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he eukaryotic chromatin struc-

ture is essential in correctly defin-
ing transcription units. Impairing this
structure can activate cryptic promoters,
and lead to the accumulation of aberrant
RNA transcripts. Here we discuss criti-
cal pathways that are responsible for the
repression of cryptic transcription and
the maintenance of genome integrity.

Eukaryotic genomic DNA is packaged
and organized into the chromatin struc-
ture. Chromatin compacts and protects
the genome but also restricts access to
the DNA. Chromatin modifying activi-
ties can control the accessibility of the
DNA by opening or closing the chroma-
tin structure, thereby playing an essential
role in the regulation of gene expression.
The correct chromatin conformation is
also critical for establishing functional
units in the genome, such as promoter-
and coding-regions of transcription units.
Disturbing the chromatin structure can
lead to transcription initiation events
outside of canonical promoter regions
and to the accumulation of aberrant,
non-coding RNA (ncRNA) transcripts.
In this Point-of-View article, we summa-
rize recent findings concerning the role
of chromatin in the correct definition of
transcription units and the mechanisms
that prevent non-specific transcription
initiation in eukaryotic cells. In addition,
we discuss some surprising new develop-
ments and controversies in this field. Our
point of view is particularly based on our
recently published results on this topic.!
Studying the mechanisms repressing cryp-
tic transcription is crucial to understand-
ing the role of the chromatin structure
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in establishing and maintaining genome
integrity.

Genome-wide mapping of nucleosomes
and histone modifications in diverse spe-
cies has revealed that the characteristics
of chromatin organization in transcrip-
tion units are evolutionarily highly con-
served from yeast to humans. Promoter
regions typically possess a particularly
open chromatin structure, which allows
the binding of transcription factors and
the transcription initiation machinery
to these DNA regions. A characteris-
tic feature of the chromatin at promoter
regions is the presence of a nucleosome-
free DNA region (NFR) just upstream
of the transcription start site (TSS). The
NER is generally flanked by nucleosomes
containing the histone variant H2A.Z.
Typical histone modifications at promoter
regions include trimethylated histone H3
at lysine 4 (H3K4me3) and high levels of
acetylation of H3 and H4 at various lysine
residues, a feature that is also a hallmark
of an open chromatin state. In addition,
promoter proximal nucleosomes show a
high turnover rate; they are continuously
evicted and re-incorporated into the chro-
matin, causing a rapid exchange between
the chromatin-bound and soluble histone
pool. Gene coding regions, on the other
hand, possess a more closed chroma-
tin structure. Here, the nucleosomes are
tightly organized with roughly uniform
spacing, avoiding the random appear-
ance of larger nucleosome-free DNA seg-
ments. The turnover of these nucleosomes
is slower relative to promoter regions. A
characteristic histone modification of gene
coding regions is the methylated form

of histone H3 at lysine 36 (H3K36me),
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while H3K4me3 and acetylation levels are
low compared with promoters (reviewed
in Rando et al.?). Since the majority of
the aforementioned histone modifications
show a significant correlation with tran-
scriptional activity, it was anticipated that
these chromatin marks play an important
regulatory role in the transcription pro-
cess. Surprisingly, the loss of most of these
histone modifications in yeast does not
cause a genome-wide effect on gene expres-
sion. Deletion of H2A.Z or elimination of
H3K4 methylation does not significantly
influence transcription initiation at the
vast majority of genes.>* Similarly, abol-
ishing H3K36 methylation or increasing
the histone acetylation levels in gene cod-
ing regions doesn’t have a major impact on
transcription elongation.'

These results have raised an important
question about the physiological relevance
of these evolutionarily highly conserved
chromatin modifications. However, recent
developments in genomic techniques have
provided new clues about the role of these
modifications by allowing the detec-
tion of transcripts from non-coding or
antisense portions of the genome, which
were simply not monitored in earlier
studies. These studies have revealed that
many mutations affecting the chroma-
tin structure induce severe, genome-wide
changes in the non-coding transcriptome,
while the level of coding transcripts is
only slightly affected."”>* Most of these
mutants accumulate aberrant non-cod-
ing sense or antisense (AS) transcripts by
activating cryptic promoters throughout
the genome. The requirement of specific
sequences in eukaryotic promoter regions
is rather vague and mostly substituted by a
characteristic, open chromatin structure.’
Disturbing the closed chromatin struc-
ture in intergenic or coding regions can
lead to the activation of cryptic promoter
sequences, and severely perturb genome
integrity. In this article we will focus on
the identified factors and chromatin fea-
tures, whose main function is to suppress
cryptic transcription and thereby play an
essential role in the correct definition of
transcription units.

Different techniques have been used
to monitor non-specific transcription ini-
tiation events. Reporter genes combined
with known cryptic promoter sequences
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were successfully used in genetic screens,
that resulted in the identification of a large
number of cryptic promoter-activating

mutants.'%!!

Northern blot experiments
showed the appearance of transcripts with
irregular length, suggesting inaccurate
transcription initiation and/or termina-

tion in these mutants.>”!?

Monitoring
AS transcript levels is also a very sensitive
tool for identifying cryptic transcript-
accumulating mutants. Cryptic promot-
ers in gene coding regions might initiate
transcription on the forward or on the
reverse DNA strand. Depending on the
orientation of the gene, these cryptic
transcripts can be aberrant sense or AS
transcripts. Detection of aberrant sense
transcripts is challenging, because they
are mostly masked by the more abundant
full-length mRNA transcripts. AS tran-
scripts, on the other hand, can be very
sensitively detected, since the level of these
transcripts in wild type (WT) cells is low.
In addition, AS transcripts can be easily
monitored genome-wide using modern
genomic techniques, allowing more robust
conclusions and meaningful comparisons
between mutants. With the help of these
techniques, several mutations that lead to
genome-wide activation of cryptic pro-
moters have been identified."’ Based on
their mechanisms of action, most of these
mutations can be sorted into four major
groups:

1) Mutations causing decreased
nucleosome occupancy.

The levels of histone proteins are tightly
controlled in eukaryotic cells, resulting in
soluble histone proteins comprising less
than 1% of the total histone content of
the cell.’* Depletion of histones con-
comitantly leads to a decrease in the over-
all number of nucleosomes incorporated
into the genome. Several mutations have
been identified that significantly decrease
the histone content of the cell mostly by
disturbing the proper recycling of nucleo-
somes during transcription elongation.
Nucleosomes must be temporarily evicted
from the DNA during transcription, and
re-incorporated after the passage of the
RNA polymerase II (RNAP II) machin-
ery, to re-establish the closed chromatin
structure. The FACT complex, together
with other histone chaperones and tran-
scription elongation factors, such as Asfl,
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HIRA complex and Spt6, have a well-
in this process.’>"
Mutations in these factors lead to severe

characterized role

depletion of histone proteins and strong
activation of cryptic promoters through-
out the genome.!*!18-20

2) Disturbed nucleosome positioning
in gene coding regions.

Nucleosomes in gene coding regions
are regularly positioned, resulting in com-
pact arrays with nearly identical spacing
between nucleosomes. This organized
nucleosome pattern plays an important
role in the repression of cryptic promoter
activity. S. cerevisiae chromatin remod-
eling enzymes, Chdl and Iswl, were
reported to cooperate in the proper posi-
tioning of nucleosomes in gene coding
regions.® Deletion of Chdl and Iswl! leads
to a strong, genome-wide increase in cryp-
tic promoter activity.”'®*" Similar results
were reported in the distantly related S.
pombe, indicating an evolutionarily con-
served mechanism. ISWI-type chromatin
remodeling factors are missing in S. pombe,
but deletion of the Chdl-type remodelers,
Hrpl and Hrp3, leads to irregular nucleo-
some positioning in gene coding regions,
and to genome-wide activation of cryptic
transcription.”®%2

3) Increased histone acetylation in
gene coding regions.

Nucleosomes in gene coding regions
show low acetylation levels compared with
promoter proximal nucleosomes. This
acetylation pattern is mainly controlled by
a histone deacetylase (HDAC) complex,
Rpd3S complex in S. cerevisiae or Clr6
complex II (Clr6-ClI) in S. pombe, which is
specifically recruited to the coding regions
of transcription units.>?** Mutations in
this complex lead to increased bulk H3
and H4 acetylation levels in the cell.?* The
acetylation pattern in transcription units
is inverted in these mutants, resulting in
significantly higher acetylation levels in
coding regions compared with promoter
regions." This drastic change in the acetyla-
tion pattern of transcription units leads to a
massive activation of cryptic transcription,
but only marginally affects the expression
levels of coding genes. Recently, another
HDAC complex, the Set3C complex, was
reported to play a role in the deacetylation
of the 5'end of gene coding regions, and
thereby repress cryptic transcription.?®
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4) Loss of H3K36 methylation.

The Set2 histone
ase is recruited to the elongating RNA
polymerase II and methylates H3K36 in
gene coding regions.””?® Deletion of Sez2
abolishes any form of H3K36 methyla-
tion in yeast and leads to the activation

methyltransfer-

of cryptic promoters. H3K36me was sug-
gested to serve as a recruitment signal for
the Rpd3S HDAC complex by the chro-
Eaf3’
According to this model, elimination
of H3K36me would inhibit the recruit-
ment of the Rpd3S HDAC complex to

coding regions and thereby increase his-

modomain-containing  subunit

tone acetylation and trigger cryptic tran-
scription. However, more recent studies
have shown that the Rpd3S complex is
recruited directly to gene coding regions
by the C-terminal domain (CTD) of
RNAP IL,*3° and deletion of Sez2 does
not change the localization of the Rpd3S
complex.’® Our recent study in S. pombe
is also inconsistent with a significant role
for H3K36me in the recruitment or activ-
ity of the Clr6-CII HDAC complex.!
Cells carrying a mutant allele of Clr6-CII
are especially defective in the removal of
the acetyl groups present on H3K9 and
H3K14 and, to a lesser extent, H4K5
and H4K8.2* We assayed bulk H3K9ac
and H3Kl4ac levels, and the genomic
distribution of these histone modifica-
tions in WT and mutant cells. As previ-
ously reported, deletion of the Clr6-CII
subunit Alp13 (homolog of S. cerevisiae
Eaf3) resulted in dramatically increased
H3K9ac and H3Kl4ac levels in coding
regions. However, we could detect only a
minor increase in H3 acetylation levels in
the sez2A strain, which was not compara-
ble to the increase detected in the alpl3A
strain.! Furthermore, combination of
set2A and alpI3A show an additive effect
on cryptic transcription activity, indi-
cating that these genes contribute to the
repression of cryptic transcription mainly
via parallel pathways.” A recent study sug-
gests that H3K36me suppresses nucleo-
some turnover at gene coding regions.”?!
Nucleosomes at promoter regions are rap-
idly exchanged while coding regions show
a slower kinetic in nucleosome turnover.
In the absence of H3K36me, the nucleo-
some turnover rate in coding regions
slightly increases compared with WT
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cells. Since soluble histones are hyper-
acetylated, the increased histone turnover
rate could explain the slightly increased
acetylation levels in the sez2A strain.

The

H3K36me represses nucleosome turn-

exact mechanism for how
over is not clear. However, in S. cerevisiae
H3K36me can specifically recruit the
Iswlb chromatin remodeling complex,’
which was reported to reduce nucleosome
turnover in gene-coding regions. An addi-
tional layer of complexity was revealed
by data suggesting that deletion of the
Chdl chromatin remodeler also increases
nucleosome turnover rates in coding
regions.”**** A possible model is that chro-
matin remodeling factors, such as Chdl
and Iswlb, might not only be responsible
for the correct positioning of nucleosomes,
but they might also prevent trans-histone
exchange by histone chaperone complexes,
thereby decreasing the rate of nucleosome
turnover in gene coding regions.”
Interestingly, the previously described
mutations lead to a nearly identical phe-
notype in cryptic transcript accumulation,
despite the fact that their effect on chroma-
tin organization is remarkably different.
Although these chromatin features might
be strongly interconnected, our results
showed that histone acetylation or H3K36
methylation does not detectably influence
nucleosome positioning or occupancy.!
Similarly, impaired nucleosome position-
ing or occupancy did not significantly
change histone acetylation patterns. How
do these seemingly very different mecha-
nisms give rise to such a similar aberrant
cryptic transcription phenotype? A pos-
sible explanation is that all of these muta-
tions lead to the temporary appearance
of NFRs in gene coding regions, which
can expose cryptic promoter sequences.
The presence of a NFR seems to be one
of the most conserved and essential fea-
tures of eukaryotic promoters, and several
lines of evidence show that an artificial
NEFR can act as a minimal promoter.”?¢3
In contrast, gene-coding regions possess
a chromatin structure that prevents the
occurrence of NFRs (Fig. 1A). Mutations
in the Chdl-type chromatin remodel-
ing factors lead to irregular nucleosome
positioning in gene coding regions, and
therefore to the random appearance of
NFR-like regions (Fig. 1B). Genome-wide
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nucleosome depletion, such as that
observed for the FACT complex mutants
or mutations in histone chaperones, do
not significantly change the positions of
the nucleosomes, but they do increase the
time that certain nucleosome positions
remain in an unoccupied state,”’ creat-
ing transient NFRs (Fig. 1C). Increased
that
reported in the sez2A strain, leads to more

nucleosome turnover, such as
frequent assembly and disassembly of
nucleosomes, thereby temporarily creating
NFRs, which could ultimately be respon-
sible for transcription initiation from these
DNA regions (Fig. 1D). Increased acety-
lation in gene coding regions, as observed
for HDAC mutants, might also result in
elevated nucleosome turnover, probably
by weakening histone-DNA interactions
and recruiting bromodomain-containing
chromatin remodeling complexes, such as
the RSC complex. The crosstalk between
histone modifications, turnover, histone
occupancy and nucleosome positioning is
poorly understood, and further studies are
necessary to better understand this highly
regulated network.

the that

repress cryptic promoter activity will also

Uncovering mechanisms
help to further understand the chroma-
tin organization of canonical promoters.
Some promoter-specific chromatin modi-
fications, such as H2A.Z or H3K4me3
nucleosomes, turned out to be the con-
sequences of promoter regions rather
than determining factors for promoter
activity.”’ Lessons from cryptic promoter-
activating mutants suggest that the key
chromatin features in determining pro-
moter regions are the presence of an NFR
flanked by hyperacetylated nucleosomes
with high turnover rates. Eukaryotic cells
have established a sophisticated machin-
ery that prohibits these chromatin features
in gene coding regions, thus preventing
unwanted transcriptional initiation events.
Interestingly, impairing these mecha-
nisms and thereby opening the chromatin
structure in gene coding regions does not
significantly influence transcription elon-
gation, as demonstrated by the relatively
minor changes in mRNA levels in these
mutants. Moreover, the closed chromatin
structure is rather inhibitory for transcrip-
tion elongation, and requires additional
complexes to open the chromatin at each
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Figure 1. Model of key mechanisms controlling cryptic transcription. Panels show schematics rep-
resenting transcription units in WT (A) or mutant cells (B-D). Colored balls represent nucleosomes
(Red: “hot” nucleosomes with a high turnover rate; Blue: “cold” nucleosomes with a low turnover
rate; Orange: nucleosomes with an elevated turnover rate). Each row of nucleosomes indicates the
chromatin structure of a single cell within the cell population (multiple rows). Red stars represent
cryptic promoter sequences, which can either be shielded by the nucleosomes (A) or exposed
when chromatin structure is impaired, resulting in cryptic transcription initiation (B-D). The empty
circles indicate NFRs in the promoter region. Overall, the model demonstrates: Cryptic promoters
are shielded in WT cells with proper chromatin structure (A); Cryptic promoters are exposed lead-
ing to cryptic transcription in cells with impaired chromatin structure due to altered nucleosome
positioning (B), nucleosome depletion (C) or increased nucleosome turnover rate in gene coding

transcription cycle. Consequently, the
above-mentioned mutants are viable in
yeast systems and show only slight growth
defects. These observations raise the ques-
tion: Why are these cryptic transcription-
repressing mechanisms so important that
they are evolutionarily highly conserved
from yeast to humans? Excessive cryp-
tic transcription and accumulation of
ncRNAs impair genomic stability, as evi-
denced by the increased sensitivity of these
mutants against genotoxic agents.>*?* One
of the major functions of the chroma-
tin structure is the maintenance of the
integrity and stability of the eukaryotic
genome. Mechanisms that impair genome
integrity are also a major cause of cancer
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development. Further understanding of
the molecular mechanisms leading to
genomic instability might provide impor-
tant insights into the mechanisms under-
lying tumorigenesis.
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