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Epigenetic systems are well known for the roles they play in
regulating the differential expression of the same genome in
different cell types. However, epigenetic systems can also
directly impact genomic integrity by protecting genetic
sequences. Using an experimental evolutionary approach, we
studied rates of mutation in the fission yeast Schizosaccharomy-
ces pombe strains that lacked genes encoding several epigenetic
regulators or mismatch repair components. We report that loss
of a functional mismatch repair pathway in S. pombe resulted in
the preferential enrichment of mutations in euchromatin, indi-
cating that the mismatch repair machinery preferentially pro-
tected genetic fidelity in euchromatin. This preference is prob-
ably determined by differences in the accessibility of chromatin
at distinct chromatin regions, which is supported by our obser-
vations that chromatin accessibility positively correlated with
mutation rates in S. pombe or human cancer samples with defi-
ciencies in mismatch repair. Importantly, such positive correla-
tion was not observed in S. pombe strains or human cancer sam-
ples with functional mismatch repair machinery.

Epigenetic systems are often considered to be biological
systems that function beside and beyond the genome (1).
Most studies have focused on the mechanisms by which epi-
genetic regulators achieve differential gene expression with-
out altering the genetic information contained in the DNA
sequence. However, an interesting but much less clear ques-
tion is whether epigenetic systems can directly impact the
fidelity of the genetic system and affect the accumulation of
DNA mutations.

Mutations continually arise during cell proliferation, devel-
opment, and evolution and under pathogenic conditions. The
mutation rate is controlled by the rate at which errors occur in
the DNA sequence and the rate of DNA repair. Therefore,
questions related to the impact of epigenetic systems on genetic
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sequence fidelity can be broken down into two parts: do epige-
netic systems affect the rate at which errors occur in the DNA
sequence, and/or do they affect the rate of DNA repair?

Upon the occurrence of a DNA synthesis error and a DNA
mismatch pair, genetic fidelity is first safeguarded by the 3" to 5’
exonuclease activity termed proofreading activity of the DNA
polymerase (2). For mismatches that escape the surveillance of
DNA polymerase proofreading activity, the mismatch repair
system is the primary protection mechanism against the fixa-
tion of such a replication error or the occurrence of an acquired
mutation during DNA replication (3—5). The mismatch repair
pathway plays a crucial function in protecting genetic fidelity,
because it is tightly associated with DNA replication and
ensures that most DNA sequence errors that occur during
DNA replication are repaired (3-9).

Analysis of spontaneous mutation rates in various organ-
isms revealed that rates of spontaneous mutation are highly
similar across different families within the same order, but
they differ substantially among organisms from different
orders (10, 11), suggesting that a given organism displays a
relatively constant rate of spontaneous mutation. Neverthe-
less, regional variation in the accumulation of mutations has
been reported in several species (12—17). More recently, it
has been reported that nucleosome occupancy may impact
the accumulation of mutations (18) and that heterochro-
matic regions tend to accumulate more mutations (15, 17,
19, 20), suggesting that the epigenetic status of different
chromatin regions may impact whether a mutation occurs or
whether a mutation is repaired.

To directly investigate the impact of epigenetic regulators on
the accumulation of mutations and to understand whether
either the occurrence of a mutation or the repair of a mutation
is predominantly affected by chromatin status, we took advan-
tage of an experimental evolutionary approach by using several
Schizosaccharomyces pombe strains that contain deletions of
genes encoding key epigenetic regulators or mismatch repair
components. We found that loss of the epigenetic players that
we tested led to minor increases in the mutation rate. Interest-
ingly, we discovered that the high genetic fidelity that was
observed in euchromatic regions was largely caused by prefer-
ential protection by the mismatch repair pathway. Defects in
the mismatch repair machinery led to profound changes in the
mutation landscape in the genome in both S. pombe and human
cancers.
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Results

Experimental Evolution in Fission Yeast Strains Containing
Deletions of Various Epigenetic Regulators—To investigate
whether epigenetic regulators affect the fidelity of genetic
information, we chose the fission yeast S. pombe as our starting
model system for three reasons: 1) S. pombe grows quickly
enough to allow an experimental evolutionary approach and to
accumulate enough mutations to be useful in analysis within a
reasonable period of time; 2) S. pombe has a small haploid
genome that can be easily sequenced at sufficient depth to call
mutations; 3) S. pombe has a more complicated epigenetic sys-
tem than the budding yeast Saccharomyces cerevisiae (21-30),
which harbors heterochromatin regions marked by histone
H3K9? dimethylation (H3K9me2) (23, 27).

We chose the WT haploid S. pombe strain LD331: h+ as our
starting strain and generated KO strains for genes encoding six
epigenetic regulators (Clr4, an H3K9-specific histone methyl-
transferase; Set2, an H3K36-specific histone methyltransferase;
Pcfl, a subunit of the chromatin assembly complex CAF1;
SIm9, a subunit of the chromatin assembly complex HIRA;
Dcrl, an enzyme that generates siRNA and part of the RNAi
machinery; Agol, an siRNA-binding protein and part of the
RNAi machinery); and Mshé, a protein that is a key component
of the mismatch repair machinery (31) (Fig. 14). All knock-out
strains were verified by PCR (Fig. 1B) and high-throughput
sequencing data.

Using an experimental evolutionary approach, all of the
above strains were subjected to single cell bottleneck passages
with five independent mutation accumulation lines per strain.
During each passage, one single colony per line was picked up
and streaked onto a new plate of solid YES medium containing
full supplements (Fig. 1C). Each mutation accumulation line
was numbered according to its colony number at the first pas-
sage, and this number was strictly retained only for its proge-
nies to avoid mixing between individual mutation accumula-
tion lines. In each passage, cells were estimated to experience
between 19 and 21 mitotic divisions (Table 1). Therefore, at the
time point corresponding to the 100th passage (P,,), the cells
were ~2,000 generations from their starting point (P,,).

Genomic DNA was extracted from all of the lines at P, ,, and
P, and subjected to paired-end high-throughput sequencing
(PE 100 or PE 125) (Fig. 1C; see “Experimental Procedures” for
details). The average coverage of all 48 of the samples (5 at P,
and 1 at P, for each strain) ranged from 80- to 180-fold across
the genome.

We developed a pipeline (Fig. 24) for defining the mutations
that accumulated during our experimental evolution. Muta-
tions at uniquely aligned reads were relatively easy to call using
GATK (32). In contrast, mutations that occurred at multiple
aligned reads were more challenging to call and have typically
been abandoned during analysis in many previous studies.
However, this would compromise the analysis of mutations at
heterochromatic regions, which contain more abundant

3 The abbreviations used are: H3K9, histone H3 Lys-9; H3K9me2, H3K9 dimeth-
ylation; MNNG, methylnitronitrosoguanidine; EMS, ethyl methanesulfon-
ate; MSS, microsatellite-stable; MSI-H, microsatellite highly instable; PE,
paired-end.
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repeats. To improve our analysis in repetitive regions, we first
employed PE 100 or PE 125 sequencing to obtain longer reads.
Next, we randomly assigned one of the repetitive sites as the
target site for multiple aligned reads, and then we excluded
those identified mutations that resided exactly at the varied
bases among the same group of repeats (Fig. 24). This approach
allowed us to confidently call single-nucleotide substitutions
and 1-bp indels in the repetitive regions. However, accurately
identifying indels larger than 2 bp remained a challenging task.
Nevertheless, based on an analysis of the uniquely aligned
reads, we found that 1-bp indels accounted for the majority
(>70%) of total indels (Fig. 2B). Therefore, we concentrated our
subsequent analysis on single-nucleotide substitutions and
1-bp indels that were called at unique and multiple aligned
reads.

Using the above-described pipeline, we identified a total of
3,321 mutations in all of the P, ,, samples compared with their
own P, samples (Fig. 34). To validate our analysis pipeline, we
chose one of the mutation accumulation lines (agoIA P,,,-1)
and performed Sanger sequencing of the regions surrounding
all 23 of the mutations that were called by our analysis pipeline.
Among the 23 mutations identified using high-throughput
sequencing, only one single-nucleotide substitution at a highly
repetitive region was not clarified using Sanger sequencing
(Table 2). This single-nucleotide substitution occurred in a
region containing 10 different copies in the genome, and it was
therefore difficult to validate it using Sanger sequencing.
Therefore, we concluded that the vast majority (and potentially
all) of the mutations identified by our analysis pipeline were
true mutations.

Modest Protection of Genetic Fidelity by Epigenetic
Regulators—For all eight of the strains tested, the wild-type
strain accumulated the lowest number of mutations, and as
expected, the mismatch repair-deficient msh6A strain accumu-
lated 30-fold more mutations (Fig. 3A). Interestingly, all of the
epigenetic regulator-deficient strains that were tested displayed
a modest but statistically significant increase in the total num-
ber of mutations, with the exception of the set2A strain (Fig.
3B). This suggests that these epigenetic regulators may contrib-
ute to the protection of genetic fidelity in some degree. How-
ever, the total number of mutations accumulated in these lines
was too small to allow deeper and more confident analysis, and
we reasoned that the use of an experimental evolutionary sys-
tem at a different scale would be required for such a purpose.

Preferential Protection against Indels by the Mismatch Repair
Complex MutSa—To investigate what kind of mutations were
preferentially enriched in the strains containing either a defec-
tive mismatch repair pathway or compromised epigenetic reg-
ulatory pathways, we first calculated the total number of each
type of single-nucleotide substitution. Generally, the total
numbers of transitions (C:G > T:A and A:T > G:C) and trans-
versions (G:C > T:A, A:T > C:G, A:T > T:A, and G:C > C:Q)
were similar in most strains, with the exception of the msh6A
strain (Fig. 3, Cand D). This may not indicate that the mismatch
repair machinery preferentially repairs transition type errors;
instead, it is more probable that these results are a consequence
of transition type errors occurring more frequently during
DNA replication than transversion type errors (33).
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A
S. pombe gene Human ortholog Biological function
msh6 MSH6 Mismatch repair, MutSa complex subunit.
clr4 SUV39 Histone methyltransferase sepcific for H3K9, heterochromatin formation.
sim9 HIRA H3.3 chaperone, replication-independent chromatin assembly.
pcf CHAF1A CAF-1 complex subunit, replication-dependent chromatin assembly.
ago1 AGO1 RNAI pathway, single strand siRNA binding protein.
dert DICERT1 RNAIi pathway, siRNA producing enzyme.
set2 SETD2 Histone methyltransferase specific for H3K36.
B -
Positive PCR test
dcriA clr4A agoiA
KanMX - —600 bp
promoter Positive tes! . I BN -0
t ) 400
Negative test q T D)
A A chk ck+ A A
570bp y msh6A pcf1A 600 bp
. Positive test [ ————— 500 bp
Negative PR test Negative test -~
Target gene A A A AAA A Clkck+ A A P
romoter set2A SIm9A g0,
fpg-r Positive test b
Negative test (= - I
A A A A A A A —200bp
320bp
c WT LD331
=) pcf1A Set2A sim9A clr4A agoiA der1A msh6A WT
P

Epigenetic players

Mismatch repair

Genomic resequencing

FIGURE 1. Knock-out strains and experimental scheme. A, list of the genes chosen for analysis. B, PCR validation of the knock-out strains. The KanMX gene
replaced the target gene in the genome by using homolog recombination. The arrows indicate positive knock-out clones. C, experimental scheme. Five
independent mutation accumulation lines were created for each strain to undergo 100 single-cell bottleneck passages (P, to P, ). Mutations were identified

using high-throughput sequencing.

Similar to what was observed in the wild-type strain, the
strains lacking epigenetic regulators displayed a ratio of indel/
single-nucleotide substitution of ~0.9 (Fig. 4A4), suggesting that
they had a minimal impact on this process. In contrast, the
msh6A strain had a ratio of indel/single-nucleotide substitution
of 5 (Fig. 4A4). This observation is consistent with findings in
previous studies that used budding yeast (34, 35). This may be
explained by the fact that the MutSa complex (Mshé is a sub-
unit of the MutSa complex) preferentially repairs mismatches
with looped-out bases.
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Interestingly, when we further analyzed the type of indels
(insertions or deletions) that accumulated in these strains, we
found that most strains, including the wild-type strain, accu-
mulated 2—3-fold fewer deletions than insertions (Fig. 4B). This
differs from what was observed in budding yeast S. cerevisiae
(36), but it is consistent with a recent fission yeast S. pombe
study (37). This is an interesting observation because it suggests
that although both insertions and deletions create looped-out
structures in double-stranded DNA, they are likely to be differ-
entially sensed by the mismatch machinery, because insertions
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TABLE 1
Generation estimates for single cell bottleneck passages
Cell Generation
Diameter number Duplicates Average
mm
1.0 1,050,000 20.00 1991
925,000 19.82
1.5-1.7 3,175,000 21.6 21.4
2,425,000 21.21
1.5 2,700,000 21.36 21.2
2,150,000 21.04
0.8 525,000 19.00 19.35
850,000 19.7

are associated with looped-out structures at the newly synthe-
sized daughter strand, whereas deletions are associated with
looped-out structures at the mother strand. It appears that the
fission yeast S. pombe mismatch repair machinery preferen-
tially recognizes the latter. Indeed, the msh6A strain accumu-
lated ~4-fold more deletions than insertions, which reflects a
>8-fold change compared with all of the other strains (Fig. 4B),
further supporting our notion.

The above observations were obtained from analysis of an
experimental evolutionary process in which most of the muta-
tions were classified as spontaneous mutations. We next exam-
ined the role of the mismatch repair machinery in protecting
the genome against mutations induced by chemical mutagens.
We performed chemically induced mutation experiments
using mutagens such as methylnitronitrosoguanidine (MNNG)
or ethyl methanesulfonate (EMS) in the msh6A, agolA, clr4A,
pcfIA, and wild-type strains. MNNG is a mutagen that alkylates
the O4 position of thymine or the O6 position of guanine,
whereas EMS is an alkylating agent that converts guanine to
O-6-ethylguanine (38 —40). MNNG did not induce more sin-
gle-nucleotide substitutions in the msh6A strain than in the
other strains (Fig. 54), most likely because MNNG-induced
mutations may not be the ideal substrate for the mismatch
repair machinery, which primarily functions in proximity to the
replication fork to repair DNA replication errors (8, 9, 41-43).
Nevertheless, MNNG treatment resulted a robust increase
(10-20-fold) in indel accumulation in the msh6A strain com-
pared with the other strains (Fig. 5, A and B), which supports
our observation that the MutSa complex preferentially targets
looped-out structures in double-stranded DNA that may lead
to indels if unrepaired. EMS treatment generated fewer muta-
tions (Fig. 5A) in this experimental setup, but it also induced a
higher number of indels in the msh6A strain than in the other
strains (Fig. 5, A and C). Taken together, the above results col-
lectively indicate that the MutSa complex preferentially pro-
tects the genome against indels, which is consistent with its
known biochemical features (44).

Preferential Protection of Genome Fidelity in Euchromatin by
the Mismatch Repair Machinery—As we described previously,
during our analysis of the experimental evolutionary data set,
we separated the reads into two groups, the uniquely aligned
reads and the multiple aligned reads (Fig. 24), for technical
reasons. Surprisingly, we observed a striking difference in the
number of mutations called for each of these two groups of
reads. The msh6A strain accumulated a much higher number
of mutations that were within uniquely aligned reads than all of
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the other strains, but it had only a much smaller increase in the
number of mutations that were within multiple aligned reads
(Fig. 6A).

Because the initial aim of this study was to examine the role of
epigenetic regulation in protecting genome fidelity, this unex-
pected observation immediately attracted our attention
because the multiple aligned reads corresponded to repetitive
sequences, which are often enriched in heterochromatin (45—
51). Heterochromatic regions in S. pombe are marked by
H3K9me2 (23, 27). Therefore, we defined the boundaries of
S. pombe heterochromatin and euchromatin using previously
published H3K9me2 ChIP-seq data (52) (Fig. 6B) and analyzed
the accumulated mutations in heterochromatin and euchroma-
tin (Fig. 6C). Clearly, the msh6A strain accumulated a dispro-
portionally high number of mutations in euchromatin in com-
parison with all other strains (Fig. 6C).

Then we calculated the mutation rate by normalizing the
number of mutations to the length of the corresponding
genomic regions. The mutation rate was clearly 5-14-fold
higher in heterochromatin than in euchromatin in all of the
tested strains except for the mismatch repair-deficient msh6A
strain, in which the difference was reduced to ~1.5-fold (Fig.
6D). The increased mutation rate in heterochromatin has been
reported previously in other organisms (15, 17, 19, 20). Our
finding that the loss of mismatch machinery effectively abro-
gates such trend suggests that the mismatch repair machinery
preferentially protects genetic fidelity in euchromatin.

We also noted that although loss of Clr4 is known to disrupt
heterochromatic silencing (21), it did not cause a decreased
number of mutations within heterochromatin in comparison
with the wild-type strain (Fig. 6C), which we believe can be
explained by two potential reasons. First, the number of muta-
tions in heterochromatin identified from the wild-type strain (a
total of 11) was very small, and it could be hard to expect a
further decrease upon loss of Clr4, because at this level, any
stochastic changes during the experiments could affect the
readout. Second, loss of Clr4 reverts heterochromatin silenc-
ing, but it may not fully alter the chromatin structure of hetero-
chromatin. Of note, in mammalian cells lacking both homo-
logues of Clr4 (Suv39hl and Suv39h2), DAPI-dense regions
remained, despite of disruption of heterochromatin silencing
(53). This is an indication that the loss of H3K9 methylation
does not fully abolish the structure of heterochromatin, and
DNA-dense regions could still be formed in the cells.

Loss of Msh6 in S. pombe Altered the Chromatin Distribution
of Mutations and Led to a Positive Correlation between Chro-
matin Accessibility and Mutation Rate—The explanation for
the elevated mutation rate in heterochromatin is unclear. Due
to the late replicating nature of heterochromatin, it has been
proposed that replication occurring at late S phase might be
more error-prone during DNA synthesis (54—56). However,
this does not explain our observation that the low mutation rate
in euchromatin became disproportionally increased by disrupt-
ing the mismatch repair machinery (Fig. 6D). We reasoned that
preferential protection of euchromatin was probably due to the
restricted access of the mismatch repair machinery at the het-
erochromatic regions. To directly interrogate the relationship
between chromatin accessibility and mutation accumulation,
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FIGURE 2. The bioinformatics pipeline and length distribution of indels. A, the pipeline used in data analysis for read alignment and mutation identification
(see “Experimental Procedures” for details). Uniquely and multiple aligned reads underwent two different procedures for mutation identification. B, length

distributions for indels from uniquely aligned reads of the listed strains.

we performed DNase I sequencing experiments and cross-ex-
amined chromatin accessibility data with our mutation accu-
mulation data.

Currently, due to the large number of repetitive sequences,
the reference genome of S. pombe is incomplete, especially at
the heterochromatic region, which affects our DNase I
sequencing analysis at heterochromatic regions. Therefore, we
focused on euchromatin regions and analyzed the relationship
between chromatin accessibility and the mutation rate within
euchromatin.

The number of mutations accumulated in individual strains
except msh6A was insufficient for statistical analysis. Nonethe-
less, these strains share a similar global DNase I sequencing
profile, and we decided to combine these strains as the msh6
wild-type group and pooled their mutations for further analy-
sis. We first divided the yeast genome into 1-kb windows and
scored their DNase I sequencing read density. Next we ranked
all of these windows according to their read density and merged
them into 100 units. We then calculated the mutation rate for
each unit and plotted it against the DNase I sequencing read
density. It is easily appreciated that the mutation rate displayed
a strong positive correlation with read density in msh6A strains
(r* = 0.61, slope = 1.02) (Fig. 7A4), and such correlation was not
observed in the msh6 wild-type group (> = 0.09, slope = 0.11)
(Fig. 7B).

As a control analysis, the single-nucleotide substitutions
induced by MNNG that could bypass mismatch repair (Fig. 54)
did not show a positive correlation between DNase I sequenc-
ing read density and mutation rate in msh6A strains and other
tested strains (Fig. 7C).

These data collectively suggest that the function of mismatch
repair machinery is regulated by chromatin accessibility, and
such regulation is one major player in setting the spontaneous
mutation landscape across the genome.

17696 JOURNAL OF BIOLOGICAL CHEMISTRY

Differential Contributions of Chromatin Accessibility in
Human Cancers with or without Mismatch Repair Deficiency—
The above data suggest that the mismatch repair machinery
preferentially protects open chromatin regions that are highly
accessible. Notably, a large number of human cancers are asso-
ciated with microsatellite instability resulting from deficiency
in the mismatch repair pathway (5, 6, 40, 57— 60). Recently, it
has been revealed that microsatellite instable cancer samples
display altered mutation landscape, and mutations arising after
the inactivation of mismatch repair are no longer enriched in
heterochromatin relative to euchromatin (61). The same study
proposed that such a phenomenon might be caused by replica-
tion timing or chromatin accessibility (61). These observations,
together with our fission yeast data (Fig. 7, A and B) prompted
us to investigate whether human cancers with or without mic-
rosatellite instability may display distinct patterns of accumu-
lated mutations at genomic regions that display different levels
of accessibility within euchromatin.

We analyzed a public exon mutation data set of colorectal
cancer samples obtained from 246 patients (the International
Cancer Genome Consortium database, release 18). Colorectal
cancers often display increased mutation rates due to the inac-
tivation of the mismatch repair or other DNA repair pathways
(5, 40, 57— 60, 62). These colorectal cancer samples were clas-
sified into two groups, a microsatellite-stable (MSS) group and
amicrosatellite highly instable (MSI-H) group, which represent
cancer samples with functional or deficient mismatch repair
pathways, respectively. Cancer samples in the MSI-H group
displayed 5-fold more mutations than the MSS group, on aver-
age (Fig. 8, A and B), which is consistent with their deficiencies
in the mismatch repair pathway.

To validate our hypothesis that the mutation landscape in
cancer samples may be influenced by the accessibility of the
local chromatin environment, we cross-analyzed the ENCODE
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FIGURE 3. Summary of mutation characteristics in experimental evolution. A, summary of quantity of mutations identified in all samples. B, box plots of the
numbers of mutations in the listed strains. p values were calculated using the Wilcoxon Mann-Whitney test (¥, p < 0.05; **, p < 0.01). Median, middle bar inside
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TABLE 2
Mutation validation for agoAP, -1
Base Copy number  Validation

ID Chromosome Position agoAP, agoAP,,,-1 Flanking sequence Single-nucleotide substitution/indel in genome

1 chrl 224 A G geaagttgtgGteggecttge  Single-nucleotide substitution 2 True
2 chrl 2224 T C gccaattggtCttgtaagtca Single-nucleotide substitution 2 True
3 chrl 438,086 C T catcattcacCgttagcgact Single-nucleotide substitution 1 True
4 chrl 2,594,351 T TA aaaagcttcaTaacagatgta  Indel 1 True
5 chrl 3,789,471 C T aaagaaggtaTattgatgcat  Single-nucleotide substitution 10 Not sure
6 chrl 4,455,149 G GA aaattaactaGaaaaaaaaaa  Indel 1 True
7 chrl 4,658,949 T C aaacgatttaTcgatatttac Single-nucleotide substitution 1 True
8 chrl 4,667,235 A C ccaaaatttaActgtatggga Single-nucleotide substitution 1 True
9 chr2 960,775 C CA geegatgegaCecaggttega  Indel 1 True
10 chr2 1,267,916 AT A caacgaatcaAtttttttttt Indel 1 True
11 chr2 1,635733 G A agatacgttgAatgttgttgc Single-nucleotide substitution 6 True
12 chr2 1,659,092 G GA ttgtgcttttGaaaaattcta Indel 1 True
13 chr2 1,748,389 A C tgagaaaaaaAaattcaacaa  Single-nucleotide substitution 1 True
14 chr2 2,034,216 C T gatatcgaacCggcagaagag  Single-nucleotide substitution 1 True
15  chr2 2,088,866 C T tattatagacCcaattattgg Single-nucleotide substitution 1 True
16 chr2 3,058,544 T TG agtacttaagTgggggggggg  Indel 1 True
17 chr2 3,725,872 C T gcaggaaaacCggttcaatcg  Single-nucleotide substitution 1 True
18  chr2 4,531,749 C T tcttccccecCaccacageca  Single-nucleotide substitution 3 True
19 chr3 826,308 G T atctttaaagGagatttgaat Single-nucleotide substitution 1 True
20 chr3 1,110,963 TC T tttgcgcaacTcctgettate Indel 10 True
21  chr3 1,300,027 G T tattttagctGettttaaagg Single-nucleotide substitution 1 True
22 chr3 2,010,864 G GTA tagaatcatcGtatatatata Indel 1 True
23 chr3 2,448,309 T TAA catatagtttTaaaaaaaaaa Indel 1 True
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DNase I accessibility sequencing data set of the colorectal ori-
gin cell line HCT-116 (63) and the aforementioned colorectal
cancer exome mutation data set. We modified our fission yeast
analysis pipeline slightly, by dividing the human genome into
10-kb windows, and we then selected windows containing at
least 50 bp of exonic DNA (63,606 windows in total) for further
analysis. We sorted all of these windows according to their
DNase I sequencing reads and merged them into 100 units
(DNase I sequencing reads from low to high, with units 1-99
containing 637 10-kb windows each and unit 100 containing
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543 10-kb windows). We then calculated the number of muta-
tions per megabase of exon length in each unit and plotted this
number against the DNase I sequencing read density.

For MSS cancers with a normal mismatch repair pathway, we
observed that more mutations occurred within genomic
regions with a lower DNase I sequencing read density (p,o. =
—0.86; Fig. 8C). We also noticed that this negative correlation
appeared in two distinct linear phases. In genomic regions with
DNase I sequencing read densities <2.2 (phase I), a negative
correlation with a relatively sharp slope was observed (slope =
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—2.12, r = —0.65), whereas in genomic regions with DNase I
sequencing read densities >2.2 (phase II), a negative correla-
tion with a much flatter slope was observed (slope = —0.15, 7 =
—0.86) (Fig. 8C). We reasoned that in relatively more closed
chromatin regions (phase I), chromatin accessibility is probably
the major rate-limiting factor that determines the access of
DNA repair machineries, and it therefore has a greater impact
on the accumulation of mutations. However, the impact of
chromatin accessibility becomes less profound in more open
chromatin regions (phase II), which are more freely accessible
in general.

Importantly, we observed a dramatic change in the mutation
landscape in the MSI-H cancer samples. The overall negative
correlation between the mutation rate and chromatin accessi-
bility was diminished (p,.,, = 0.16; Fig. 8D). This was primarily
caused by changes toward the opposite direction within the
closed chromatin regions. Instead of the negative correlation
that was observed in the MSS cancer samples, the MSI-H can-
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cer samples displayed a strong positive correlation between
mutation rates and chromatin accessibility at closed chromatin
regions (phase I) (slope = 6.39, r = 0.65). In contrast, the
MSI-H cancer samples displayed much milder changes in the
mutation landscape at open chromatin regions (phase II)
(slope = —0.34, r = —0.58).

The above results indicate that in fission yeast and human
cancer samples, some physical or biological aspect of chroma-
tin structure contributes to the landscape of the mutation accu-
mulation rate, probably involving differential accessibility of
the DNA repair machinery to distinct chromatin regions

Discussion

The observation that the chromatin environment can affect
the rate at which mutations accumulate and the landscape rep-
resenting the distribution of mutations across the genome (19,
64-66) has prompted many studies that aim to reveal the
mechanisms underlying these relationships. The accumulation
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of mutations is apparently the consequence of two potential
causes, the rate at which DNA sequence errors occur and the
DNA repair rate. Because regions with elevated mutation rates
appear to be correlated with late replication of DNA sequences
(16, 61), it has been proposed that replication timing may be a
major contributor to the uneven distribution in mutations
observed across the genome, which may imply that late repli-
cating forks are prone to DNA synthesis errors (16). On the
other hand, nucleosome occupancy has been reported to
reduce the accumulation of mutations, in particular the Cto T
transitions caused by cytosine deamination that probably occur
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less frequently in nucleosomal DNA that is protected by his-
tones (18).

In this study, we attempted to directly investigate the contri-
bution of epigenetic regulators to the control of the mutation
rate using an experimental evolutionary system that allowed us
to compare different S. pombe strains that contained deletions
of various epigenetic regulators. In human cells, H3K36 meth-
ylation facilitates mismatch repair by recruiting human MSH6
(67). In our study, set2A strain displayed no significant change
of mutation rate. This could be explained by the fact that fission
yeast S. pombe MSH6 lacks a PWWP domain that preferentially
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associates with methylated H3K36. We did observe a modest
increase in mutation rates in strains lacking several other epi-
genetic regulators (Fig. 3, A and B), suggesting that loss of these
epigenetic regulators, including components of the RNAi
machinery and histone methyltransferase and chaperones, may
affect the protection of genome fidelity. However, we also
would like to point out that the observed level of change was
relatively subtle, and the number of accumulated mutations
was too small for further analysis. Because of these reasons, our
observation may even be affected by stochastic events that
occurred during the experiment procedure. We think that
future investigations on a much greater scale may help to pin-
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point the roles of these epigenetic regulators in the regulation of
genome fidelity.

On the other hand, we observed a much more profound role
of chromatin in genome protection. An elevated mutation rate
at heterochromatin has been observed previously in various
organisms (15, 16, 19, 35). A number of reasons have been pro-
posed as potential explanations, including error-prone late rep-
lication, chromatin structure-mediated DNA sequence protec-
tion, chromatin accessibility for DNA repair, etc. The
dramatically elevated mutation rate and its preferential distri-
bution in euchromatin observed in the fission yeast S. pombe
msh6A strain (Fig. 6, C and D) provide direct evidence that the
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elevated mutation rate in heterochromatin is primarily due to
preferential protection in euchromatin under wild-type condi-
tions, whereas error-prone DNA synthesis during late replica-
tion may only be a minor contributor. Furthermore, we
observed that the spontaneous mutation rate displayed a strong
positive correlation with chromatin accessibility only when
mismatch repair machinery was impaired, both in fission yeast
(Fig. 7A) and in human cancer samples (Fig. 8D). These obser-
vations argue that chromatin accessibility-regulated mismatch
repair is one major mechanism for an elevated mutation rate in
heterochromatin regions. Although we cannot rule out contri-
butions from potential error-prone DNA synthesis in late rep-
licating heterochromatic regions, we identify that restricted
access of the mismatch repair machinery is one important con-
tributor to the elevated mutation rate in these regions.

One interesting question is why chromatin can play a role in
regulating mismatch repair, a process that largely accompanies
DNA replication, during which chromatin structure must be
unpacked. Of note, unpacking of chromatin structure during
DNA replication is a transient event coupled with the passage of
the replication fork. DNA exists in the context of chromatin
immediately before and immediately after the passage of the
replication fork (68 —71). Thus, we reason that before the pas-
sage of the replication fork, chromatin accessibility can regulate
the local concentration of mismatch machinery and therefore
impact subsequent repair efficiency. Indeed, in mammalian
cells, H3K36 methylation, a chromatin mark, facilitates the
recruitment of mismatch repair machinery and promotes
repair efficiency (67), which is a good example of the role of
chromatin in facilitating mismatch repair during replication.

We hypothesize that the preferential protection of genetic
fidelity in euchromatin has two beneficial roles. First, muta-
tions in actively transcribed open chromatin regions may cause
deleterious effects to cells and should therefore be preferen-
tially suppressed. Second, the increased mutation rate observed
in heterochromatin regions may allow the origin of new regu-
latory elements or even new genes during evolution. Indeed, it
has been reported that many newborn enhancers in humans are
derived from Alu repeat sequences (72), which are often
embedded within less accessible genomic regions (73-78).
Finally, this study also provides direct evidence indicating a
regulatory role for epigenetic information in the control of
genetic fidelity in addition to its well understood role in the
regulation of transcription.

Experimental Procedures

S. pombe Knock-out Strains—In this study, all knock-out
strains (Fig. 1A) were derived from the haploid wild-type strain
LD331: h+. Knock-out strains were generated according to the
methods described previously (79). DNA fragments containing
the KanM X6 cassette for recombination were amplified from the
pFA6a-KanMX6 plasmid using long primers that covered the
upstream or downstream flanking sequences of the target genes.
All mutant strains were verified by positive and negative PCR
tests, as shown in Fig. 1B. For positive tests, the upstream prim-
ers were designed within the KanMX cassette, and the down-
stream primers were designed according to sequences down-
stream of the stop codon of the target genes. For negative tests,

17702 JOURNAL OF BIOLOGICAL CHEMISTRY

both primers were designed within the corresponding target
genes. These knock-out strains were also confirmed by subse-
quent high-throughput sequencing data.

Mutation Accumulation Lines and Estimation of the Number
of Cell Generations—All 40 mutation accumulation lines were
selected from single P colonies of eight strains. They were then
continuously passed using a single-colony bottleneck culture
approach on solid YES medium containing full supplements
(80). To minimize variation in cell generation across all of the
strains, we consistently chose colonies that were ~1 mm in
diameter for passage.

To estimate the number of cell generations in each passage,
we randomly picked two colonies of each size, counted the cell
numbers, and then estimated the number of cell divisions or
generations. Cells went through ~20 generations in each pas-
sage under our culture conditions (Table 1).

DNA Library Preparation and Illumina® Sequencing—
Genomic DNA samples were sonicated into fragments with
average length of 500 bp using a Covaris® M220 sonicator, and
then sequencing libraries were prepared using KAPA® Hyper
Prep kits (KK8504), according to the manufacturer’s instruc-
tions. We also designed 24 paired-end sequencing adapters
with barcodes to multiplex the sequencing experiments.

Forty experimentally evolved lines (five lines per strain for
the agolA, clr4A, derlA, msh6A, pcflA, set2A, sim9A, and WT
strains), eight corresponding P, strains, 15 MNNG-treated
lines (five lines per strain for the c/r4A, msh6A, and WT strains),
and three corresponding untreated strains were sequenced
using an Illumina® HiSeq 2000 sequencer for PE 100 sequenc-
ing with an average insertion size of 500 bp. Two additional W'T
P, strains were sequenced using an Illumina® HiSeq 2000
sequencer for PE 50 sequencing with an average insertion size
of 200 bp. Ten lines (5 lines/strain for the agoIA and pcfiA
strains) were treated with MNNG, with their corresponding
untreated strains used as controls, and 25 lines (5 lines/strain
for the agolA, clr4A, msh6A, pcflA, and WT strains) were
treated with EMS, and their corresponding untreated strains
were used as controls. All strains were sequenced using an Illu-
mina® HiSeq 2500 sequencer for PE 125 sequencing with an
average insertion size of 500 bp.

Mutation Identification—Contaminated adapters were
removed using Cutadapt (81). Then we used SolexaQA (82)
(version 3.1.3) to filter the sequencing data. For each read, the
longest contiguous segment with a quality score of >20 was
retained. Reads were aligned to the fission yeast reference
genome (NCBI Schizosaccharomyces_pombe_uid127) using
BWA (83). Potential PCR duplicates were removed using sam-
tools (version 0.1.18) (84). Then local realignment around
indels was performed using IndelRealigner in the Genome
Analysis Toolkit (GATK version 3.2.0) (32). UnifiedGenotyper
in GATK was used with the parameters “-mbq 35 -ploidy 1
-stand_call_conf 30 -stand_emit_conf 10 -minIndelFrac 0.7” to
call mutations. VariantFiltration in GATK was used with the
parameters “DP < 5.0 QD<<2 FS>60 MQ<40 MQRankSum<
—12.5 ReadPosRankSum < —8.0” for single-nucleotide substi-
tutions and with the parameters “DP < 5.0 QD < 2 FS > 200
ReadPosRankSum < —20.0” for INDEL to filter mutations. For
single-nucleotide substitutions, the frequency of the mutant
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allele was required to be >75%. In addition, all mutations
resulting in variations within the adjacent 10 bp were removed.
Then evolved strains were compared with P, to identify muta-
tions. For multiple aligned reads, we chose those with a mis-
match = 1 and randomly assigned one site for each mismatch.
Then we set the MAPQ to 40 and subjected them to mutation
calling and filtering with GATK. The same settings were
applied for mutation calling in uniquely aligned reads. When
the same mutations were found in different copies of one given
repeat group, they were merged. For each mutation that was
identified in the multiple aligned reads, the base compositions
ofthe Pyand P, ,, (or untreated and chemically treated) samples
at the corresponding mutation site were computed, and we
retained those mutations with a p value of <0.05 (Fisher’s exact
test). If opposite single-nucleotide substitutions were identi-
fied, both of them were discarded.

Mutation Validation—We chose agoIA P, ,,-1 as the valida-
tion sample. From it, 23 mutations were identified using our
data analysis pipeline. PCR primers were designed using
Primer3 (libprimer3 release 2.3.6) (85, 86), and DNA fragments
containing mutation sites were amplified from genomic DNA.
The amplified products were cloned for Sanger sequencing.

Categorization of Euchromatin and Heterochromatin
Regions—The heterochromatin regions in fission yeast
S. pombe were defined using previously published H3K9me2
ChIP-Seq data (52). The reads were aligned using Bowtie (87),
and the peaks were called using MACS2 (88) with the parame-
ter “-q le-6”. Then peaks within 15 kb were merged to define
the heterochromatin regions.

DNase I Sequencing—Nuclei from S. pombe were prepared as
described (89), with some modifications. Yeast cells were col-
lected, washed, and then suspended with 5 ml of lysis solution
(5 mm 2-mercaptoethanol, 1 M sorbitol) per g of cells (wet
weight). Cells were digested for 40 min at 28 °C with 8 mg/ml
Zymolase 20T (MP Biomedicals). The spheroplasts were
washed with 1 M sorbitol and then resuspended in 4 ml of Ficoll
buffer (18% (w/v) Ficoll, 20 mm KH,PO,, pH 6.8, 1 mm MgCl,,
0.25 mM EGTA, and 0.25 mm EDTA). After 13,000 X g centrif-
ugation, the nuclear pellet was washed by DNase I buffer (15
mM Tris-HCl, pH 7.5, 75 mm NaCl, 3 mm MgCl,, 0.05 mm
CaCl,, and 1 mm 2-mercaptoethanol). The nuclear pellet was
suspended in 2.4 ml of DNase I buffer/g of starting cells (wet
weight). Aliquots of 200 ul each were digested with 10 units/ml
DNase I (Beyotime Biotechnology) at 37 °C for 5 min. Digestion
was stopped with 1% SDS and 10 mm EDTA, pH 8.0. Then 5%
(v/v) proteinase K (20 mg/ml) was added and incubated over-
night. 1 M NaClO, was added for maxima isolating DNA from
chromatin, and DNA samples were treated with RNase A (10
mg/ml). A DNase I sequencing library was prepared similar to
the above mentioned genomic sequencing library, with one
modified step of size selection for DNA fragments between 160
and 400 bp.

The data set supporting the results of this article is publically
available at the Sequence Read Archive of NCBI under the
accession number SRP065655. All barcodes have been removed
in our deposited sequencing data.
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Correlation Analysis between Mutation Rates and DNA
Accessibility in Colorectal Cancers—The somatic mutations
called from colorectal cancer exomes were downloaded from
the International Cancer Genome Consortium database
(release 18). Exomes with 50 or more mutations were retained,
including 179 samples in the COAD-US project and 67 samples
in the READ-US project. The microsatellite instability data for
these cancer samples were downloaded from the NCI, National
Institutes of Health, TCGA Data Portal. The DNA accessibility
data for the HCT-116 cell line were downloaded from two
DNase I hypersensitivity data files in ENCODE.

We divided the human genome into 10-kb windows. Only
windows with at least 50 bp of exonic DNA were retained. For
each window, the mutation rate and DNase I sequencing read
densities were calculated. Then the windows were sorted
according their DNase I sequencing read densities and divided
into 100 units. The total mutation rate and the mean DNase I
sequencing read density were calculated for each unit.

Author Contributions—L. S. performed the fission yeast experimen-
tal evolution experiments. Y. Zhang performed the bioinformatics
analysis. Z. Z. participated in the bioinformatics analysis. Y. Zheng
assisted with the experiments. L. D. supervised the fission yeast
experiments. The experiments were designed by L. S. and B. Z. The
manuscript was written by L. S., Y. Zhang, and B. Z. All authors read
the manuscript and provided suggestions.
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