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The RNA polymerase II (Pol II) elongation rate influences poly(A) site selection, with
slow and fast Pol II derivatives causing upstream and downstream shifts, respectively,
in poly(A) site utilization. In yeast, depletion of either of the histone chaperones FACT
or Spt6 causes an upstream shift of poly(A) site use that strongly resembles the poly(A)
profiles of slow Pol II mutant strains. Like slow Pol II mutant strains, FACT- and
Spt6-depleted cells exhibit Pol II processivity defects, indicating that both Spt6 and
FACT stimulate the Pol II elongation rate. Poly(A) profiles of some genes show atyp-
ical downstream shifts; this subset of genes overlaps well for FACT- or Spt6-depleted
strains but is different from the atypical genes in Pol II speed mutant strains. In contrast,
depletion of histone H3 or H4 causes a downstream shift of poly(A) sites for most
genes, indicating that nucleosomes inhibit the Pol II elongation rate in vivo. Thus,
chromatin-based control of the Pol II elongation rate is a potential mechanism, distinct
from direct effects on the cleavage/polyadenylation machinery, to regulate alternative
polyadenylation in response to genetic or environmental changes.

alternative polyadenylation | chromatin | RNA polymerase Il | transcription elongation |
histone chaperones

Unlike prokaryotic RNA polymerases that transcribe simple DNA templates, eukaryotic
RNA polymerases transcribe DNA wrapped with nucleosomes. In yeast cells, the RNA
polymerase II (Pol II) elongation rate is ~1.5 kb/min, as measured by blocking transcrip-
tional initiation of a Gal4-dependent promoter by glucose repression and following Pol
IT occupancy across a long gene as a function of time (1). The elongation rate is related
to, but distinct from, Pol II processivity, the ability of Pol II to transcribe the entire length
of the gene (1). Pol II mutants with reduced elongation rate also have reduced processivity,
but mutations in Spt4 or THO complex components reduce processivity without affecting
elongation rate (1).

In mammalian cells, transcriptional elongation control plays an important role in devel-
opmental gene expression, aging, and disease (2). Pol II elongation rates have been meas-
ured on a genomic scale by blocking Pol II pause release with DRB and following Pol I
occupancy across all genes as a function of time (3). The median Pol II elongation rate is
roughly comparable to that in yeast cells, but it is regulated within genes, across different
genes, and in response to environmental stimuli (4-6). Pol IT speed affects the dwell time
at individual nucleotides throughout the gene and hence cotranscriptional processes such
as splicing or polyadenylation (7, 8).

During transcriptional elongation, nucleosomes are in a highly dynamic equilibrium
with all four histones being evicted and deposited upon passage of Pol II (9-11). FACT
and Spt6 are histone chaperones that travel with elongating Pol II and are important for
the rapid eviction and deposition of histones upon transcriptional elongation (12-14).
FACT or Spt6 mutations can cause internal initiation within coding regions (15, 16) and
mislocalized histone modifications (17). Spt6, along with Spt4/5 (also known as DSIF)
and the Paf complex, is a component of the Pol II elongation complex that forms a “cradle”
at the DNA exit site (18). FACT recognizes subnucleosome intermediates during tran-
scription and forms an interface with the elongation complex (18). In vivo, Spt6 stimulates
the Pol IT elongation rate (19), but it is unclear whether this is also true for FACT (14).

The rate of Pol II elongation regulates the profiles of poly(A) sites in yeast (20-22) and
human (22-25) cells. Pol II derivatives with slow elongation rates confer upstream-shifted
poly(A) profiles, whereas fast Pol II strains confer downstream-shifted poly(A) profiles.
‘These Pol II speed mutants do not generate new poly(A) sites but rather alter their relative
utilization. The shifts in poly(A) profiles are due to Pol II speed and not Pol II processivity
because cells lacking Spt4 or THO complex components have normal poly(A) profiles,
even though they have reduced Pol II processivity (20). The upstream and downstream
shifts in poly(A) profiles occur continuously from one isoform to the next, even when
isoforms are separated by a single nucleotide (22). This indicates that the cleavage/
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polyadenylation and Pol I elongation complexes are spatially, and
perhaps physically, coupled in vivo, strongly suggesting that pol-
yadenylation occurs rapidly upon emergence of the nascent RNA
from the Pol II elongation complex (22).

The observations above indicate that poly(A) profiles provide
a useful, though indirect, approach to analyze the Pol II elongation
rate. Detailed poly(A) profiles involving numerous 3’ mRNA iso-
forms are easily analyzed on a transcriptome scale. This approach
is particularly useful for studying the Pol II elongation rate in yeast
cells, which has never been done at the transcriptome scale. Such
analysis has been difficult in yeast due to the lack of drugs that
specifically inhibit Pol I initiation and because depletion of essen-
tial Pol I initiation factors (e.g., TFIIB) takes too long to permit
kinetic analysis of Pol II elongation.

Poly(A) site utilization can be regulated on a transcriptome scale
by environmental or developmental conditions (26). For example,
cancer cells and pluripotent stem cells preferentially express shorter
3’ mRNA isoforms, whereas differentiated cells preferentially express
longer 3" mRNA isoforms (27-32). Such regulation of alternative
polyadenylation can have profound phenotypic effects because dif-
ferent 3’ isoforms often have different functional properties. For
example, shorter 3’ mRNA isoforms often lack microRNA binding
sites that are present in longer isoforms of the same gene and that can
repress expression of that gene. Mechanistically, transcriptome-scale
regulation of poly(A) profiles can be due to regulated expression or
activity of components of the cleavage/polyadenylation machinery
(26, 33, 34). In yeast, shorter isoforms are favored under diauxic
conditions, likely due to a reduction in the Pol II elongation rate
when nucleotide precursors are limiting (20).

Here, we show that depletion of FACT or Spt6 causes upstream-
shifted poly(A) profiles of most genes, indicating that these histone
chaperones are important to achieve the physiological Pol II elonga-
tion rate. Conversely, depletion of histones causes downstream-shifted
profiles, indicating that nucleosomes inhibit the Pol II elongation
rate. We suggest that chromatin-based control of the Pol I elongation
rate is a potential mechanism, distinct from direct effects on the
cleavage/polyadenylation machinery, to regulate alternative polyade-
nylation in response to genetic or environmental changes.

Results

Depletion of FACT or Spt6 Causes an Upstream-Shifted Poly(A)
Profile. FACT is a heterodimer of Spt16 and Pob3 (35, 36), and
Spt6 interacts strongly with Spnl, another histone chaperone
(37, 38). As Sptl6 and Spt6 are essential for yeast cell growth,
we examined poly(A) profiles in cells individually depleted for
these proteins by the anchor-away technique (39). Poly(A) profiles
were generated by the 3° READS technique (40) and analyzed
as described previously (20, 22). Biological replicates are highly
reproducible (S7 Appendix, Fig. S1).

On an overall basis, cells depleted of Sptl6 (subsequently
referred to as FACT) or Spt6 show an upstream-shifted poly(A)
profile resembling those observed in two slow Pol II mutants
and in wild-type cells grown in diauxic conditions. Fig. 14
shows poly(A) profiles of two example genes, and Fig. 1B shows
a transcriptome-level plot in which boxes demarcate the
genome-wide median poly(A) site positions (10th to 90th per-
centile) relative to the stop codon and vertical bars indicate the
median weighted average poly(A) site. In contrast, median
poly(A) profiles are not upshifted in cells lacking other proteins
involved in Pol II elongation: TFIIS, an elongation factor that
stimulates Pol II to cleave RNA to help arrested elongation
complexes to resume transcription (41-43); Hprl, a component
of the THO complex that links Pol II elongation to mRNA
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export (44); Spt4, a component of DSIF (18). Cells lacking
Pafl, a subunit of the Pafl complex that is part of the Pol II
elongation complex (18, 45) and is required for methylation of
histone H3 at lysines 4 and 79 and ubiquitination of histone
H2B at lysine 123 (46, 47), show a very slight upstream shift.
Simultaneous depletion of both Spt6 and FACT causes an
upstream-shifted poly(A) profile similar in magnitude to that
of the individual depletions (Fig. 1B).

Spt4 and the THO complex are important for Pol II processivity
but not elongation rate (1, 20), and the corresponding mutants do
not affect the poly(A) profile (1). Therefore, the upstream-shifted
poly(A) profiles in FACT- and Spt6-depleted cells indicate a reduced
Pol IT elongation rate rather than simply a processivity defect per se.
Consistent with a reduced elongation rate, Spt6- and FACT-depleted
cells also show reduced Pol IT processivity (see later).

Depletion of FACT or Spt6 Causes Increased Polyadenylation
in Protein-Coding Regions. Polyadenylation in yeast coding
regions occurs at a frequency of ~1% of that occurring in 3’
untranslated regions (3’ UTRs), even though coding regions are
several times larger (48-50). In principle, this observation could
reflect infrequent polyadenylation in coding regions and/or low
stability of the corresponding 3’ isoforms. Although low steady-
state expression levels of individual 3" isoforms terminating in the
coding region preclude analysis of their half-lives, decay rates of 3’
isoforms with poly(A) sites in the coding region vs. the 3" UTR
can be compared on an overall basis.

Analysis of published mRNA stability data (51) reveals that the
ratio of 3’ isoforms with poly(A) sites in coding regions vs. 3" UTRs
is relatively uniform across a 2 h time course after Pol II depletion
(Fig. 2A4). During this timeframe, most 3" UTR-terminating iso-
forms exhibit a >10-fold drop in mRNA levels (51). This observa-
tion suggests that 3’ isoforms that are polyadenylated in coding
regions have half-lives roughly comparable to those of isoforms
with poly(A) sites in 3" UTRs. Thus, on an overall basis, the low
level of poly(A) sites within coding regions reflects a low level of
polyadenylation, not decreased stability of these isoforms.

Depletion of FACT or Spt6 results in increased polyadenylation
in coding regions (Fig. 2B). Similar results are observed in slow
Pol IT mutant strains as well as the wild-type strain grown in diauxic
conditions, but not in strains deleted for Paf1, TFIIS, Hprl, and
Spt4. The relationship between increased polyadenylation in cod-
ing regions and upstream shifts in the 3" UTR (Fig. 2B) suggests
that these two phenotypes have the same underlying cause. As Pol
II traverses the coding region and 3" UTR, we suggest that increased
Pol II dwell time results in increased polyadenylation at more
upstream positions. As the cleavage step required for polyadenyl-
ation also initiates transcriptional termination (52-55), it occurs
only once per newly synthesized RNA molecule, thereby reducing
polyadenylation at more downstream positions.

Most Genes Have Upstream-Shifted Poly(A) Profiles in Each of
the Three Conditions of Slow Pol Il Elongation. We compared
the poly(A) profiles of individual genes in FACT-depleted, Spt6-
depleted, and slow Pol II (Rpb1-H1085Q) cells by calculating
the shift (either upstream or downstream) from the wild-type
condition (20). For each of the three genetic conditions, most
genes (64 to 84%) show an upstream shift (Fig. 34). Furthermore,
in all pairwise comparisons, there is a very strong overlap of genes
with upstream-shifted poly(A) profiles (Fig. 3B), indicating that
these genes are generally sensitive to the Pol II elongation rate. The
overlaps between upstream-shifted genes are significantly greater
than expected by chance and are particularly strong for FACT-
depleted vs. Spt6-depleted cells.
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Fig. 1. Depletion of Spt6 or Spt16 causes an upstream-shifted poly(A) profile. (A) Poly(A) profiles of the LYS27 and YFH1 genes in the indicated genetic conditions.
Individual isoforms are defined by the number of nucleotides downstream of the stop codon, and their vertical heights indicate the expression level, relative
to a value of 100 being defined by the isoform with the highest number of reads under that condition. (B) Transcriptome-level location of poly(A) sites in the
indicated strains. The left (5') and right (3') boundaries of each box represent median genome-wide values for the locations of the 10th and 90th percentile
isoforms, and the vertical line represents the genome-wide 50th percentile position.

We also compared overall net shifts (a metric that represents the
combined shift in polyadenylation at multiple positions between
wild-type and genetically altered cells) of individual genes for
all three conditions showing upstream-shifted poly(A) profiles.
Interestingly, net shift correlations of slow Pol II mutants with
either FACT-depleted or Spt6-depleted cells are modest (R ~ 0.3
to 0.4), whereas the correlation between FACT-depleted and
Spt6-depleted cells (R = 0.67) is significantly higher and comparable

PNAS 2024 Vol.121 No.21 2405827121

to that of the correlation (0.66) between two slow Pol II mutants
(Fig. 3C, lower left quadrants). Similarly, on an individual isoform
basis, correlation of slow Pol II mutants vs. either FACT-depleted
or Spt6-depleted cells (R ~ 0.6) is significantly lower than the cor-
relation between FACT- depleted and Spt6-depleted (0.8) cells
(81 Appendix, Fig. S1). There are many examples (a few shown in
Fig. 3D) in which the magnitude of the upstream shifts is very
different among the genetic conditions.

https://doi.org/10.1073/pnas.2405827121

3of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2405827121#supplementary-materials

Downloaded from https://www.pnas.org by Kevin Struhl on May 15, 2024 from |P address 134.174.140.149.

4 0of 11

Percent ORF reads

1<._./0—0—-—0/‘

0 20 40 60 90 120
Time post-Pol Il anchor away (min.)

B Median increase in percent of ORF reads
15

+10+

Spt6-AA Spt16-AA
¢ 451

Diauxic
.

Slower Pol II
Median upstream 50 o 25

e sptaA +25
overall net shift ' ' paftasl '

+50  Median downstream
' overall net shift

Ldst1a
® Pcf11-AA

5T
. ref2n

H3 knockdown
. ® H4 knockdown

151

Median decrease in percent of ORF reads

Fig. 2. Level of polyadenylation within coding regions is linked to poly(A)
profiles in the 3’ UTR. (A) Percent of total reads for isoforms with poly(A)
sites in the coding region for the indicated times after depleting Pol Il via
anchor-away. (B) Relationship between the net shift (downstream or upstream
indicated on the x-axis) and the median increase or decrease in the percent
of sequence reads for isoforms with poly(A) sites in the coding region (y-
axis) for the indicated genetic conditions. The dotted trend line highlights the
relationship between overall net shift and percent change in the coding region
reads (R =-0.72, P = 0.0002).

These observations indicate that catalytically slow Pol II reduces
the rate of Pol II elongation by a mechanism distinct from that of
Spt6 and FACT depletion. The more similar effects of FACT and
Spt6 depletion are suggestive of related effects of these histone
chaperones on chromatin during Pol II elongation.

Atypical Genes with Downstream-Shifted Poly(A) Profiles Reveal
Similarities between FACT and Spt6 but Strong Differences with
Slow Pol Il Derivatives. In previous work, we observed that 7%
of genes showed atypical downstream-shifted poly(A) profiles in
cells with slow Pol IT derivatives (20). The genes with downstream-
shifted poly(A) profiles are very similar, though not identical, in
two different slow Pol IT strains (20). Downstream-shifted poly(A)
profiles occur in 11% of genes in FACT-depleted cells and 17%
of Spt6-depleted cells (Fig. 34).

Unlike the very strong overlap of genes with upstream-shifted
poly(A) profiles in all three genetic conditions (Fig. 3B), there is no
significant overlap in genes with downstream-shifted poly(A) profiles
between slow Pol 11 cells and either FACT-depleted or Spt6-depleted
cells (Fig. 44). In contrast, genes with downstream-shifted or
unshifted poly(A) profiles overlap considerably in Spt6-depleted and
FACT-depleted cells (Fig. 4B). Examples in which a given gene
shows an upstream-shifted poly(A) profile in one condition and a
downstream shifted profile in another condition are shown in
Fig. 4C. Thus, depletion of Spt6 or FACT cause related effects on
Pol IT elongation that differ from those caused by slow Pol II

https://doi.org/10.1073/pnas.2405827121

derivatives, indicating that a reduced Pol II elongation rate does not
simply increase Pol II dwell time uniformly throughout the 3" UTR.

FACT and Spt6 are similar, though not identical, in their effects
on poly(A) profiles, presumably because both act through chro-
matin with some sequence specificity for histone deposition and/or
eviction. In contrast, Pol II mutations that affect the elongation
rate change the pattern of Pol II pausing and have different
sequence preferences at Pol IT pause sites (56). Thus, although
reduced Pol II elongation rate generally causes upstream-shifted
poly(A) profiles, sequence-specific effects on Pol II pausing and/or
the local chromatin structure might underlie why FACT- and
Spt6-depleted cells differ from slow Pol 11 cells.

Decreased Pol Il Processivity Is Linked to Downstream-Shifted
Poly(A) Profiles in FACT- and Spt6-Depleted Cells. We cannot
directly measure the Pol II elongation rate in FACT- or Spt6-
depleted cells because protein depletion by the anchor-away
method is too slow. However, reduction of the Pol II elongation
rate by genetic (Pol II mutants) or chemical (6-azauracil or
mycophenolic acid) perturbations is associated with a defect in Pol
IT processivity (1). Reduced processivity is a hallmark of reduced
elongation rate; the converse is not true. To provide independent
evidence that depletion of FACT and Spt6 has reduced Pol II
elongation rates, we examined Pol II processivity in genome-scale
datasets of Pol II occupancy in FACT- and Spt6-depleted cells
(same strains as used here) generated by Francois Robert and
colleagues (17).

We measured Pol II occupancy near the 5" and 3’ ends of coding
regions greater than 1 kb in length. On an overall basis, when
compared to wild-type cells, Pol II occupancy at 3 ends is 11%
(FACT depletion) or 7% (Spt6 depletion) lower than Pol IT occu-
pancy at 5" ends (Fig. 54, blue bars), directly demonstrating that
depletion of FACT or Spt6 results in reduced processivity. This is
typical of Pol II speed mutants. As a control, Pol II processivity
defects are much smaller at adjacent regions in the center of coding
regions (Fig. 5A4, orange bars). These Pol II processivity defects
almost certainly reflect decreased elongation rate upon FACT or
Spt6 depletion, because a processivity defect per se is insufficient
to cause an upstream-shifted poly(A) profile (1).

Unexpectedly, in both FACT- and Spt6-depleted cells, there is
alink between decreased Pol IT processivity and downstream-shifted
poly(A) profiles. First, in a cohort of genes displaying a significant
processivity defect (>2 SD from the median control region),
downstream-shifted poly(A) profiles outnumber upstream-shifted
profiles by a 2 to 1 margin (Fig. 5B). Second, based on median
processivity (3’:5" ratios of Pol II occupancy), genes with
upstream-shifted poly(A) profiles have relatively higher levels of
Pol II processivity (91%) than genes with downstream-shifted
profiles (83%), and genes with unshifted profiles have intermedi-
ate levels (87%). Given the high likelihood that reduced Pol II
processivity under conditions of FACT or Spt6 depletion reflects
a reduced elongation rate, this result appears to conflict with the
general result that decreased elongation rate is associated with
upstream-shifted poly(A) profiles (Discussion).

Depletion of Histones Causes a Downstream-Shifted Poly(A)
Profile. 3' UTRs are largely sufficient to determine poly(A)
profiles (57, 58), and unlike coding regions, they have long
AT-rich stretches of DNA that may be important for restricting
polyadenylation to 3 UTRs (58). In principle, 3" UTR recognition
could occur at the DNA (AT-rich), RNA (AU-rich), or RNA:DNA
hybrid (rU:dA- and/or rA:dT-rich) level (59). In one DNA-based
model (59), elongating Pol II recognizes 3" UTRs by their reduced
nucleosome occupancy due to AT-rich sequences (60), which

pnas.org
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comparisons of slow Pol I, Spt6-depleted, and Spt16-depleted strains. The P-values represent the likelihood that the overlaps occur by chance. (C) Pairwise-
comparison net poly(A) shifts of individual genes in slow Pol Il, Spt6-depleted, and Spt16-depleted strains. (D) Examples of genes showing variations in the
magnitudes of upstream-shifted poly(A) profiles in the indicated strains.
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Fig.4. Genes with downstream-shifted or unshifted poly(A) profiles vary across strains. (A) Venn diagrams showing the overlap between genes with downstream-
shifted poly(A) profiles in pairwise comparisons of slow Pol I, Spt6-depleted, and Spt16-depleted strains. The P-values represent the likelihood that the overlaps
occur by chance. (B) Venn diagrams showing the overlap between genes with downstream-shifted or unshifted poly(A) profiles in Spt16- and Spt6-depleted
strains. (C) Examples of genes showing discordance between upstream- and downstream-shifted poly(A) profiles in the indicated strains.

results in dissociation of some elongation factors and subsequent
recruitment of the cleavage/polyadenylation machinery. Such
a model predicts that general histone depletion should lead to
increased polyadenylation within coding regions and an upstream-
shifted poly(A) profile.

In contradistinction to this model, depletion of either histone
H3 or H4 via glucose-shutoff alleles (61) results in a dramatically
downstream-shifted poly(A) profile (Fig. 64) as well as a substantial
decrease in the already-low level of polyadenylation within coding
regions (Fig. 2B). Very few genes (3 to 8%; Fig. 34) show an upstream-
shifted profile in these histone-depleted strains. The poly(A) profile
upon H3 or H4 depletion is considerably more downstream-shifted
than observed in two fast Pol II strains (20), and this downstream
shift in polyadenylation is roughly comparable in magnitude to the

https://doi.org/10.1073/pnas.2405827121

dramatic downstream shifts in strains lacking or depleted for Ref2,
Npl3, or Pcf11, factors that are critical for functioning of the cleav-
age/polyadenylation machinery (Fig. 6B8). Downstream-shifted
poly(A) profiles in strains with defects in the cleavage/polyadenyl-
ation machinery have been observed previously (33, 62, 63). They
are expected because ineflicient cleavage at a given site is linked to
ineflicient termination, thereby allowing Pol II to travel further
downstream and preferentially generate poly(A) sites at more distal
locations.

Pairwise comparisons involving histone-depleted and cleavage/
polyadenylation-defective strains reveal a significant overlap of genes
showing downstream-shifted poly(A) profiles in all cases (Fig. 6C
and ST Appendix, Fig. S2). This overlap is especially strong for the
H3- and H4-depleted strains, even though the magnitudes of the
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Fig. 5. Spt6 and Spt16 affect Pol Il processivity. (4) Schematic showing that processivity is measured by relative levels of Pol Il occupancy near 5 and 3’ end
(blue). As a control, relative levels of Pol Il occupancy at adjacent locations in the middle of the genes (orange) are measured. Shown below are mean processivity
defects (in percent) of genes with upstream-shifted, downstream-shifted, and unshifted poly(A) profiles in Spt6- and Spt16-depleted strains. The number of genes
within each category is indicated in parentheses. (B) Percent of all genes with upstream-shifted or downstream-shifted poly(A) profiles that show a significant

processivity defect.

downstream shifts are comparable to strains defective in the cleav-
age/polyadenylation machinery. This observation suggests that
downstream shifts in polyadenylation caused by depletion of his-
tone and cleavage/polyadenylation factors differ on a mechanistic
level.

Discussion

Spt6 and FACT Are Required for Achieving the Physiological Rate
of Pol Il Elongation. Pol II derivatives with slow elongation rates
confer an upstream-shifted poly(A) profile in yeast (20-22) and
human (22-25) cells. Such upstream poly(A) shifts are due to Pol
IT elongation rate and not Pol II processivity (20). They reflect

PNAS 2024 Vol.121 No.21 2405827121

increased dwell time of elongating Pol I at individual nucleotides
(22), thereby permitting preferential polyadenylation at upstream
positions. As cleavage/polyadenylation initiates transcriptional
termination and hence occurs only once per mRNA molecule,
increased polyadenylation at upstream positions necessarily results
in decreased polyadenylation at downstream positions.

Here we show that depletion of the histone chaperones FACT
and Spt6 causes an upstream poly(A) shift at most genes. Both
FACT (16) and Spt6 (64) travel with elongating Pol I and presum-
ably affect chromatin structure throughout the entire gene. There
is no evidence, and it is highly unlikely, that these histone chaper-
ones affect the cleavage/polyadenylation machinery. Furthermore,

the genes showing upstream-shifted poly(A) profiles in FACT- and
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Spt6-depleted cells are largely in common with those in slow Pol 11
cells, and most poly(A) profiles of upstream-shifted genes are highly
correlated in the three conditions. These observations indicate that
FACT and Spt6 are each required for achieving the physiological
rate of Pol II elongation. This conclusion is strongly and inde-
pendently supported by the overall Pol II processivity defect in
FACT- and Spt6-depleted strains. Our results are consistent with
the finding that Spt6 enhances the Pol II elongation rate in meta-
zoans (19, 65), and they resolve the uncertainty about the role of
FACT in stimulating the Pol II elongation rate (14, 19).

https://doi.org/10.1073/pnas.2405827121

Molecular Implications of Gene Specificity. A minority of genes in
FACT-depleted, Spt6-depleted, and slow Pol 1I cells show atypical
downstream-shifted poly(A) profiles. Such gene-specific effects
could be explained by several nonmutually exclusive mechanisms.
First, 3" UTR sequences might differ in Pol II pause sites and/
or local elongation rate affecting Pol II dwell time. Second,
sequence-specific differences in the local Pol II elongation rate
could differentially affect the structure of the mRNA emerging
from the elongation complex, resulting in preferential inhibition
of upstream poly(A) site utilization. Third, as FACT and Spt6
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facilitate nucleosome eviction and deposition, 3" UTR-specific
differences in nucleosome occupancy or stability could cause
atypical downstream-shifted poly(A) profiles (see below).

Unexpectedly, in Spt6- and FACT-depleted cells, the minority of
loci with reduced Pol II processivity are associated with more
downstream-shifted poly(A) profiles. Reduced Pol II processivity in
these depletion strains likely reflects slower Pol II speed, as opposed
to some heretofore unknown aspect of processivity that does not
affect poly(A) profiles. This suggests that at least some gene-specificity
of poly(A) profiles reflects gene-specific differences in the Pol II elon-
gation rate. Although the link between reduced Pol II processivity
and downstream-shifted poly(A) profiles is subtle, it is significant.

To affect poly(A) profiles, gene-specific differences in the Pol II
elongation rate must occur within the 3’ UTR. However, gene-specific
differences in Pol II processivity (and hence elongation rate) occur
throughout the coding region. It seems unlikely that DNA sequence
differences in coding regions and 3" UTRs of individual genes would
be coordinated with respect to the Pol II elongation rate. Furthermore,
in Spt6- and FACT-depleted cells, decreased Pol II elongation rate
within coding regions is associated with downstream-shifted poly(A)
profiles, which presumably reflect increased Pol II elongation rate in
3" UTRs as well.

'The apparent contradiction that slower Pol II elongation rate in
the coding region is associated with faster elongation rate in the 3’
UTR suggests that the Pol II elongation machinery exists in two
forms that differ in Pol II speed and hence processivity. If the slow
form preferentially dissociates from the template as it travels through
the coding region, atypical genes with lower levels of Pol IT proces-
sivity/speed will have relatively higher levels of the fast form when
Pol II reaches the 3" UTR and hence cause a downstream shift in
poly(A) sites. Though clearly speculative, this suggestion is consist-
ent with increasing elongation rates as Pol II traverses the gene in
mammalian cells (66) as well as substantial variability in elongation
rate of individual Pol IT molecules and a connection between Pol II
density and mRNA cleavage efliciency in Drosophila cells (67).

It seems unlikely that gene-specificity of poly(A) profiles occurs
solely at the 3" UTR, as this would not easily explain why processivity/
speed variation in coding regions influences poly(A) patterns.
Gene-to-gene variation of Pol II speed might be due to sequences
affecting Pol II pausing sites throughout coding regions (56) or to
sequence differences early in the coding region (perhaps around the
+1 nucleosome) that set the elongation rate that is propagated down-
stream. Alternatively, the Pol II elongation rate could be influenced
at the promoter via compositional differences (subunit stoichiometry
and/or modifications) in Pol I or associated proteins. In this regard,
kinases recruited to promoters by activator proteins selectively travel
through the coding regions of target genes (68, 69). These consider-
ations do not exclude the role of 3" UTR sequences in gene-specific
poly(A) profiles.

Nucleosomes Inhibit the Pol Il Elongation Rate In Vivo. While
nucleosomes inhibit the Pol II elongation rate in vitro, the Pol II
elongation rate in vivo is roughly comparable to the elongation
rate of purified Pol II on naked DNA templates (70-73). This
suggests that histone chaperones and perhaps other elongation
factors overcome the otherwise strong inhibitory effects of
nucleosomes. Thus, it is unclear how elongating Pol II would
behave on nucleosome-depleted regions in vivo, and whether such
regions would affect the poly(A) profile.

Our observations strongly suggest that nucleosomes inhibit the
Pol II elongation rate in vivo, even in the presence of all Pol II
elongation factors. Specifically, depletion of histone H3 or H4
causes greatly reduced polyadenylation within coding regions and

a strong downstream-shifted poly(A) profile within 3’ UTRs. This

PNAS 2024 Vol.121 No.21 2405827121

observation is inconsistent with a DNA-based (AT-rich) model for
preferential polyadenylation in the 3" UTR vs. the coding region
(59). Although the downstream shift upon histone depletion
resembles that occurring in cells defective in cleavage/polyadenyl-
ation, it is highly unlikely that histones directly inhibit the activity
of the cleavage/polyadenylation machinery. The opposite directions
of poly(A) shifts caused by histone depletion vs. depletion of FACT
or Spt6 that are important for histone eviction (12-14) demon-
strates the importance of chromatin in affecting Pol II elongation
rates and concomitant effects on poly(A) profiles.

Although the histone depletion described here represents an
artificial condition, histone depletion appears to occur in aging
yeast cells (74). In addition, local effects on nucleosome occupancy
likely affect Pol IT elongation in wild-type cells. Pol IT occupancy
at AT-rich regions just upstream of poly(A) sites is relatively reduced
(22), perhaps reflecting local increased Pol II speed (75) due to
lower histone occupancy at AT-rich regions (76). Nucleosomes
have DNA sequence preferences (77-79) that might contribute to
local changes in the Pol II elongation rate. These considerations
suggest that gene-specific and local effects of FACT and Spt6 on

nucleosome occupancy will affect poly(A) profiles.

Altered Chromatin Structure as a Potential Mechanism for
Regulated Alternative Polyadenylation in Response to Genetic or
Environmental Changes. Poly(A) site utilization can be regulated on
a transcriptome scale by environmental or developmental conditions
(26). Transcriptome-scale regulation of poly(A) profiles can be due
to regulated expression or activity of components of cleavage/
polyadenylation machinery (26, 33, 34). Our results provide strong
evidence that altered chromatin structure, through its effects on the
Pol II elongation rate, is another mechanism for regulating alternative
polyadenylation. Many disease-causing mutations map to genes
encoding chromatin-modifying components, and such mutations
could alter the Pol II elongation rate and hence poly(A) profiles.
Environmental conditions that affect one or more chromatin-related
components could lead to the same effects (80). Finally, by analogy
with inhibitors (1) and the yeast diauxic response (20), conditions
that reduce nucleotide precursors or otherwise affect the Pol 11
elongation rate should lead to widespread effects on poly(A) profiles
and hence biological phenotypes. This chromatin-based mechanism
is not mutually exclusive with the cleavage/polyadenylation-based
mechanism, and both could operate under a given physiological
condition. Based on gene-specificity observed in all cases we
examined, we predict that environmental or genetic conditions will
have widespread effects yet differentially affect poly(A) profiles of
individual genes.

Materials And Methods

Yeast Strains. A number of the yeast strains used in this paper have been
described previously (17,20, 61).The PCF11 anchor-away strain YJ012 was pro-
vided by Yi Jin, and the histone H3 and H4 depletion strains (DCB 200.1 and
DCB 220.1) (61) were provided by Kerry Bloom. SPT6 and SPT76 anchor away
strains YFR1480 and YFR1478 (17) were provided by Francois Robert. JYZ39, the
double anchor away (Spt16-AA/Spt6-AA) strain, was constructed by induction of
mating-type switching of YFR1478 with galactose-inducible HO endonuclease
(81), crossing the resulting MATa strain with YFR1480, and selection of a MATa
haploid with both SPT6-FRB-KanMX and SPT16-FRB-KanMX after sporulation and
tetrad dissection. Complete deletions of PAF1, DST1, NPL3,and REF2 open reading
frames were constructed by CRISPR (see S/ Appendix, Table $1 for guide and repair
sequences) using derivatives of pML104 (82) to supply Cas9 and guide RNA.

Cell Growth and RNA Preparation. Most strains were grown in 50 mL of YPD
(yeast extract-peptone-dextrose) to 0D,y = 0.3 to 0.4 at 30 °C. Anchor-away
strains were grown in YPD to ODg= 0.3 to 0.4 at 30 °C and then treated with
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1 uM rapamycin for 1 h. Histone shutoff strains were grown in YP medium con-
taining 2% galactose to 0D g = 0.3 t0 0.4 at 30 °Cand then an additional 3 hin
YPD after removal of galactose-containing media by filtration. For each strain, total
RNAwas isolated from 15 to 25 mLof cells and purified using the hot acid phenol
method followed by QIAGEN RNeasy as described (83). 3" READS was performed
with 25 pg of purified total RNA with 17 cycles of amplification (40). Barcoded
libraries were quantified on an Agilent Bioanalyzer 2100, pooled, and sequenced
on the Illumina NextSeq 500 platform. Datasets for JGY2000 grown in diauxic
conditions, JZY5, JZY6,J7Y27,J7Y33, and JZY15 were published previously (20).

General Dataset Processing. |llumina datasets were treated as previously
(20). In summary, fastq files were prepared for mapping by discarding reads
with ambiguous bases, removing adapter sequences from read ends, and first
counting and then removing consecutive initial Tresidues (representing terminal
Aresidues of the RNA) from the read. Reads lacking initial T residues were dis-
carded. The first 17 nt of each read after the initial Ts were mapped to the Sac cer
3 version of the Saccharomyces cerevisiae genome using Bowtie (84), allowing
no mismatches and keeping only uniquely mapped results. Mapped reads were
discarded unless they showed evidence of nontemplated terminal A bases: The
number of consecutive initial Ts in the original read needed to be higher than
the number of A residues encoded by the genome immediately adjacent to the
mapped position. The remaining reads, representing bona fide poly(A) isoforms
endpoint, were scaled to 25 M total per replicate or 50 M for combined A+B
replicates. When looking at individual genes, isoforms in the 400 nt downstream
of the stop codon are represented by abundance relative to the most frequently
observed isoform in this window, which is set to 100.

Poly(A) Profiles and Important Terms. The analysis of polyadenylation sites
in 3" UTRs has been described previously (20). Briefly, reads were assigned to
a gene's 3’ UTR if they mapped to a 400 nt window immediately downstream
of its ORF. For each condition or strain, we combined reads from both biological
replicates at each position in the 3" UTR. Genes with <1,000 total reads in the 3’
UTR were excluded from further analysis. The 3’ isoform endpoint frequencies
were tabulated for each 3" UTR, setting the value of the most expressed isoform to
100and linearly scaling reads in the other positions relative to this value. Thus, the
overallisoform expression as a function of distance within the 3" UTR constitutes
agene's poly(A) profile. Percentile coordinates (10th, 25th, 50th, 75th, and 90th)
foreach 3" UTR represent the position at which the indicated percentage of reads
lies at or upstream (i.e., if the 25th percentile coordinate is +80, 25 percent of
all 3" UTR reads occur at or before +80). When necessary, the assigned position
represents an interpolated value between the two isoform endpoints below and
above the percentile rank. The cumulative net shift represents the combined net
shiftatthe 10th, 25th, 50th, 75th, and 90th percentile coordinates (20). For each
gene, the net number of percentile coordinates shifted is the number of percentile
coordinates shifted upstream vs. the control strain/condition minus the number
of percentile coordinates shifted downstream vs. the control strain/condition (20).

Analysis of ORF Reads. ORF reads for a given gene were processed similarly
to 3" UTR reads but were mapped to genomic regions that span the coding
sequences (for ~200 genes, this also includes introns). As there are relatively
few reads at individual positions within the ORF, ORF reads at all positions were
combined and then consolidated in biological replicates. For each gene, the over-
all percentage of ORF reads was computed by dividing the consolidated ORF
reads by the total number of reads in ORF + 3" UTR regions. To measure ORF
polyadenylation during a Pol Il shutoff, we first selected the 4,449 genes with
>1,000 3" UTR reads at the 0" and 20’ time points from a previously published
dataset(51). We computed the overall sums of all ORF or 3" UTR reads each time
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point(0', 20", 40',60', 90" 120") and determined the percent of reads mapping in
the ORF as a function of time.

Classification of Genes by Poly(A) Profile Shift. Genes were categorized by
their poly(A) profile shift relative to isogenic controls as either upstream shifted,
downstream shifted or unshifted essentially as described (20). Briefly, each gene's
poly(A) profile was compared relative to either an isogenic or a predepletion
control as follows. Genes were classified as upstream shifted if they possessed
both a negative overall net shift and if the net number of percentile coordinate
positions (10th, 25th, 50th, 75th, and 90th) shifted upstream was >1. Genes were
deemed downshifted if they contained both a positive overall net shift and if the
net number of percentile coordinates shifted downstream was > 1. Genes were
called as unshifted if either the overall net shift or the net number of percentile
coordinates shifted equaled zero.

Correlations of Biological Replicates and Isoform Expression Levels across
strains/Conditions. Reproducibility of biological replicates was assessed by
pairwise comparisons of reads either in individual isoforms (20). All isoforms
with =10 reads in both replicates (>50,000 isoforms per strain or condition)
were selected and a Pearson correlation was computed for each set of replicates
(S1 Appendix, Fig. S1).To assay expression differences at the isoform level in var-
ious strains and conditions, we first combined the reads for each isoform in the
two biological replicates in each of the 15 strains or condition. We then selected
29,148 isoforms which possessed a combined minimum of 10 or more reads
in every strain or condition, log,,-transformed the read values, and computed
pairwise Pearson correlations for all possible combinations (S/ Appendix, Fig. S1).

Genome-Wide Measurement of Spt16 and Spt6 Processivity. \We computed
processivity values using a published yeast Pol Il occupancy tiled microarray data-
set(GEO: GSE113270)(17)as follows. After mapping the probe coordinates onto
the genome, we eliminated all genes with coding sequences <1,000 ntin length.
For each gene within each dataset, we counted the number of probes whose mid-
point coordinates are contained within either +100 to +300 relative to the ATG
("5 region”) or —300 to —100 relative to the stop codon ("3’ region”). If a gene
contains =2 probes in each region in both biological replicates, we computed a
5" region/3’ region processivity ratio by separately averaging the median Pol I
occupancy valuesinthe 5 and 3’ regions in both replicates and then dividing the
averaged 5’ region occupancy values by the averaged 3 region occupancy values.

Processivity control regions for each gene were defined as —200 to —1 (“con-
trol 5" region”) and +1 to +200 (“control 3 region”) relative to the midpoint of
the genomic fragment encompassing each coding sequence. Processivity ratios
(control 5" region/control 3" region) were calculated exactly as described above.
Actual and control 5'/3 processivity ratios were converted to percent processivity
defects by subtracting the reciprocal of each processivity ratio from 1 and multi-
plying the resulting value by 100.

Data, Materials, and Software Availability. Datasets for poly(A) profiles in
the various mutant strains have been deposited in the NCBI GEO expression
omnibus under accession number GSE262747. The analysis also uses poly(A)
profile datasets previously deposited in GSE151196 (20) and GSE113270 (17).
Datasets from Rpb1 depletion time courses (51) used for the half-life analysis
were previously deposited in GSE52286.
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