substrate and inhibiting 3’ end cleavage and polyadenylation of host pre-
mRNAs. This results in extensive transcriptional readthrough, as host mRNA processing
is disrupted'?3. Similarly, infection with herpes simplex virus 1 triggers widespread
readthrough transcription: the viral protein ICP27 directly interacts with CPSF subunits
and interferes with proper assembly of the CPSF complex, thereby impeding mRNA 3’
end formation and termination'?*. As a consequence, translation of hundreds of host genes
can be halted?.

Transcriptional readthrough events have been also observed in cancer. As described in the
chapter “SE'TD2 methvltransferase: role in transcription”, in c¢cRCC, readthrough

transcription leads to the production of chimeric transcripts and correlates with poor
patients’ prognosis?}. Fusion transcripts have been also reported in breast cancer!? and
prostate cancer'?®, and may give rise to circular transcript isoforms!?’. These chimeric
transcripts are likely a consequence of transcription termination defects and may even
result in the production of novel proteins?>.

To summarize, APA shapes mRNA isoform diversity and gene regulation, and its
disruption is broadly linked to immune, neurological, and cancer pathologies. 3' end
processing and termination are frequently perturbed by stress, viral infection, and
oncogenic states, leading to readthrough transcription and aberrant chimeric RNAs. For
these reasons, investigating termination mechanisms is crucial for understanding disease

and identifying novel therapeutic opportunities.
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Aims and research questions

The chromatin context of transcription termination remains insufficiently explored. While
there is some evidence supporting roadblock-induced termination in yeast, as well as a role
tor nucleosome positioning in this process, the precise pathways and mechanisms by which
chromatin influences transcription termination — particularly in mammals — are still
unclear.

To address this knowledge gap, this study aims to:

1. Define transcription termination regions genome-wide using RNAPII C-terminal
domain phosphorylation at threonine 4 as a specific termination marker.

2. Examine correlations between chromatin marks/chromatin-associated factors and

established termination regions to elucidate their involvement in termination.

3. Investigate the role of the chromatin modifier SETD?2 in transcription termination.
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Results

Defining gene ends: RNA polymerase Il CTD threonine 4
phosphorylation marks transcription termination regions
genome-wide (published)

Magda Kopczynska, Upasana Saha, Anastasiia Romanenko, Takayuki Nojima, Michal R
Gdula, Kinga Kamieniarz-Gdula

Nucleic Acids Research, Volume 53, Issue 2, 27 January 2025, gkae1240
doi: https://doi.org/10.1093 /nar/gkae1240

This publication is included as an appendix.

Investigating transcription termination is especially challenging because, unlike other
regulatory processes where factors remain associated with chromatin, termination involves
the detachment of RNAPII from the DNA template. This absence of a stable, traceable
intermediate makes it exceptionally difficult to capture and study the molecular events that
define transcription termination (described in more detail in the chapter “I'ranscription

termination: mechanisms and challenges”). In contrast, assessing the appearance of
a termination mark is more straightforward. In this article, we argue that the C-terminal
domain of RNAPII phosphorylated on threonine 4 (CTD-T4ph) can serve as a useful
marker for RNAPII termination, specifically marking terminal pausing regions.

In this work, we comprehensively review current literature on RNAPII CTD-T4ph, with
a particular emphasis on its role in transcription termination in metazoans. We
systematically analyze all available genomic datasets concerning T4ph, revealing that,
across species, T4ph is consistently enriched at the ends of active protein-coding genes.
Using T4ph enrichment, we define termination windows, which coincide with a significant
decrease in nascent RNA signal. Notably, methods sensitive to RNAPII pausing detect
a pronounced signal enrichment within these windows. Taken together, our findings
establish CTD-T4ph as a marker for transcription termination at protein-coding genes in
metazoans. This study has the potential to enhance genome annotations by providing
detailed information about the intervals where transcription terminates. Such insights can
improve the identification of mutations within non-coding regions that may be associated

with various diseases, thereby facilitating more precise mapping of regulatory elements.

My contribution to this work included performing bioinformatic analyses of all T4ph and
nascent RNA datasets, visualizing the results through figure preparation and creating
UCSC Genome Browser sessions. Additionally, I participated in manuscript writing and
editing.
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Enrichment of chromatin factors in transcription termination
regions (unpublished)

Defining termination windows genome-wide

To define genomic regions where transcription terminates — here referred to as termination
windows — I employed a bioinformatic pipeline detailed in Publication 1. Briefly, I used
T4ph mNET-seq datasets from HeLa cells published in two separate studies as input!>!28,
I then identified genomic intervals with significant enrichment of T4ph mNET-seq signal
and determined their overlap with coordinates of pre-selected protein-coding genes (see
“Materials and methods” section). This approach allowed me to distinguish normal

termination windows associated with gene ends from premature terminators located within
gene bodies (Figure 5). As a result, I defined 3,981 normal terminators and 1,502 premature

termination windows.
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T4ph mNET-seq M
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Figure 5. Termination windows were defined based on the five biological replicates of T4ph mNET-seq published in
two different studies. The regions of significant enrichment were established using macs2 tool.

After defining these termination windows, I used them as input for downstream analyses.
I selected 17 ENCODE ChIP-seq datasets performed on Hela cells, covering various
histone marks and chromatin-associated factors (Table 1). To assess enrichment of these
features in termination windows, I calculated the average signal of each factor within the
termination windows and compared it to flanking control regions (Figure 6). Here, I
describe the four factors that were most significantly entiched/changed in termination

windows relative to control regions.

Control regions 2kb
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Figure 6. To assess the association of chromatin factors with termination regions, the average signal of the
protein/histone mark of interest was calculated in termination windows and flanking control regions.

Termination windows are enriched in factors involved in chromatin looping

In silico data mining revealed significant enrichment of three key players in chromatin loop
formation — CTCF, SMC3, and MAZ — within both normal and premature termination
windows. Genomic DNA is organized into loops and topologically associating domains
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(TADs) through the coordinated action of CTCF and cohesin complexes. Cohesin loads
onto DNA and extrudes loops by sliding until it encounters CTCF, which functions as
a loop anchor'?. SMC3 is a cohesin subunit’’, while MAZ acts to stabilize CTCF
binding!3!.

Table 1. Histone marks and chromatin modifiers analyzed in the in silico data mining.

Data GEO Control p-_val termination p-_val termination
Factor accession region wm_dow vs control wm_dow vs control
umber localization |7€9ion - normal region - premature
terminators terminators

BRCA1  |GSM935552 gg\j};z?rzam i;;;_EZSS ?;?;‘EI]S
CTCF GsM733785  [STEAm Gl e
E2F1 e el )
H3K3Bme3 |GSM733711  (LPSTCAT g:g?g:gfg g:gig:?}
EP300  |GSM9ass00  (UPSeam 20450 e
LSDA GSM1104352 (ST _ i:ggg:g; Z:?gg:ﬁ
MAZ GSM935272 gg\j}g‘g&m ;‘;;‘25:83 ;;‘ZEE?
R e——
SMARCA4 GSM935511  [oEo T8 _ el PR
SNeE GSM935384 32:\}:12?r2am 926:)1;2518{73 g;ggi?
H3K4me3 |GSM733es2  [LPSICAT L s
H3K27me3 |GSM733696 gg:f::rrgam ;;;jEjgg 1:3222
H3K79me2 |GSM733669  [LP> o LS ST
HaK27ac  |GSM733684  [sPoream e L
Hkamel |GSM798322 [LPSTSAT St T3
Rloops  |GSM2891661 [-bo oo _ s o

The enrichment of these looping factors is apparent from average ChIP-seq signal analyses
within termination windows compared to flanking control regions and is visually evident
in the corresponding heatmaps (Figure 7A,B,C). Notably, this enrichment is more
pronounced in premature termination windows, particularly for SMC3 and MAZ.
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Figure 7. Enrichment of selected factors calculated as shown in Figure 6 (top panel) and represented as a heatmap
(bottom panel) for: A) CTCF, B) SMC3, C) MAZ and D) H3K36me3.
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Figure 8. Colocalization of termination windows enriched in CTCF, SMC3 and MAZ (top panel) with Micro-C domain
borders (bottom panel) for A) normal terminator of CDC37 gene and B) premature terminator of RNF14 gene.

In addition, I inspected representative genes with high looping factors enrichments and
compared these findings with publicly available Micro-C data obtained via the 4D
Nucleome Data Portal. Micro-C is a high-resolution chromatin conformation capture
method that provides detailed information about chromatin interactions and chromosome
folding. At a conceptual level, this method represents chromosomes as contact maps,
where areas with a higher probability of interaction — indicating features such as loops or
TADs — appear darker. Loop anchors can sometimes be seen as individual dots. Analysis
of Micro-C dataset revealed multiple instances where both normal and premature
termination windows coincide with Micro-C domain boundaries (Figure 8). However, this
dataset is derived from a different cell line — HFF — so the evidence is not definitive.
Furthermore, 23% of termination windows overlapped with computationally predicted
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loop anchors (Figure 9)132. These data suggest that a proportion of termination windows
may be located at chromatin loop boundaries. Nonetheless, since the described approach
relies on correlation, further investigation is needed to clarify the relationship between loop

formation and transcription termination events.

H3K36me3 significantly drops in termination windows

Another factor that stands out from the analysis is
H3K36me3. Unlike the looping factors, this histone mark is

termination windows loop anchors

not enriched within termination windows; instead, the
H3K36me3 ChlP-seq signal significantly decreases at both |
normal and premature terminators (Figure 7D). This \
reduction mirrors the decrease in nascent RNA signal L
reported in Publication 1, which is expected because
H3K36me3 is deposited co-transcriptionally. Nevertheless,

given prior report suggesting a role for this histone mark in
transcription termination, we chose to investigate its Figure 9. Overlap of termination windows,

. . . loop anchors and CTCF peaks (obtained
involvement in this process more thoroughly. through ENCODE).

Materials and methods

For the reference genome, I applied hg38/GRCh38, and gene annotations were taken
from GENCODE release 40 (basic set). From this, I selected 10,387 protein-coding genes
that fulfilled two criteria: (i) they did not overlap with any other annotated gene on the
same strand, and (ii) their 3' ends were separated from the next downstream gene on the
same strand by at least 6 kb.

To obtain termination windows genome-wide, I analyzed five biological replicates of T4ph
mNET-seq derived from two independent studies: three replicates published by
Kamieniarz-Gdula et al.1> and two biological replicates from Schlackow et al'?%. For each
dataset, I first generated an average T4ph mNET-seq signal track using wiggletools
mean'?. The resulting single-nucleotide resolution files were then processed in R:

sequencing reads were resized to 150 bp, and bigWig signal files were converted into
bedGraph format.

To detect regions enriched for T4ph signal, I used the bdgbroadcall function of macs213*
with default parameters. Only regions that overlapped between the averaged files from at
least two datasets were retained, after which overlapping intervals were merged (Figure
10). To reduce noise, I further restricted the dataset to windows that were positioned =2
kb away from their neighboring downstream and upstream windows.

Finally, termination windows were classified by overlap with the preselected

protein-coding gene set. Two classes of windows were defined:

1. Normal termination windows — overlapping the annotated polyadenylation site
(PAS) plus a downstream extension of 6 kb, n = 3,981.
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2. Premature termination windows — located entirely within gene bodies of the

selected protein-coding genes, n = 1,502.

Single-nucleotide resolution
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Figure 10. Termination windows definition. First, T4ph mNET-seq signal coming from distinct biological replicates
was averaged for each dataset. Then, it was resized to 150bp and macs2 tool was used to extract T4ph enriched
regions. Only the regions that appeared in both datasets were selected and subsequently merged.

To check the enrichment of chromatin factors in termination windows, I first defined 2
kb long flanking control regions. Then, using the getCountsByRegions() function from the
BRGenomics library, I calculated the average signal within three regions (control upstream,
termination window, and control downstream). This average was defined as the sum of
the scores within each region divided by the number of ranges in that region. The
calculated signals were then visualized in a boxplot, distinguishing between normal and
premature terminators.

Termination windows and flanking control regions were used as input to create heatmaps
with the deeptools!® plotHeatmap tool, following computeMatrix. Parameters were set as
--beforeRegionStartLength, --regionBodyLength, and --afterRegionStartlength to 2000
bp, and the --skipZeros option was applied.
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SETD2 methyltransferase activity aids gene definition by
promoting correct transcription initiation and termination
(published)

Chihiro Nakayama*, Magda Kopczynska*, Agata Stepien, Shoko Ito, Koshi Imami,
Michat R. Gdula, Takayuki Nojima, Kinga Kamieniarz-Gdula

bioRxiv 2025.07.14.664659, doi: https://doi.org/10.1101/2025.07.14.664659

*Co-first authors

This publication is included as an appendix.

As described in the chapter “SE'TD2 methyltransferase: role in transcription”, histone
methyltransferase SETD2 has been implicated in transcription termination?’. However,
the study relied on indirect measures of mature RNA and did not investigate potential
mechanisms underlying SETD2-mediated termination. Furthermore, correlation analysis
described in the chapter “H3K36me3 histone mark significantly drops in termination

regions” showed that the product of SETD2 activity, H3K36me3, significantly decreases
within transcription termination regions, mirroring the drop in nascent RNA signal
reported in Publication 1. Additionally, readthrough transcription has been identified as a
prognostic marker in ccRCC, with higher levels correlating with poorer patient survival®.

In this publication, we employ nascent transcriptomics on SETD2 knockout (KO) and
RCC patient-derived cells. We demonstrate that SETD2 loss or inactivity does not affect
all genes uniformly. Following SETD?2 loss or inactivation, most genes — designated as
class I — terminate transcription at the expected regions but fail to initiate transcription at
the levels observed in wild-type conditions. Conversely, 15-25% of genes, classified as class
II, exhibit readthrough transcription, while their initiation remains unchanged in the
absence of SETD2 activity. Our data indicate that termination defects due to SETD2 loss
or mutation likely result from increased cryptic initiation combined with impaired 3’ pre-
mRNA cleavage. We further show that readthrough is independent of alternative
polyadenylation, highlighting the importance of context-dependent distinction between
termination and 3’ end processing. Surprisingly, the effect of SETD2 loss on termination
appears indirect: treatment with the specific inhibitor EPZ-719 induces readthrough only
after 9 days, despite earlier loss of H3K36me3. In summary, our findings demonstrate that
SETD2 regulates transcription by enabling proper initiation, preventing cryptic initiation
within gene bodies, and promoting efficient 3’ pre-mRNA cleavage.

I contributed to this work by analyzing all generated genomic datasets (POINT-seq,
POINT-5, 3> mRNA-seq, and T4ph mNET-seq). I performed downstream analyses such
as class I and class 11 genes separation, analysis of cryptic initiation, APA, and development
of a bioinformatic method for calculating cleavage index. Additionally, I carried out 3’
mRNA-seq and T4ph mNET-seq experiments on U20S WT/SETD2 KO cells.
I visualized the data, prepared all manuscript figures, and took part in writing and editing

the manuscript.
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CLP1-dependent premature transcription termination opposes
neurodegeneration (published)

Michal R. Gdula, Magda Kopczynska, Upasana Saha, Kinga Kamieniarz-Gdula
Neuron. 2022 Apr 20;110(8):1277-1280
dot: https://doi.org/10.1016/j.neuron.2022.03.012

This publication is included as an appendix.

In this preview, we summarize the work by LaForce et al.!3¢ placing it in the broader
context of how premature transcription termination shapes transcriptional regulation and
cell physiology. The authors investigate the molecular mechanism underlying
pontocerebellar hypoplasia type 10 (PCH10), a neurodegenerative disorder characterized
by cerebellar and brainstem atrophy, microcephaly, and motor neuron disease. PCH10 is
caused by a missense mutation (R140H) in CLP1, a component of the pre-mRNA 3’ end

processing machinery.

The authors utilize induced pluripotent stem cells (iPSCs) derived from fibroblasts of
a healthy parent and a child with PCH10, which are then differentiated into motor neurons.
In cell culture, the PCH10 model exhibits reduced cell density, likely due to enhanced
differentiation of motor neuron progenitor cells into post-mitotic neurons. At the
molecular level, motor neurons show a strikingly high level of PAS usage within gene
bodies, including introns and coding regions, indicating widespread premature
transcription termination (PTT). The authors report a substantial reduction in mRNA 3'
end isoform diversity in the PCH10 model, with a relative increase in longer transcript
isoforms. They also examine a second model — CLP1 knockout (KO) in motor neurons —
in which complete loss of CLP1 shifts usage toward proximal sites, the opposite pattern
to PCH10. In the preview, we argue that the claim that CLP1 promotes distal PAS usage
may be overstated; instead, the proximal shift observed in CLP1 KO could reflect an
indirect consequence of CFIm68 downregulation, a factor known to drive major APA

changes!1%:137.

In summary, LaForce et al. conclude that impaired pre-mRNA 3’ end processing
contributes to PCH10 pathogenesis by reducing transcript isoform diversity. These
tindings underscore the pivotal role of 3 end formation in cell differentiation and
encourage further studies investigating 3’ pre-mRNA processing, particularly in

neurodegenerative disorders.

My contribution to this work included preparing the figure and participating in the writing
and editing of the manuscript.
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Discussion

Because transcription is often viewed in one dimension, its epigenetic context and spatial
organization remain insufficiently explored, particularly regarding the final phase —
termination. Chromatin architecture is highly dynamic, and the nucleus is a crowded
environment where numerous protein complexes interact simultaneously. This complexity
adds another layer of challenge in studying transcription, a process that requires hundreds
of proteins to function in a highly organized manner.

On the other hand, it has been now demonstrated that transcription occurs pervasively
throughout the genome, which may initially appear random and wasteful but is thought to
play a regulatory role in maintaining chromatin accessibility and shaping 3D chromosome
structure®. Since termination enables RNAPII turnover, severe disruption of this process
could have catastrophic effects on nuclear and cellular physiology. Termination is essential
for proper cell function, and multiple fail-safe termination pathways exist, likely including

mechanisms that have yet to be discovered!3s.

This work aims to uncover how chromatin influences transcription termination,
integrating multiple layers of regulation into the seemingly linear, one-dimensional process.
First, it focuses on defining a universal marker for transcription termination regions:
RNAPII CTD phosphorylation at threonine 4. Next, using this marker, genome-wide
termination windows were identified, and various histone marks and chromatin-associated
factors were screened for possible enrichment within these regions. Finally, the role of the
chromatin modifier SETD2 methyltransferase in transcription termination was assessed,

and a novel function of this factor in 3' end processing was uncovered.

Through a comprehensive literature review and analysis of all available T4ph genomic
datasets presented in the publication “Defining gene ends: RNA polymerase 11 CTD

threonine 4 phosphorylation marks transcription termination regions genome-wide”, we

propose that RNAPII CTD phosphorylation at threonine 4 marks genomic regions where
terminal polymerase pausing occurs. This approach is particularly advantageous for
investigating premature termination events within gene bodies, where only a fraction of
RNAPII molecules terminates while others continue transcribing. Nascent RNA
sequencing techniques, which capture complete RNA molecules, have certain limitations
in this context because quantifying signal drop within gene bodies is challenging and less
straightforward than assessing the presence of a specific marker. Admittedly, researchers
from the Cramer lab have developed mathematical models to estimate RNAPII drop-off
probability using TT-seq experiments!??, demonstrating that nascent RNA sequencing can
be successfully applied to study these events.

Notably, premature transcription termination has been increasingly recognized as an
important regulatory mechanism in gene expression. As briefly outlined in the preview

“CLP1-dependent premature transcription termination opposes neurodegeneration”, PTT

may contribute to maintaining transcript diversity, thereby preventing the onset of
neurological disorders such as pontocerebellar hypoplasia type 10. Conversely, widespread
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PTT observed in patients with chronic lymphocytic leukemia gives rise to truncated
proteins, which frequently lack the tumor-suppressive functions exhibited by their full-
length counterparts'#,

However, not all PTT events result in stable, polyadenylated transcripts; in many cases,
they produce RNA molecules that are rapidly degraded®. This scenario is particularly
evident near TSS, where it has been shown that ~99% of initiation events terminate
prematurely at the gene promoter'#!. Such promoter-proximal termination is mediated by
the Integrator complex and is considered a crucial mechanism that prevents RNAPII
release into the gene body, thereby attenuating gene expression'#>!43, In line with these
findings, we also observed T4ph enrichment at TSS prior to the appearance of productive
elongation signals detected by nascent RNA sequencing.

It is important to emphasize that we propose T4ph as a marker for termination regions
without demonstrating its mechanistic involvement in the process. While there is a clear
correlation between the presence of this phospho-mark and decreasing nascent RNA
signal, there is no direct evidence that T4ph is required for termination. Nevertheless,
because T4ph specifically occurs in termination regions and the CTD threonine 4 residue
is essential for metazoan cell viability!#4145, we speculate that it may play a functional role
in the final step of transcription. Similar to other phospho-marks, T4ph could serve as
a binding platform for termination factors or block elongation factor binding. However,
the causal relationship between T4ph and transcription termination has yet to be
elucidated.

Mapping termination regions across the genome offers an opportunity to enhance current
genomic annotations. Pinpointing where transcription ends may help enable more detailed
studies of mutation hotspots that contribute to disease. There is growing evidence that
mutations in non-coding regions — which comprise 98% of nuclear DNA — play
a substantial role in cancer development!#-148, DNA sequence, particularly T-rich regions
(T-tracks), has been shown to trigger transcription termination on the coding strand in
human cells!#. Thus, mutations in termination regions may directly impact the termination
process. Changes in DNA sequence can also alter RNA structure, which is essential for
termination in prokaryotes and for processing histone genes, recently increasingly
recognized as important for efficient 3’ processing of eukaryotic protein-coding genes!’.
Consequently, mutations in these regulatory regions may directly affect RNA processing
itself.

Genome-wide definition of transcription termination regions enabled 7z silico data mining
to identify chromatin features associated with terminating RNAPII. This analysis revealed
that the defined termination windows are enriched for three key chromatin-looping
tactors: CTCF, SMC3, and MAZ. Evidence from multiple model organisms shows that
actively transcribed genes form promoter—terminator loops, first in yeast'>-15> and later
in higher eukaryotes?15-158, Gene loops are thought to be dynamic structures formed by
physical interactions between initiation and termination factors'®, and have been
implicated in RNAPII recycling from terminators back to promoters!>? and in preserving
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transcriptional memory!>4. Notably, these loops are specific to active transcription, and
their formation is abrogated in the absence of transcriptional activators'3,

However, in recent years, with the development of elegant high-resolution techniques such
as Micro-C, the model of functional gene looping as a driver of transcription regulation
has been challenged, and a more complex picture has emerged. Recent analyses indicate
that cohesin-mediated loop extrusion does not determine the organization of transcribed
genes. Nevertheless, active genes form central subcompartments of the 3D genome driven
by RNAPII binding and elongation, without requiring direct promoter—terminator
loops!. Moreover, acute depletion of CTCF and cohesin only modestly affects gene
expression and does not disrupt enhancer—promoter interactions, although cohesin may
facilitate target searching and binding by transcription factors!¢0.

The enrichment of looping factors at termination windows may be purely correlational and
does not imply causation. However, their enrichment is also observed at premature
termination windows, which is unexpected and could indicate a potential role for loop
formation in facilitating early termination. Just as transcriptional activation can be driven
by diverse stimuli, termination may likewise be governed by distinct factors depending on
genomic context. In some cases, loop formation might act as a roadblock to transcribing
RNAPII, as reported for specific proteins in yeast®’. Although a subset of termination
windows coincides with predicted loop anchors, these observations are entirely
correlational and require further experimental validation to determine whether chromatin

loops can trigger termination at specific loci.

It is important to note that recent advancements, including 3D genome capture assays and
sophisticated imaging approaches, have revealed that active transcription occurs within
distinct nuclear compartments — historically termed transcription factories and more
recently unified under the concept of phase-separated transcriptional condensates (PST-
condensates)'®l. Structurally, these condensates are organized around a protein-rich core
containing transcription factors and co-activators, with RNAPII molecules positioned at
the periphery. Such assemblies are considered highly dynamic, yet capable of maintaining

a metastable structurel62,

However, comprehensive studies evaluating the functional relevance of these higher-order
assemblies, and their impact on multiple stages of transcription, are still lacking. The
integration of methodologies from molecular biology, 3D genomics, and chromatin
imaging represents a particularly promising direction to fully elucidate the dynamics of
transcription termination within its nuclear environment.

In this thesis, one histone modification was investigated in detail. I si/ico screening revealed
that H3K36me3 levels drop significantly within both normal and premature termination
windows, parallelling the decrease in nascent RNA signal. This observation was somewhat
expected, as H3K36me3 is deposited co-transcriptionally. However, it also points to
a potential functional role of this histone mark in promoting RNAPII dissociation from
the DNA template. Furthermore, H3K36me3 has been functionally linked to APA in
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mESCs!%3, and mutations in its depositing methyltransferase, SETD2, have been

implicated in readthrough transcription in ccRCC?.

In the publication “SETD2 methyltransferase activity aids gene definition by promoting

correct transcription initiation and termination”, we demonstrate the dichotomy in SETD2

activity depending on gene context. Our initial aim was to investigate the role of this
methyltransferase in transcription termination; however, we found that most protein-
coding genes (class I) rely on SETD2 activity primarily for proper transcription initiation,
while the regions where termination occurs remain largely unaffected. In contrast, only
15-25% of genes (class II) exhibit transcriptional readthrough upon SETD2 knockout or
catalytic inactivation, while their initiation levels remain unchanged. We further show that
disrupted termination is associated with increased cryptic initiation, particularly near gene
ends. Moreover, our analysis of the 3’ cleavage index revealed a significant reduction only
in class II genes, both under SETD2 knockout and catalytic inactivation conditions. We
therefore propose a model in which SETD2 activity is essential at both gene ends: at the
5" ends of class I genes, it promotes accurate transcription initiation, whereas at the 3' ends
of class II genes, it enhances 3' cleavage efficiency and prevents spurious initiation, thereby

facilitating proper termination.

It remains unclear why different genes respond differently to SETD2 loss or inactivation.
We found that class II genes are significantly more transcriptionally active, longer, and
contain longer introns. This is in contrast to previous evidence showing a negative
correlation between gene length and expression level!*4165, However, it is important to
emphasize that our study employed cancer cell lines, which inherently display disrupted
expression patterns across multiple physiological pathways. Because transcription
proceeds more rapidly across introns'%, longer genes are transcribed at a higher elongation
rate. As a result, they are also more vulnerable to perturbations affecting elongation
factors!7.108, In mESCs, it has been demonstrated that H3K36me3 binds the Npac protein
to facilitate efficient elongation of Nanog and Rzf7'®. Therefore, SETD2-dependent
H3K36me3 deposition may enable or stabilize the recruitment of 3' processing and
termination factors in long, fast-transcribed genes, whereas in the absence of this
modification, RNA processing may become inefficient. However, as our experiments
provide no direct proof for this hypothesis, additional investigation will be necessary to
validate it.

Our study reveals, for the first time, a role for SETD2 in promoting 3' end cleavage
efficiency. Previous studies based on reconstitution of the CPA machinery have shown
that 3' cleavage is relatively inefficient 7z vitro (30—40%0)170171 highlighting the importance
of the nuclear and epigenetic context in promoting its effectiveness. The mechanism
underlying SETD2 involvement in 3' end processing remains unknown; however, it may
facilitate the recruitment of processing factors, as has been shown for heterogeneous
ribonucleoproteins (hnRNPs) in the regulation of alternative splicing events!’>173. In that
case, the SHI domain of SETD2 is crucial for hnRNP binding, and its deletion leads to
reduced H3K36me3 deposition!’.
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In our work, we assessed the 3' cleavage index in two models: U20S cells lacking SETD2
entirely, and A498 ccRCC cells harboring a mutation (c.6098_6099) that drastically reduces
its catalytic activity. Since this mutation lies in the interdomain region between the catalytic
SET/Post-SET domain and the regulatory SHI/SRI domains'™, it may affect both: the
SHI domain, which is essential for hnRNP binding, and the SRI domain, which interacts
with the RNAPII CTD?®. Deleting the SRI and SHI domains causes a global reduction in
H3K36me3 deposition, and a SETD2 mutant lacking both domains is nearly inactive!”2.
Based on our findings, we propose that the catalytic activity of SETD2 is important for
enhancing 3' cleavage, although contributions from the SHI and SRI domains to
3" processing cannot be excluded. To fully resolve this question, further structural and
biochemical studies will be required.

Notably, we also demonstrate an uncoupling between APA events and transcriptional
readthrough upon loss of SETD2 activity. 3' pre-mRNA cleavage and termination are
normally tightly linked, as rapid depletion or inhibition of the cleavage factor CPSF73
endonuclease leads to widespread termination defects?»!7>. However, the chemical
inhibition of the CPSF73 by JTE-607 primarily resulted in 3> UTR lengthening!”> and
revealed that this endonuclease acts in a sequence-specific manner!’s. Our findings show
that, although transcriptional readthrough occurs in both experimental models — whether
through complete SETD2 loss or catalytic inactivation — APA is predominantly observed
in cells lacking SETD2. Unexpectedly, SETD2-deficient cells preferentially utilize
proximal PASs, a phenomenon evident in both class I and class II genes. In the RCC
model, however, APA is not prominent, suggesting that PAS choice depends more on the
cellular context than on transcription termination defects or SETD2 activity itself.
Collectively, this evidence underscores a role for SETD2 in stimulating efficient
termination and 3' cleavage, while indicating that these processes may occur independently
of PAS selection. This perspective is relatively new, as 3' pre-mRNA processing and
termination have traditionally been viewed as tightly coupled, also 3' end cleavage

efficiency and APA are often treated synonymous.

Surprisingly, we found that the effects of SETD2 on transcription termination are indirect.
Using the specific SETD2 inhibitor EPZ-719'77, we showed that although H3K36me3
levels were markedly reduced after 3 days of treatment, termination remained largely
unaffected at this time point. Transcriptional readthrough appeared only after 9 days of
inhibition, but even then, it remained weaker than that observed upon SETD2 knockout.
This delayed effect may arise from cumulative changes in chromatin architecture and
dynamics during prolonged inhibition, as the cells undergo multiple divisions.

Mass spectrometry analysis of nuclear fractions from SETD2-knockout cells revealed
a general trend toward protein downregulation, including factors involved in all stages of
transcription as well as RNAPII itself. Thus, prolonged absence of SETD2-mediated
H3K36me3 deposition may gradually alter the expression of genes encoding RNA
processing factors, eventually reaching a threshold at which transcriptional defects become
unavoidable. These changes could be mediated not only by chromatin remodeling but also
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by accumulation of DNA methylation at specific gene promoters, as we observed
upregulation of DNMT3A and DNMT3B. To date, the effects of SETD2 depletion
(knockout or knockdown) have primarily been attributed directly to SETD2 loss or
H3K36me3 reduction. Our findings underscore the importance of distinguishing between
direct and indirect effects — not only in the case of SETD2, but more broadly for chromatin
modifiers and transcription-related factors, by using inhibitors and degron approaches.

Since SETD? is frequently mutated in several cancers, including ccRCC, multiple types of
leukemia, melanoma, gliomas and colon adenocarcinomal!’®17% it is regarded as a tumor-
suppressor gene. Moreover, immunohistochemical analyses of ccRCC samples shows
a gradual decrease in H3K36me3 levels, progressing from primary tumors to distant
metastases'®. Therefore, assessing the molecular consequences of SETD2 loss or
inactivation is crucial for understanding cancer biology, even if these alterations are not
the primary drivers of tumor progression. This is particularly relevant as SETD2 also
methylates additional substrates, such as a-tubulin!®!, actin'® and STAT1183. Readthrough
transcription, on the one hand, promotes the formation of potentially harmful chimeric
transcripts?3. On the other hand, the induction of widespread termination defects may act
as a mechanism to suppress cell proliferation and induce DNA damage, as has been
demonstrated for the CPSF73 inhibitor JTE-60717.

In summary, this thesis shows that transcription termination plays a crucial role in
maintaining proper gene expression, and its function extends beyond merely displacing
RNAPII from the DNA template. Gene ends are increasingly recognized as essential
regulatory regions that dictate mRINA stability, localization, and ultimately the function of
the encoded protein. Understanding the mechanisms and chromatin contexts of
transcription termination is therefore important not only to satisfy scientific curiosity but
also to address critical gaps in our knowledge of the transcriptional cycle — an essential
process for the survival of every cell, and hence for human health.

This work provides insights into the chromatin context and epigenetic regulation of
transcription termination, demonstrating correlations between termination windows and
chromatin loop borders and exploring SETD2-dependent termination events. By defining
termination windows genome-wide, it highlights the importance of investigating — often
overlooked — regulatory regions, particularly at mutation hotspots. It also points to
additional mechanisms that may govern termination, such as SETD2-driven enhancement
of 3-end cleavage efficiency and a potential role of chromatin loop formation in
influencing termination.
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