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FACT (facilitates chromatin transcription) consists of two essential subunits, Spt16 and Pob3, and functions as a histone chaper-
one. Mutation of spt16 results in a global loss of nucleosomes as well as aberrant transcription. Here, we show that the majority
of nucleosome changes upon Spt16 depletion are alterations in nucleosome fuzziness and position shift. Most nucleosomal
changes are suppressed by the inhibition of RNA polymerase II (Pol II) activity. Surprisingly, a small subgroup of nucleosome
changes is resistant to transcriptional inhibition. Notably, Spt16 and distinct histone modifications are enriched at this sub-
group of nucleosomes. We also report 1,037 Spt16-suppressed noncoding transcripts (SNTs) and found that the SNT start sites
are enriched with the subgroup of nucleosomes resistant to Pol II inhibition. Finally, the nucleosomes at genes overlapping SNTs
are more susceptible to changes upon Spt16 depletion than those without SNTs. Taken together, our results support a model in
which Spt16 has a role in maintaining local nucleosome stability to inhibit initiation of SNT transcription, which once initiated
drives additional nucleosome loss upon Spt16 depletion.

Chromatin, which is an organized complex of DNA, RNA, and
associated proteins, encodes epigenetic information and

maintains the stability of the genome (1, 2). Over the years, many
chromatin regulators, including histone-modifying enzymes,
chromatin-remodeling complexes, and histone chaperones, have
been identified. It has become increasingly clear that many of
these chromatin regulators modulate transcription and chroma-
tin stability (3). However, the dynamic interplay between tran-
scription, including both coding and noncoding transcription,
and chromatin stability is largely underexplored.

The basic repeating unit of chromatin is the nucleosome, con-
sisting of 146 bp of DNA wrapped around one histone octamer
(one histone H3-H4 tetramer and two H2A-H2B dimers) (4).
Nucleosomes are assembled via two major nucleosome assembly
pathways: DNA replication-coupled (RC) nucleosome assembly
and DNA replication-independent (RI) nucleosome assembly (2,
5–7). During DNA replication, the parental and newly synthesized
H3-H4 tetramers are assembled into different nucleosomes via an
RC nucleosome assembly process to maintain chromatin state and
gene expression (8). RI nucleosome assembly functions to replace
nucleosome H3-H4 with free H3-H4 tetramers in a process called
H3-H4 turnover or exchange (7). H3-H4 turnover can occur in
both a transcription-dependent and -independent manner (9).
Genome-wide studies show that histone exchange occurs at both
active and inactive gene promoters, and H3-H4 turnover is likely
locus specific. For instance, in Saccharomyces cerevisiae and Dro-
sophila melanogaster, rapid H3-H4 turnover is observed at nucleo-
somes near the promoter and at gene regulatory elements (10, 11).
In contrast, the H3-H4 molecules in nucleosomes in the middle of
open reading frames (ORFs) are relatively stable (12, 13). There-
fore, the stability of nucleosomes within the gene body may help
suppress intragenic cryptic transcription.

Nucleosome mapping through micrococcal nuclease (MNase)
digestion followed by deep sequencing reveals that there are ap-
proximately 60,000 nucleosomes in the budding yeast genome

(14). The nucleosomes in a given cell population are characterized
by nucleosome position, the fuzziness of the nucleosome, and
nucleosome occupancy (15). In a cell population, each nucleo-
some unit has a preferred position, which is referred to as the
nucleosome position. A shift from this preferred position in the
cell population is defined as a position shift. Nucleosome fuzziness
refers to a deviation of a nucleosome unit from the preferred po-
sition while remaining centered in position. Nucleosome occu-
pancy refers to the frequency at which a nucleosome unit occupies
its preferred position. While the underlying DNA sequence can
dictate nucleosome positioning in vitro (16), nucleosome posi-
tioning in cells is also regulated by chromatin regulators (17).
Furthermore, transcription-generated torsion stress can destabi-
lize nucleosomes (18). Therefore, there is an intimate connection
between transcription and nucleosome stability in general.

FACT (facilitates chromatin transcription) consists of two es-
sential subunits, Spt16 and SSRP1 (Pob3 subunit of yeast FACT)
(19). FACT is a histone chaperone for both H3-H4 and H2A-H2B
and has the ability to alter the structure of nucleosomes in vitro,
without ATP hydrolysis (20, 21). In yeast cells, mutations in Spt16
or Pob3 result in many defects that are attributed to gene tran-
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scription and/or DNA replication. For instance, it has been shown
that mutations in SPT16 or POB3 (SSRP1 homolog) exhibit the
Spt� phenotype, an indication of altered stringency in the regula-
tion of transcription initiation (22). Spt16 mutations also lead to
reduced levels of histone H3 on chromatin, and it has been pro-
posed that Spt16 is important for the deposition of parental H3
following gene transcription (23). Third, mutations in Spt16 re-
sult in a global loss of nucleosome positioning and increased levels
of DNA-RNA hybrids (24, 25). It has been proposed that FACT
has the ability to resolve R-loops and maintain genome integrity
following gene transcription. Finally, mutations in Spt16 lead to
an increase in cryptic transcription at a subset of genes (26) and
the accumulation of H2A.Z in gene bodies (27). However, it re-
mains largely unknown whether these phenotypes observed in
spt16 mutant cells, such as the loss of nucleosomes, increased
cryptic transcription, and the formation of DNA-RNA hybrids,
reflect a direct role for FACT in these processes.

Here, we report a remarkable interplay between nucleosome
stability and noncoding transcription in spt16 mutant cells. We
show that both the loss of nucleosomes within gene bodies and
increased noncoding transcription upon Spt16 depletion are
largely suppressed by the inactivation of Rbp1, a subunit of RNA
polymerase II (Pol II). Furthermore, we provide evidence sup-
porting the idea that cryptic noncoding transcription is associated
with the majority of nucleosome changes observed in the spt16
mutant cells. Finally, we present results indicating that Spt16
maintains the stability of a subgroup of nucleosomes. Alternations
at this subgroup of nucleosomes in spt16 mutant cells lead to ini-
tiation of cryptic noncoding transcription, which in turn drives
additional loss of nucleosome stability in the spt16 mutant cells.

MATERIALS AND METHODS
Genome-wide data sets, yeast strains, and antibodies. Information of
correlation among repeats for micrococcal nuclease (MNase) digestion
followed by deep sequencing (MNase-seq) and transcriptome sequencing
(RNA-seq) is listed in Table S1 in the supplemental material. The infor-
mation regarding sequencing depth, single-end versus paired-end se-
quencing and the number of repeats for chromatin immunoprecipita-
tion-sequencing (ChIP-seq), MNase-Seq, and RNA-seq is listed in Table
S2. Saccharomyces cerevisiae strains used in this study were derived from
the parental W303 background (leu2-3,112 ura3-1 his3-11 trp1-1 ade2-1
can1-100). Standard yeast media and manipulations were used to generate
all the yeast strains. All yeast strains are listed in Table S3.

ChIP assay. Exponentially growing cells with tandem affinity purifi-
cation (TAP)-tagged Spt16 (Spt16-TAP) were synchronized with 5 �g/ml
�-factor for 3 h to G1 phase at 25°C. Spt16-TAP was fully functional (see
Fig. S8 in the supplemental material). The resulting samples were used to
perform ChIP assays as previously described (28, 29). The ChIP DNA was
used to construct a library for deep sequencing using Illumina sequencing
platforms. The wild-type (WT) w3031a strain without any tag was used as
the negative control. In general, our Spt16 ChIP-seq results are consistent
with the Spt16 ChIP-seq results published by Foltman et al. (30).

MNase-seq to map nucleosome positions. Wild-type and the G-to-D
change at position 132 encoded by spt16 [spt16(G132D)], rpb1-1, and
spt16(G132D) rpb1-1 mutant cells were arrested in G1 phase using �-fac-
tor at 25°C. These cells were either kept at 25°C or shifted to the nonper-
missive temperature (37°C) for 45 min. Cells were cross-linked by 0.1%
paraformaldehyde for 15 min and then treated with 0.125 M glycine. The
pellets were subjected to different amounts of MNase digestion as previ-
ously reported (9). Samples with similar digestion patterns were chosen,
and DNA with the size of mononucleosomes was purified to construct
libraries according to the manufacturer’s guide (Illumina). The library
was sequenced using the Illumina 1G genome analyzer or HiSeq 2000

sequencing system. The sequencing results were used to determine
nucleosome positions genome-wide as previously described (14, 31, 32).
Briefly, the reads were mapped back to the Saccharomyces Genome Data-
base (SGD) (http://www.yeastgenome.org/) reference genome. The reads
mapping to the plus and minus strands of the reference genome were
separated. Each read was shifted toward the 3= direction for half of the
estimated fragment size, which was estimated by the distribution of dis-
tances between reads on the plus and minus strands. In addition, the
comprehensive bioinformatic pipeline, DANPOS (32), was also used to
identify the nucleosome peaks and nucleosome fuzziness, positioning,
and occupancy. Briefly, nucleosome peaks were first identified at single-
nucleotide resolution. Five statistical tests were used to calculate differen-
tial signals at each nucleosome between samples and to estimate the de-
gree to which each category a nucleosome belong based on the differential
signals. Transcription start sites (TSS) are from the SGD database (33).

Transcriptome analysis of yeast genome by RNA-Seq. Wild-type and
different mutant cells were grown to an optical density at 600 nm (OD600)
of around 0.4 and then arrested to G1 phase with �-factor at 25°C. These
cells were collected just before the temperature shift (T0) or 45 min after
the shift to the nonpermissive temperature (37°C) (T45). Total RNAs
were extracted as previously described by the phenol/freeze method (34).
RNA qualities were checked with the Fragment Analyzer (Advanced An-
alytical Technologies, Inc. [AATI]). Total RNA after depletion of rRNA or
poly(A) RNA purified by using a Dynabeads oligo(dT)25 kit according to
the manufacturer’s instructions (Invitrogen) were fragmented and used
to construct a library for Illumina sequencing with the TruSeq stranded
mRNA sample prep kit (Illumina). For Illumina sequencing, RNAs were
subjected to sequencing on the HiSeq 2000 sequencing machine, and 100-
nucleotide reads were generated. Similar results were obtained. RNA se-
quencing quality was checked by FastQC (http://www.bioinformatics
.babraham.ac.uk/projects/fastqc/) and mapped to yeast genome and gene
annotations from Refseq gene using TopHat (35). Cufflinks (36) was used
to quantify FPKM (fragments per kilobase per million) values. The tag
densities were normalized based on tRNAs present in WT and mutant
strains. As shown in Fig. 3A, Spt16-suppressed noncoding transcripts
(SNTs) were identified by comparing regions with an spt16(G132D)/WT
ratio significantly larger than the background ratio by magnetically acti-
vated cell sorting (MACS) (37) after removal of the SNTs that overlapped
with annotation ORFs and stable RNAs on the same strand. The SNT start
sites in Fig. 5E were defined as the start position at the gene body where
RNA-seq sequence reads of spt16(G132D) were significantly higher than
WT. To compare SNTs with other noncoding RNAs (ncRNAs), cryptic
unstable transcripts (CUTs) and stable unannotated transcripts (SUTs)
from Xu et al. (38) and Xrn1-sensitive unstable transcripts (XUTs) from
van Dijk et al. (39) were used.

Microarray data accession number. MNase-seq, ChIP-seq, and
RNA-seq data sets have been deposited at Gene Expression Omnibus un-
der accession number GSE66215.

RESULTS
Spt16 depletion results in a global change in chromatin struc-
ture. Spt16, a subunit of the FACT complex, is essential for cell
viability. The reduction in Spt16 levels using a temperature-sen-
sitive (ts) mutant, such as spt16(G132D), results in nucleosome
alterations, increased cryptic gene transcription, and the forma-
tion of R-loops (24, 25). However, the mechanism underlying
these changes is not well understood. Therefore, we first deter-
mined to what extent the chromatin structure was altered in the
mutant strain using MNase-seq. Briefly, bulk chromatin isolated
from the wild-type (WT) and spt16(G132D) mutant cells at per-
missive and nonpermissive temperatures was digested with
MNase, which preferentially cleaves the linker DNA between
nucleosomes and is commonly used to probe chromatin struc-
ture. At the nonpermissive temperature (37°C), Spt16(G132D)
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mutant proteins were depleted upon raising the temperature to
37°C for 45 min compared to wild-type Spt16 (see Fig. S1A in the
supplemental material). The MNase-digested fragments were
subjected to next-generation sequencing. On average, we mapped
the locations of approximately 66,800 nucleosomes of the wild-
type and spt16(G132D) cells (data not shown). The average
nucleosome position profile of all genes with transcription start
sites (TSS) revealed a nucleosome-free region (NFR) and two
well-positioned nucleosomes (�1 and �1 nucleosomes) sur-
rounding the TSS (Fig. 1A; see Fig. S1B and D in the supplemental
material), which is in agreement with many published results (14).
In addition, well-positioned nucleosomes flanking the replication
origins were also observed (31) (see Fig. S1C). At the permissive
temperature (25°C), the average nucleosome position and occu-
pancy at the TSS sites were similar between the wild-type and
spt16(G132D) mutant cells (see Fig. S1B). At the nonpermissive
temperature (T45), the nucleosome positions and occupancy in

the wild-type strain were not noticeably changed (see Fig. S1B). In
contrast, the nucleosomes at the gene bodies after the �1 nucleo-
some (Fig. 1A; see Fig. S1D) or at regions beyond the �1 nucleo-
somes of the replication origins (see Fig. S1C) were significantly
altered in the spt16(G132D) mutant cells, with a slight alteration at
�1 nucleosomes. These results were observed in three indepen-
dent repeats (see Table S1 in the supplemental material) and are
consistent with published results (data not shown) (24), indicat-
ing that inactivation of Spt16 leads to a global change in nucleo-
some organization.

Nucleosomes become fuzzy in spt16(G132D) cells at the non-
permissive temperature. To gain further insight into the impact
of Spt16 inactivation on nucleosome changes, we further grouped
the nucleosome changes into position shift, fuzziness, and occu-
pancy in the wild-type and spt16(G132D) cells using the DANPOS
method (32) (Fig. 1B and C). A total of 28,035 nucleosomes were
altered in the spt16(G132D) cells compared to 2,500 nucleosomes

FIG 1 Spt16 depletion results in global changes in nucleosome organization, and most of these changes can be suppressed by RNA polymerase II (Pol II)
inhibition. (A) The nucleosomes surrounding the transcription start sites (TSS) are altered in spt16(G132D) cells at the nonpermissive temperature. The average
nucleosome profiles centered at the TSS in the spt16(G132D) mutant cells before and after the restrictive temperature treatment are plotted as green areas and red
lines, respectively. Cells were arrested at G1 phase at 25°C (T0), shifted to 37°C for 45 min to deplete Spt16(G132D) mutant proteins (T45) and were then used
for nucleosome mapping by MNase-seq. (B) Snapshots of the three categories of nucleosome changes (position shift, fuzziness, and occupancy) in the
spt16(G132D) mutant cells. The green bars indicate the centers of the nucleosomes in each category, as defined by the DANPOS algorithm, that are used for the
calculations in Fig. 2C to G. (C to H) Inhibition of Pol II transcription suppresses most of the nucleosome changes observed in spt16(G132D) mutant cells. (C)
The numbers of nucleosome changes in each category (position shift, fuzziness, and occupancy) in the four strains are indicated. (D to H) Comparison of the
nucleosome changes in each category from the �3 to �6 nucleosomes surrounding each TSS in wild-type (D), spt16(G132D) (E), rpb1-1 mutant (H), and
spt16(G132D) rpb1-1 double mutant cells (G). (F) The average nucleosome profile surrounding the TSS in the spt16(G132D) rpb1-1 cells at 25°C (T0) and 37°C
for 45 min (T45). Please note that all nucleosomal changes were repeated three times and are reproducible.
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changed in wild-type cells at 37°C. Approximately 15,000 and
10,000 nucleosomal changes were classified as fuzziness and posi-
tion shift, respectively, in spt16(G132D) cells (Fig. 1B and C).
These results suggest that the nucleosomes within a gene body
deviate from their preferred positions much more frequently in
the spt16(G132D) mutant cells. To determine where these changes
occurred in reference to the well-positioned nucleosomes sur-
rounding the TSS, we determined the number of altered nucleo-
somes from the �3 to �6 positions surrounding each TSS (Fig.
1D and E). In wild-type cells, most of the altered nucleosomes
were located from the �3 to �1 positions (Fig. 1D). In contrast,
most of the altered nucleosomes in the spt16(G132D) mutant
cells were located within the gene body, starting from the �2
nucleosome (Fig. 1E). Taken together, these results indicate
that upon Spt16 inactivation/depletion, the nucleosomes be-
come fuzzy and/or shift from their preferred positions, and
most of these changes occur within the gene body after the �1
position from the TSS.

Inhibition of ongoing gene transcription restores most of the
nucleosomes that were altered by Spt16 depletion. To gauge the
impact of gene transcription on the nucleosome changes, we first
used thiolutin, an inhibitor of transcription, which has been used
before to study FACT’s role in nucleosome reassembly during
gene transcription (23). We observed, however, that in contrast to
the degradation of Spt16(G132D) proteins in cells treated with
dimethyl sulfoxide (DMSO), Spt16(G132D) protein levels in cells
treated with thiolutin did not change significantly upon shifting
the temperature to 37°C (see Fig. S2A in the supplemental mate-
rial), suggesting that thiolutin inhibits not only gene transcription
but also the degradation of Spt16(G132D) proteins. Therefore, we
employed a temperature-sensitive mutation in the RPB1 gene
(rpb1-1), which encodes the catalytic subunit of RNA polymerase
II and did not affect Spt16 depletion at 37°C (see Fig. S2B). In
agreement with published results (40), low levels of nucleosome
changes were detected in the rpb1-1 single mutant cells at the
nonpermissive temperature of 37°C, with the nucleosome posi-
tion shifted slightly toward the transcription termination site
(TES) compared to the wild-type cells (see Fig. S3A to C). Re-
markably, at 37°C, the nucleosomes in the spt16(G132D) rpb1-1
double mutant cells were largely restored compared to the
spt16(G132D) mutant cells, based on analysis of the average nucleo-
some localization profiles starting at TSS using single-end sequencing
(Fig. 1F). Similar results were obtained using MNase paired-end se-
quencing (see Fig. S3D), suggesting that these changes may not be due
to the extent of MNase digestion in different strains/conditions,
which is known to affect average nucleosome occupancy (40). More-
over, nucleosomal changes detected using the DANPOS method
showed that nucleosome changes in occupancy and fuzziness in
spt16(G132D) cells were suppressed to a large degree upon inhibiting
Pol II, and the nucleosome position shift was reduced to a lesser ex-
tent (Fig. 1C; also compare Fig. 1G to E and H). Interestingly, after
shifting the temperature to 37°C for 45 min, a significant higher per-
centage of spt16(G132D) rbp1-1 double mutant cells was viable than
spt16(G132D) cells (see Fig. S3E), indicating that inhibition of Pol II
transcription suppresses Spt16 depletion-caused cell death. Together,
these results strongly suggest that ongoing transcription catalyzed by
Pol II is responsible for most of the nucleosomal changes in the
spt16(G132D) cells at the nonpermissive temperature.

Spt16 is enriched at the “Pol II-independent” subgroup of
nucleosomes that are resistant to transcription inhibition. While

the majority of nucleosomal changes in spt16(G132D) cells were
restored upon inactivation/depletion of Rpb1, a significant num-
ber of nucleosome changes were detected in the gene body region
in the spt16(G132D) rpb1-1 double mutant cells, and most of the
nucleosome changes are from the �2 to �6 nucleosomes (Fig. 1F
and G). This result suggests that factors other than Pol II-medi-
ated transcription may also contribute to nucleosome changes.
We then separated total yeast genes into three groups based on
their expression level (high, medium, and low expression) and
quantified the nucleosomal changes at these three groups of genes.
Surprisingly, the nucleosome changes at these three groups of
genes were similar in the spt16(G132D) mutant cells, irrespective
of gene expression status (see Fig. S4D to F in the supplemental
material). Nucleosomes at each group of genes in WT cells were
not altered (see Fig. S4A to C). Interestingly, the nucleosomes at
the silent HML locus (see Fig. S4G) but not at the HMR locus (see
Fig. S4H) were also altered in the spt16(G132D) cells at 37°C,
despite the fact that changes in transcription at both the HML and
HMR loci were not detected by RNA-seq (see Fig. S4I). These
results support the notion that factors other than transcription
also contribute to alterations of some nucleosomes in the
spt16(G132D) mutant cells.

We grouped the nucleosomes altered in spt16(G132D) cells at
37°C into three categories based on whether they were sensitive to
Rpb1 inactivation (Fig. 2A). The majority of altered nucleosomes
(20,056) in the spt16(G132D) cells were not changed in the
spt16(G132D) rpb1-1 double mutant cells (Fig. 2A), supporting
the idea that the inhibition of ongoing transcription prevents
changes in the majority of nucleosomes upon Spt16 depletion. We
named this group the “Pol II-dependent” group. About 4,875 al-
tered nucleosomes were detected only in the spt16(G132D) rpb1-1
double mutant cells. We named this group the “double mutant-
specific” group. Notably, approximately 3,374 nucleosomes were
altered in both the spt16(G132D) single mutant cells and
spt16(G132D) rpb1-1 double mutant cells at the nonpermissive
temperature. While it is possible that low levels of transcription
after inactivation of Pol II still contribute to nucleosomal changes
of this subgroup of nucleosomes, this subgroup of nucleosomes
has distinct properties from those of “Pol II-dependent” nucleo-
somes (see below). For instance, the majority of this subgroup of
nucleosomes was located within gene bodies compared to the
other subgroups of nucleosomes, including those that were af-
fected only in the spt16(G132D) cells (Fig. 2B). Therefore, we
called this group the “Pol II-independent” group of altered
nucleosomes.

To determine whether Spt16 has any roles in this subgroup of
nucleosomes, we performed Spt16 ChIP-seq. Consistent with
published results (30), Spt16 was enriched at the gene bodies of
highly expressed genes (see Fig. S5 in the supplemental material),
suggesting that our Spt16 ChIP-seq results are reliable. Next, we
compared the levels of Spt16 at the center of the different sub-
groups of altered nucleosomes using ChIP-Seq (Fig. 2C to G).
When the different subgroups of nucleosomes defined in the leg-
end to Fig. 2A were compared, we found that Spt16 was enriched
at the centers (defined as in the legend to Fig. 1B) of two subgroups
of altered nucleosomes: the “Pol II-independent” subgroup and
“double mutant-specific” subgroup (Fig. 2D and E). In contrast,
Spt16 was not enriched at the “Pol II-dependent” subgroup (Fig.
2C) or nucleosomes were not altered in the rpb1-1 single mutant
cells (Fig. 2F). Together, these results are consistent with the idea
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that the nucleosome changes in the “Pol II-independent” sub-
group of nucleosomes are likely caused by Spt16 depletion itself
and are independent of gene transcription.

The “Pol II-independent” subgroup of nucleosomes con-
tains a unique histone modification pattern. To gain insight into
the nucleosome properties of the “Pol II-independent” subgroup,
we compared the histone modification patterns at this subgroup
of nucleosomes to those at the “Pol II-dependent” subgroup be-
cause histone modifications are associated with and/or impact
nucleosome changes (40, 41). To do this, we calculated the chro-
matin immunoprecipitation with microarray technology (ChIP-
chip) or ChIP-seq read densities of 18 histone modifications sur-
rounding the center of each nucleosome in these two subgroups
using published data sets (42, 43). Compared to the “Pol II-de-
pendent” subgroup, the center of the “Pol II-independent” sub-
group of nucleosomes was enriched with three histone modifica-
tions (H2BK123ub [monoubiquitination of histone 2B on lysine
123], H3K36me3 [trimethylation of histone H3 at lysine 36], and
H3K79me3) but not in the 15 other histone modifications ana-
lyzed, including H3K79me2 (dimethylation of histone H3 at
lysine 79) and H3K4ac (acetylation of histone H3 at lysine 4) (Fig.
3 and data not shown). We noticed that yeast cells lacking
H2BK123ub also exhibit a global reduction in nucleosome occu-
pancy (44). Moreover, in an in vitro transcription system, H2B
monoubiquitylation is important for the function of FACT in
gene transcription (45). Together, these results suggest that the
“Pol II-independent” subgroup of nucleosomes, which is en-
riched with Spt16, is also associated with a specific pattern of his-
tone modifications, some of which is linked to FACT’s function.

Increased coding gene expression is not associated with
nucleosome alterations in spt16 mutant cells. There was an
apparent discrepancy between coding gene transcription and

nucleosome changes, where the nucleosome changes in the
spt16(G132D) cells were independent of the level of coding gene
expression (see Fig. S4D and E in the supplemental material), but
the inactivation of Pol II transcription largely suppresses these
nucleosome changes (Fig. 2A). Therefore, we analyzed how ongo-
ing transcription is associated with the nucleosome changes at
different subgroups of nucleosomes. To do this, we first examined
the changes in both mRNA and noncoding RNA transcription
in the spt16(G132D) cells via strand-specific RNA-seq. To com-
pare the samples under different conditions, in particular inacti-
vation of Pol II, we normalized the RNA-seq reads using the aver-
age expression of tRNA genes, which are transcribed by Pol III, in
each sample. We noticed that unmodified tRNAs/misfolded
tRNAs in yeast can be polyadenylated for degradation (46, 47).
Moreover, another study used tRNAs as normalization to identify
noncoding RNA (39). Finally, while FACT is required for Pol III
function (48), total tRNA synthesis is not affected in cells lacking
Nhp6 (49), a protein required for yeast FACT to bind nucleo-
somes (50). Therefore, we conclude that normalization of RNA-
seq using tRNAs is our best option to compare changes in coding
and noncoding transcription in spt16(G132D) and rpb1-1 single
and double mutant cells.

Upon shifting to the nonpermissive temperature, the expres-
sion of 1,576 genes was increased in the spt16(G132D) mutant
cells compared with wild-type cells (see Fig. S6A and B in the
supplemental material), and most of these changes were sup-
pressed in spt16(G132D) rbp1-1 double mutant cells (see Fig. S6C
and D). Remarkably, the nucleosome changes at the genes with
increased expression were similar to those without altered expres-
sion upon Spt16 depletion in the spt16(G132D) cells (see Fig.
S6E), suggesting that increased coding transcription of these genes

FIG 2 A subgroup of nucleosomes altered after Spt16 depletion is resistant to transcription inhibition. (A) The nucleosomes that are altered upon Spt16
depletion in the spt16(G132D) single mutant cells and spt16(G132D) rpb1-1 double mutant cells are separated into three subgroups: nucleosomes altered only in
the spt16(G132D) rpb1-1 double mutant cells (double mutant-specific group [4,875]), nucleosomes altered in both the spt16(G132D) and spt16(G132D) rpb1-1
double mutant cells (Pol II-independent group [3,374]), and nucleosomes altered only in the spt16(G132D) cells (Pol II-dependent group [20,056]). A total of
28,305 random nucleosomes, which is equal to the total number of altered nucleosomes in the three groups, were chosen for analysis. (B) The percentage of
nucleosomes from each subgroup in panel A at the gene body regions versus other regions was calculated. The nucleosomes altered in the rpb1-1 strain and a
random set of nucleosomes were used as controls. (C to G) Spt16 is enriched at the “Pol II-independent” subgroup of nucleosomes. Spt16 ChIP was performed,
and the Spt16 ChIP-seq normalized reads from 1 kb upstream to 1 kb downstream of centers of each subgroup of altered nucleosome defined in the legend to Fig.
1A and B were calculated. For comparisons, we also included 6,543 nucleosomes altered in rbp1-1 mutant cells.
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may not be the primary driver of the nucleosome changes in the
spt16(G132D) cells.

Bidirectional cryptic transcription from the gene body is de-
tected in the spt16(G132D) cells. It is known that inactivation of
Spt16 also results in increased cryptic transcription (26). There-
fore, we first used an unbiased approach to identify the noncoding
transcripts in the spt16(G132D) cells at the nonpermissive tem-
perature and then determined whether noncoding transcription is
associated with the nucleosome changes at different subgroups of
nucleosomes. Briefly, we used the MACS program, which was
developed to analyze broad ChIP-seq peaks by bins, to identify
regions where the mRNA sequence reads in the spt16(G132D) cells
were significantly higher than in the wild type at 37°C. The regions
that overlapped with annotated genes and stable RNAs on the
same strand were then removed (Fig. 4A). Using this method, we
identified 1,037 noncoding RNAs, most of which were antisense
to the ORFs. Moreover, half of the noncoding transcripts did not
overlap with the noncoding RNAs identified in other studies, in-
cluding NUTs, XUTs, and CUTs (51). Therefore, we called these
1,037 noncoding transcripts SNTs for Spt16-suppressed noncod-
ing transcripts (Fig. 4A and B). To determine whether these SNTs
were transcribed by Pol II, we compared the expression levels of
each SNT in the WT, spt16(G132D), rbp1-1, and spt16(G132D)

rbp1-1 mutant cells. SNT expression in the spt16(G132D) cells was
significantly higher than that in wild-type cells, consistent with the
idea that Spt16 depletion results in increased SNT expression (Fig.
4C). Moreover, the expression of SNTs in the spt16(G132D)
rbp1-1 double mutant cells was significantly lower than that in the
spt16(G132D) cells, suggesting that these SNTs are mainly tran-
scribed by Pol II (Fig. 4C). We noted that it has been shown that
cryptic transcription detected in spt6 mutant cells in budding yeast
is also Pol II dependent (52). In short, we detected 1,037 Pol II-
dependent noncoding RNAs in the spt16(G132D) cells at the non-
permissive temperature, approximately half of which overlapped
with previously identified noncoding RNAs.

An inspection of the individual SNTs located at each ORF re-
vealed that both the antisense and sense transcripts were elevated
(Fig. 4D). Therefore, we calculated the average levels of both the
antisense and sense transcripts of each ORF that overlapped the
SNTs. The SNTs started from the gene body and peaked close to
the TSS, whereas the sense transcripts at these ORFs peaked close
to the TES (Fig. 4E and F). Similar results were obtained using
RNA-seq data sets obtained using total RNA depleted of rRNA
(see Fig. S7A and B in the supplemental material). The same anal-
ysis was also applied to the ORFs that did not overlap with SNTs.
Interestingly, the sense transcripts were not altered at the ORFs

FIG 3 H2BK123ub, H3K36me3, and H3K79me3 are enriched for the “Pol II-independent” subgroup of nucleosomes. The enrichment score for each of the six
histone modifications H2BK123ub (A), H3K36me3 (B), H3K79me3 (C), H3K4me3 (D), H3K79me2 (E), and H3K4ac (F) was calculated for two subgroups of
nucleosomes, as defined in the legend to Fig. 2A. The histone modification ChIP-chip/Seq data sets from previous studies (42, 67, 68) were used to calculate read
density from 1 kb downstream to 1 kb upstream of the center of each altered nucleosome defined in the legend to Fig. 2B.
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without detectable SNTs (see Fig. S7C and D), suggesting that the
increased expression of ORFs in the sense direction is likely due to
increased cryptic transcription. Finally, transcription inhibition
using the rbp1-1 mutant suppressed both the sense and antisense
transcripts (Fig. 4E and F). Together, these results strongly suggest
that cryptic transcription initiates at multiple start sites of a gene
body and then proceeds bidirectionally upon inactivation/deple-
tion of Spt16 (Fig. 4G).

Noncoding transcription is associated with nucleosome
changes in spt16(G132D) mutant cells. Because increased coding
transcription was not associated with the nucleosome changes ob-
served in the spt16(G132D) cells, we asked whether cryptic non-
coding transcription had any relationship with the nucleosome
changes observed in the spt16(G132D) cells. To answer this ques-
tion, we first compared the nucleosome changes at the ORFs over-
lapping with SNTs to those without SNTs in the spt16(G132D)
cells. Significantly more nucleosomes were altered at genes with
SNTs than those without SNTs (Fig. 5A). This result suggests that
cryptic noncoding transcription likely drives the nucleosome
changes at the gene body in the spt16(G132D) mutant cells. Con-
sistent with this interpretation, the expression of ORFs with SNTs
in the wild-type cells was significantly lower than those without
SNTs (Fig. 5B), which again argues against the idea that mRNA
transcription is the primary force that drives the nucleosome al-
terations at these genes that overlapped the SNTs in the
spt16(G132D) cells. Moreover, the Spt16 levels at ORFs with

SNTs were lower than those without SNTs (Fig. 5C), providing an
explanation for why this group of genes was more susceptible to
Spt16 depletion.

To gain further insight into the relationship between the
nucleosome changes and SNTs, we next asked which subgroup of
nucleosomes, which was altered in the spt16(G132D) cells and
defined in the legend to Fig. 2A, was enriched at the ORFs with
SNTs. To do this, we separated the ORFs into two groups, ORFs
with SNTs and ORFs without SNTs, calculated the number of
altered nucleosomes from �2 to �6 at each ORF, and normalized
the values to the total number of nucleosomes of each group. We
found that nucleosomes altered at the ORFs with SNTs were en-
riched with the “Pol II-independent” subgroup of nucleosomes
(Fig. 5D). In contrast, nucleosomes altered at the ORFs without an
overlapping SNT did not exhibit any enrichment. These results
suggest that SNT production in the spt16(G132D) cells is associ-
ated with a nucleosome change that is insensitive to Pol II inhibi-
tion.

To further explore this relationship, we asked where the “Pol
II-independent” subgroup of nucleosomes was localized at the
SNTs by calculating the number of altered nucleosomes from
kb �1 to kb �1 surrounding the start site of the SNTs. We ob-
served that the “Pol II-independent” subgroup of nucleosomes
was localized preferentially at the midpoint of the SNT start sites
compared to two other subgroups of nucleosome changes in the
spt16(G132D) cells (Fig. 5E). To analyze whether the difference

FIG 4 Inactivation of Spt16 results in bidirectional cryptic transcription. (A) Schematic diagram for the identification of Spt16-suppressed noncoding tran-
scripts (SNTs). (B) Overlap of SNTs with other previously annotated noncoding RNAs, cryptic unstable transcripts (CUTs) and stable unannotated transcripts
(SUTs) from Xu et al. (38), Xrn1-sensitive unstable transcripts (XUTs) from van Dijk et al. (39), and Nrd1 unterminated transcripts (NUTs) from Schulz et al.
(69). If an SNT shares more than 50% length with each known ncRNA, it would be counted as one that overlaps with the known ncRNAs. (C) SNTs are produced
by RNA polymerase II. To compare the expression of each SNT in the WT, spt16(G132D), rpb1-1, and spt16(G132D) rpb1-1 mutant cells, the log2 ratio of the
RPKM of the individual SNTs at 37°C for 45 min (T45) over 0 min (T0) [log2(T45/T0)] was calculated and plotted using a dot-box plot. Each dot represents one
SNT. (D) An SNT overlapping with YLR241W shows increased SNT transcripts in the spt16(G132D) mutant cells at T45 compared to T0 in both the sense and
antisense directions. RNA-seq reads for the Watson strand and Crick strand are shown. (E and F) Both antisense and sense noncoding transcripts increase at
ORFs that overlapped SNTs. The yeast ORFs were separated into two groups based on whether they overlapped an SNT. Antisense (E) and sense (F) of RNA-Seq
reads of ORFs that overlapped SNTs were calculated and plotted from 500 bp upstream TSS to 500 bp downstream TES. The results for ORFs without overlapped
SNTs are presented in Fig. S7 in the supplemental material. Red (T0, 25°C) and green lines (T45, 37°C) represent treatments at two different temperatures. (G)
A model for the generation of noncoding transcripts through bidirectional cryptic transcription in the spt16(G132D) mutant cells. It is likely that SNT initiates
transcription at multiple start sites and thus generates the SNT transcripts shown in panels E and F.
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between “Pol II-dependent” and “Pol II-independent” subgroup
of nucleosomes at the starting sites of SNTs was statistically sig-
nificant, we determined the number of altered nucleosomes 100
bp surrounding the starting sites of SNTs and determined the P
value. We found that the “Pol II-independent” subgroup of
nucleosomes was significantly more enriched at the starting sites
of SNTs than the “Pol II-dependent” subgroup of nucleosomes
(Fig. 5F). These results raise the possibility that these nucleosome
changes in the “Pol II-independent” subgroup facilitate the initi-
ation of SNT cryptic transcription.

DISCUSSION

It is known that Spt16 inactivation results in global changes to
nucleosomes, altered coding and cryptic noncoding transcription.
However, the relationships among these changes upon Spt16 in-
activation are not clear. Here, we show that Spt16 depletion results
in global changes in nucleosome fuzziness and position shifts and
that the majority of these changes are suppressed by inhibiting
RNA polymerase II. Notably, a subgroup of nucleosome changes
are resistant to Pol II inhibition, and this “Pol II-independent”

subgroup of nucleosomes has properties that are distinct from the
nucleosome changes that are sensitive to Pol II inhibition, includ-
ing the enrichment of Spt16 as well as distinct histone modifica-
tions. In addition, we show that Spt16 depletion also leads to bi-
directional cryptic gene transcription from regions at the gene
body and that the nucleosomes at the centers of these sites are
enriched with the “Pol II-independent” subgroup of nucleo-
somes. These results support the model that FACT likely has mul-
tiple functions to maintain genomic nucleosome integrity (Fig. 6).
At highly expressed ORFs where Spt16 is enriched, Spt16 travels
with RNA Pol II and restores nucleosome organization during
transcription (Fig. 6A). However, at the ORFs with SNTs where
transcription is generally low, Spt16 may also have a role in di-
rectly protecting nucleosome stability surrounding the SNT start
sites. Upon Spt16 depletion, the nucleosomes within this sub-
group become fuzzy or shift from their original positions, leading
to the initiation of cryptic transcription. The ongoing cryptic tran-
scription, in turn, promotes additional changes to the nucleo-
somes within gene bodies (Fig. 6B). Together, these studies reveal
a role for FACT in maintaining local nucleosome stability and a

FIG 5 Correlations between the nucleosome changes and SNTs upon Spt16 depletion. (A) Nucleosomes at genes that overlap SNTs are significantly more
susceptible to changes upon Spt16 depletion than those without SNTs. The ORFs were separated into two groups, ORFs that overlapped SNTs (with SNTs) and
ORFs that did not overlap SNTs (without SNTs). The average number of altered nucleosomes from the �3 to �6 position at each group of ORFs in the
spt16(G132D) cells at 37°C for 45 min was calculated. The value above each pair of bars in the bar graph is the P value calculated by Fisher’s exact test. (B) The
average gene expression level of the ORFs that overlapped the SNTs is lower than those without SNTs. The average expression of the ORFs in each subgroup was
calculated. The P value was calculated by a two-tailed Student t test. (C) The Spt16 occupancy is lower at ORFs with SNTs. Spt16-TAP ChIP-seq was performed
in G1 phase cells. The Spt16 occupancy levels (log2) (Spt16 ChIP read density/control ChIP read density) at individual ORFs with or without SNTs were calculated
and plotted as a dot-box plot, with each dot representing one ORF. (D) ORFs with SNTs are enriched with “Pol II-independent” subgroup nucleosomes as
defined in the legend to Fig. 2A. ORFs were separated into two groups depending on whether they overlapped the SNTs, and the number of altered nucleosomes
in each subgroup defined in the legend to Fig. 2A at the �2 to �6 position of each ORF with or without SNTs was calculated. (E and F) The SNT start sites are
significantly enriched with the “Pol II-independent” subgroup of nucleosomes. (E) A 40-bp sliding window was used to count the three subgroups of altered
nucleosomes defined in the legend to Fig. 2A that spanned from kb �1 to �1 from the start site of each SNT. The total number of altered nucleosomes at all SNTs
in each subgroup was plotted against each bin. (F) Total number of altered nucleosomes of each subgroup 100 bp surrounding the starting sites of SNTs was
determined. The chi-square test was applied to calculate the P values for the Pol II-independent group versus other subgroups of nucleosomes. The values that
were significantly different (P � 0.01) are indicated by a bar and an asterisk.
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novel interplay between noncoding transcription and the mainte-
nance of nucleosome stability.

Noncoding transcripts have been detected at promoters and
enhancers. For instance, divergent transcription has been detected
at the promoters of many genes from yeast to human cells (53–
55). In human cells, bidirectional transcripts from enhancers
(eRNAs) have also been detected in mammalian cells (56, 57).
Both enhancers and promoters are located in nucleosome-free re-

gions. The functions of noncoding transcripts at the promoters and
enhancers are not well understood, and one study indicates that
eRNAs can promote cell-type-specific chromatin accessibility (58).
Therefore, our observations on SNTs that can drive nucleosomal
changes are consistent with noting that noncoding transcription at
promoters and enhancers may help to create and/or maintain the
nucleosome-free regions at these sites and thereby facilitate the asso-
ciation of transcription factors with these DNA regulatory elements.

FIG 6 A model for Spt16 to maintain nucleosome stability through different mechanisms. (A) At about 678 highly expressed genes without SNT start sites, Spt16
travels with RNA polymerase II (Pol II) and is involved in restoring nucleosome organization during transcription. In the spt16(G132D) mutant cells, the
inactivation/depletion of Spt16 results in dramatic changes to the nucleosome positions that are dependent on RNA Pol II-mediated transcription. (B) At 931
genes whose coding regions overlap SNTs, Spt16 maintains nucleosome stability at nucleosomes surrounding the SNT start sites and prevents SNT initiation.
Upon depletion of Spt16, the nucleosomes at the SNT start sites become altered and noncoding transcription initiates. Bidirectional noncoding transcription
triggers additional nucleosome changes.
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Dramatic changes in nucleosomes have been observed in sev-
eral other studies. For instance, loss of chromatin remodeling
complex Isw2 leads to global nucleosome changes and increased
noncoding transcription (59). In both mammalian and yeast cells
lacking HMGB1 protein and Nhp6, a global reduction of histone
protein levels and nucleosome occupancy is detected. The reduc-
tion in nucleosome occupancy is nonuniform and is likely due to
different sites competing for available histones (60). In addition,
depletion of histone H3 proteins in S. cerevisiae also results in
alterations in nucleosome occupancy and positions at a defined
subset of nucleosomes, and interestingly, nucleosomes altered by
H3 depletion do not overlap with those altered in cells lacking
Nhp6a/Nhp6b (61). Schizosaccharomyces pombe cells lacking
chromatin remodeler Chd1 (Hrp3 in S. pombe) exhibit global
changes in nucleosomes and production of antisense transcripts
(62–64). Finally, S. pombe yeast cells lacking histone chaperone
Spt6 also exhibit dramatic changes in nucleosome positioning and
occupancy and increased cryptic transcription (65).

The results of our present study appear to have some discrep-
ancies with some of the general conclusions of these studies, but in
fact, this study provides more evidence to deepen the understand-
ing of current models. First, most of these studies proposed that
nucleosomal changes are the causes of antisense transcription but
not vice versa. Our studies are consistent with this idea because we
show that nucleosomes at SNT starting sites are more susceptible
to changes upon Spt16 inactivation and propose that these
nucleosomal changes drive the initiation of antisense transcrip-
tion (Fig. 6B). Our studies extend these studies by showing that
antisense transcription, once initiated, can further promote the
loss of nucleosomes in spt16(G132D) cells, thereby revealing an
intimate connection among nucleosomal changes and antisense
transcription.

Second, it has been shown that depletion of Nhp6a/Nhp6b
leads to changes in nucleosome occupancy and/or positioning.
While Nhp6 is not part of the stable Pob3-Spt16 complex, Nhp6
can bind nucleosomes and recruit yeast FACT to these nucleo-
somes (50). In contrast, we observed that in spt16(G132D) cells,
most changed nucleosomes are due to fuzziness changes based on
analysis using the DANPOS method. It is possible that the dra-
matic nucleosomal changes upon Spt16 reduction make it diffi-
cult for the DNAPOS program to differentiate occupancy changes
from fuzziness changes. Nonetheless, the fact that far more
nucleosomes became fuzzy upon Spt16 depletion suggests that
Spt16 and Nhp6 may also have distinct functions in chromatin
dynamics.

Finally, FACT is proposed to reassemble H3-H4 in the wake of
gene transcription (23). One line of evidence supporting this con-
clusion is that treating cells with thiolutin prevents loss of H3 from
chromatin after Spt16 depletion. We observed that thiolutin in-
hibits the degradation of Spt16(G132D) mutant proteins at non-
permissive temperature, indicating that the inhibition of histone
H3 loss by thiolutin in spt16(G132D) cells at the nonpermissive
temperature may be due to inhibition of degradation of the
Spt16(G132D) mutant proteins. Despite this, our conclusion that
noncoding transcription also promotes nucleosomal loss in
spt16(G132D) cells does not contradict the conclusion per se. In
fact, we observed that nucleosomes were also lost at gene bodies
where SNTs were not detected. In general, the expression level of
this group of coding genes is higher than those with SNTs (Fig.
5B). While it is possible that high transcript levels prevent us from

identifying SNTs at these genes, we notice that the ability to iden-
tify cryptic transcription in set2� mutant cells is independent of
transcription frequency (66). Nonetheless, it is equally likely that
the nucleosome loss is due to a compromised role of FACT in
nucleosome assembly during gene transcription (Fig. 6A).
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