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The poly(A) profile of a typical yeast gene comprises ∼50 poly(A) sites corresponding to distinct 3′ mRNA isoforms. Poly(A) profiles are 
shifted upstream in strains with slow RNA polymerase II (Pol II) elongation rates resulting from Pol II mutations or from depletion of his
tone chaperones FACT or Spt6. Conversely, downstream-shifted poly(A) profiles occur in strains with fast Pol II elongation rates caused 
by Pol II mutations or by depletion of histones. Downstream-shifted poly(A) profiles also arise when components of the cleavage/ 
polyadenylation machinery are depleted. Here we examine poly(A) profiles in 45 yeast strains with mutations that affect a wide variety 
of DNA- or RNA-based processes. Typically, altered poly(A) profiles occur in only a subset of genes, and some strains show both up
stream and downstream poly(A) shifts depending on the gene. Hierarchical clustering of the poly(A) profiles reveals 6 classes of genes 
that behave similarly over the genetic conditions tested and have different RNA sequence preferences in their 3′ untranslated regions. 
Many chromatin-modifying or chromatin-associated proteins affect poly(A) profiles similarly to Pol II elongation rate mutants, indicating 
that they affect the rate of transcriptional elongation. Chromatin-modifying activities, but not cleavage/polyadenylation factors, often 
have non-uniform effects on 3′ mRNA isoform levels of the same gene, suggesting that chromatin differentially affects Pol II dwell 
time at individual sites during transcriptional elongation.
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Introduction
Eukaryotic mRNA 3′ ends are generated during transcriptional 
elongation in a process that involves first cleavage and then poly
adenylation of nascent transcripts after RNA polymerase II (Pol II) 
traverses the protein-coding sequence (Proudfoot et al. 2002; Tian 
and Manley 2013, 2017; Kumar et al. 2019). Although there are 
many possible cleavage/polyadenylation sites per gene, only one 
is used per nascent mRNA molecule. This is because transcript 
cleavage triggers transcriptional termination such that the avail
ability of sites further downstream becomes moot. A gene’s poly
adenylation profile is thus a compendium representing a 
frequency distribution of polyadenylation sites used by the 
many individual mRNA molecules arising from that gene.

In yeast, a typical polyadenylation profile encompasses ∼50 
mRNA 3′ isoforms differing in the lengths of their 3′ untranslated 
regions (3′ UTRs) (Ozsolak et al. 2010; Moqtaderi et al. 2013; 
Pelechano et al. 2013). These isoforms—some highly preferred, 
others much less so—result from cleavage/polyadenylation at 
many different sites, with most occurring over a ∼200 nt region 
termed the “end zone.” Analysis of chimeric genes in which the 
protein-coding sequence of one gene is juxtaposed with the 3′ 
UTR of another demonstrates that the polyadenylation profile is 
determined by the 3′ UTR (Lui et al. 2022). In fact, deleting the en
tire coding sequence, although it usually results in lower 

steady-state mRNA levels, generally has little effect on the polya
denylation pattern, with relative isoform frequencies remaining 
unchanged (Lui et al. 2022). The location of poly(A) sites with re
spect to the translational termination codon varies considerably 
among genes, but it is partially conserved between S. cerevisiae 
and S. pombe homologs, suggestive of biological function 
(Geisberg et al. 2024b).

Yeast polyadenylation patterns undergo widespread changes 
under certain environmental conditions or in the presence of mu
tations, with overall polyadenylation profiles shifting upstream or 
downstream (Geisberg et al. 2020, 2024a). These changes do not 
involve the emergence of novel poly(A) sites but instead reflect 
changes in site utilization to favor poly(A) sites farther upstream 
or downstream. This indicates that certain sequences are more 
suitable for cleavage/polyadenylation, and it also suggests the 
biological utility of having many eligible polyadenylation sites. 
When profile changes are present, shifts occur steadily from one 
isoform to the next, even when the polyadenylation sites are imme
diately adjacent (Geisberg et al. 2022). The continuous upstream- 
and downstream-shifted poly(A) profiles differ dramatically from 
the altered poly(A) profiles that occur when transcriptional initi
ation is blocked, and changed 3′ isoform levels reflect differences 
in their half-lives (Geisberg et al. 2014). The continuous nature 
of the poly(A) shifts in the Pol II speed mutants indicates a spatial 
association between the cleavage/polyadenylation and Pol II 
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elongation complexes, with cleavage/polyadenylation occurring 
just as the nascent transcript exits the Pol II elongation complex 
(Geisberg et al. 2022).

Cells undergoing the metabolic changes of the diauxic shift ex
hibit a marked upstream shift in the polyadenylation pattern at 
most genes and have reduced Pol II processivity typical of a lower 
elongation rate (Geisberg et al. 2020). This is notable because Pol II 
mutants with slow elongation rates confer continuous upstream 
shifts in isoform profiles, remarkably like those seen in diauxic 
cultures. However, mutations that reduce Pol II processivity with
out decreasing the elongation rate (Mason and Struhl 2005) are in
sufficient to confer shifts in the isoform profile, indicating that 
slow elongation rates cause the upstream-shifted pattern 
(Geisberg et al. 2020). Conversely, Pol II mutations with fast elong
ation speeds lead to downstream shifts in isoform profiles, though 
the shifts are subtler than the upstream shifts in slow Pol II strains 
and affect fewer genes (Geisberg et al. 2020).

Chromatin, through its effects on the Pol II elongation rate, also 
affects poly(A) profiles. Cells depleted of either of the histone cha
perones FACT or Spt6 have reduced Pol II processivity and con
tinuous upstream-shifted polyadenylation profiles that 
strikingly resemble those conferred by slow Pol II derivatives 
(Geisberg et al. 2024a). Thus, these factors each stimulate the nor
mal Pol II elongation rate, and their depletion leads to upstream 
shifts characteristic of slow Pol II mutants. In contradistinction, 
depletion of either histone H3 or histone H4 leads to a dramatic 
and continuous downstream shift in polyadenylation profiles of 
most genes, indicating that nucleosomes inhibit the rate of Pol II 
elongation in vivo (Geisberg et al. 2024a). The downstream shifts 
upon histone depletion are distinct from those occurring in strains 
defective for cleavage/polyadenylation, presumably reflecting in
dependent mechanisms. Modulation of the Pol II elongation rate 
by chromatin can provide an additional regulatory layer to alter
native polyadenylation that is distinct from direct effects on the 
cleavage/polyadenylation apparatus.

Although these upstream and downstream poly(A) shifts are 
observed for most genes, a small minority of genes show atypical 
poly(A) profile shifts that occur in the opposite direction (Geisberg 
et al. 2020). This observation suggests that sequence differences 
among 3′ UTRs affect shifts in poly(A) profiles, but direct evidence 
is lacking. In addition, it is largely unknown whether proteins not 
directly linked to chromatin or cleavage/polyadenylation can in
fluence poly(A) profiles.

Here we examine poly(A) profiles in 45 yeast strains carrying 
mutations in proteins involved in chromatin, transcriptional elong
ation, mRNA splicing, cleavage/polyadenylation, mRNA stability, 
and RNA binding. In general, strains differ in the proportion of up
stream- vs downstream-shifted genes, the number of genes shifted, 
and the average magnitude of a typical poly(A) shift. We identify 6 
classes of genes whose poly(A) profiles behave similarly across the 
strains tested and whose 3′ UTRs exhibit distinct RNA sequence 
preferences. Mutations in chromatin-modifying activities, but not 
cleavage/polyadenylation factors, often have non-uniform effects 
on the same-gene, 3′ mRNA isoform levels. These observations sug
gest that chromatin differentially affects Pol II dwell time at indi
vidual sites during transcriptional elongation.

Materials and methods
Yeast strains
For the yeast genes examined here that are essential for viability, 
we obtained anchor-away (AA) alleles (Haruki et al. 2008) for rapid 
rapamycin-induced depletion of the protein products from cell 

nuclei. The Dpb2-AA strain YAM2673 (Cloutier et al. 2016) was 
provided by Elizabeth Tran, and the Top2-AA strain HHY173 
(Haruki et al. 2008) was purchased from Euroscarf. For almost 
all nonessential yeast genes in this study, we used CRISPR to con
struct strains harboring precise deletions of protein-coding se
quences (Supplementary File 1). To make each strain, we first 
constructed a Cas9-guide molecule by ligating the Cas9 parental 
vector pML104 (Laughery et al. 2015) and an annealed oligo
nucleotide pair representing a guide sequence targeting the de
sired coding sequence. We co-transformed the parental yeast 
strain JGY2000 (Geisberg et al. 2014) with this Cas9-guide mol
ecule and a repair molecule (either a single oligonucleotide or 
double-stranded molecule resulting from mutually primed syn
thesis of two oligonucleotides) bridging the 5′ and 3′ flanking se
quences of the targeted gene. The hbs1Δ, ski7Δ, and air1Δ, air2Δ 
double deletion strains are the products of sequential single dele
tions by the same method. We constructed the gcn5::LEU2 strain 
by integrative transformation of JGY2000 with the SacI-SphI insert 
from plasmid MB25 (provided by Mark Benson). The nhp6aΔ, 
nhp6bΔ double deletion strain (supplied by Dan Hall) was pro
duced by sequential PCR-mediated deletions (Longtine et al. 
1998) in parental strain BY4741 (Brachmann et al. 1998). Several 
of the deletion and anchor-away strains included in this work 
have been described previously (Jeronimo et al. 2019; Geisberg 
et al. 2020, 2024a; Khitun et al. 2023). Strains used and additional 
details on their construction are listed in Supplementary File 1.

Cell culture
We cultured all the deletion strains in liquid YPD medium at 30 °C 
to an OD600 of ∼0.4 before collecting cells from 25 ml of culture by 
centrifugation and freezing them at −80 °C. We grew the anchor- 
away strains in the same manner but subjected them to a 1 h 
treatment with 1 μM rapamycin before harvesting.

RNA isolation and 3′ READS library construction
We isolated total RNA using the hot acid phenol procedure fol
lowed by Qiagen RNeasy column purification (including DNase I 
before column loading). We performed 3′ READS library construc
tion in a manner identical to that previously described (Jin et al. 
2015), using barcodes for multiplex sequencing, and determined 
individual library concentrations using an Agilent BioAnalyzer be
fore pooling and sequencing on an Illumina NextSeq 500 instru
ment at the Bauer sequencing core of Harvard University.

Data analysis
We obtained demultiplexed sequences from the Bauer core and 
have previously described our pipeline, summarized below, for pre
paring/mapping the sequence reads and obtaining polyadenylation 
profiles (Geisberg et al. 2020). Because our library construction 
method targets the polyadenylated RNA population, our desired se
quence reads (after adapter removal) should begin with one or 
more T nucleotides, representing terminal A nucleotides. A key fea
ture of our preliminary analysis is keeping track of the number of 
initial Ts from each sequence read before trimming the remainder 
of the read to 17 nt and mapping to the Sac cer 3 build of the 
Saccharomyces cerevisiae genome (allowing 0 mismatches) using 
Bowtie (Langmead et al. 2009). This enables us to compare a read’s 
recorded initial T count to the number of As downstream of its 
mapped position in the genome, and thus to infer whether the 
read represents a molecule with post-transcriptionally added As. 
We discarded all reads not meeting this criterion.

For each strain in this study, the numbers of initial sequence 
reads, mapped reads, and reads representing polyadenylated 
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products are shown in Supplementary Fig. 1. For each strain, we 
scaled the poly(A)-RNA-derived reads to 25 million per biological 
replicate and to 50 million reads for both combined replicates. 
We tabulated mapped, poly(A)-RNA-derived reads whose termini 
fell within 400 nt downstream of the stop codon (or annotated 3′ 
end, for noncoding RNAs) of each gene. The relative reads number 
for a given position represents isoforms ending at that position as 
a percentage of isoforms ending at the maximally used position in 
the 400 nt window. For subsequent analysis, we worked with the 
combined data from both replicates and limited the study to 3′ 
UTRs with a minimum of 500 total reads in the merged data set. 
For each gene, percentile coordinates are the 3′ UTR positions at 
which the specified percentage (10, 25, 50, 75, or 90) of isoform 
endpoints occurs at or upstream of the position.

Classification of genes by poly(A) profile shift
Genes were categorized by their poly(A) profile shift relative to iso
genic controls as either upstream-shifted, downstream-shifted, or 
unshifted, essentially as described (Geisberg et al. 2020). Briefly, 
each gene’s poly(A) profile was compared relative to either an iso
genic or a pre-depletion 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 downstream-shifted if they contained both a posi
tive overall net shift and if the net number of percentile coordi
nates shifted downstream was ≥1. Genes were called as 
unshifted if either the overall net shift or the net number of per
centile coordinates shifted equaled zero.

Correlations of biological replicates and poly(A) 
profiles across strains
Reproducibility of biological replicates was assessed by pairwise 
comparisons of reads in individual isoforms (Geisberg et al. 
2020). All isoforms with ≥10 reads in both replicates (21,188 to 
68,967) isoforms per strain (median 58,168) were selected, and a 
Pearson correlation was computed for each set of replicates 
(Supplementary File 1). Median poly(A) profile correlations were 
computed across 2,770 genes (≥500 reads per gene in all strains) 
for each strain:strain combination and are displayed in a heat 
map (Supplementary Fig. 1).

Hierarchical clustering of poly(A) profiles: overall 
similarity across strains
2,811 genes with ≥500 reads in 3′UTR in Anchor Away (AA), dele
tion (KO), and isogenic control strains were selected to assess 
overall poly(A) profile similarity among AA and KO strains. In or
der to minimize genetic background differences, poly(A) profiles 
for any given gene in the relevant isogenic control strains were 
first subtracted from the same gene’s poly(A) profile in AA or KO 
strains. Isogenic control strains consisted of HHY168 (without ra
pamycin treatment) for all AA strains, BY4741 for the nhp6BΔ 
nhp6BΔ double deletion, and JGY2000 for all others. These net 
poly(A) profiles were then hierarchically clustered using the para
meters distance = euclidean and hclust = ward.D. Dendrograms 
of strain similarity by poly(A) profile are plotted in Fig. 1b.

Hierarchical clustering of poly(A) profiles: 
similarity across gene groups
A total of 2,811 genes with ≥500 reads in the 3′UTRs of Anchor Away 
(AA), deletion (KO), and isogenic control strains were analyzed to 
identify groups of genes whose poly(A) profiles exhibit similar pat
terns across all strains. First, poly(A) profiles of every gene in the 

relevant isogenic control strain were subtracted from the same 
gene’s poly(A) profiles in AA or KO strains. Isogenic control strains 
consisted of HHY168 (without rapamycin treatment) for all AA 
strains, BY4741 for the nhp6BΔ nhp6BΔ double deletion, and 
JGY2000 for all others. Next, these net poly(A) profiles were hier
archically clustered using the parameters distance = euclidean 
and hclust = ward.D. Clustering yielded 6 distinct groups according 
to the majority rule of indexes using the Nbclust package (Charrad 
et al. 2014); cutting the tree into additional groups resulted in groups 
with few members.

Histograms of net percentile shifts
For each of the 5 percentile coordinates (10th, 25th, 50th, 75th, and 
90th) used in this study, we first computed the net shift for a given 
gene at each percentile by subtracting the value of each percentile 
coordinate in the isogenic control from the value of the same per
centile coordinate in every AA or KO strain. For example, for the 
GCN4 gene, if the values of the 50th percentile positions in the 
JGY2000 and the ref2Δ strains are 88 and 112, respectively, then 
we recorded the net shift in the 50th percentile coordinate of 
GCN4 in the ref2Δ strain as +24. After tabulating all the net shifts 
at each of the 5 percentile coordinates for all genes in all AA and 
KO strains, we calculated the percentage of all genes in every 
AA and KO strain which exhibited shifts of <−30, −30 to −10, 
−10 to −2, −2 to 0, 0 to +2, +2 to +10,+10 to +30, and >+30 
(Supplementary Fig. 1).

GO enrichment analysis
Enriched GO categories were identified for each of the six groups 
of genes using the enrichGO function of the R BioConductor pack
age (Yu et al. 2012). Categories possessing Bonferroni-corrected 
P-values of<0.01 were selected for further analysis. For additional 
validation of enriched GO categories, we performed a permutation 
test by randomly shuffling the six group identities (while keeping 
group membership proportions identical) for all genes 1,000 times 
and performing the same GO analysis on the shuffled datasets. 
We then tabulated the number of times (out of 1,000) that the 
enriched GO categories appeared as over-represented (Bonferroni- 
corrected P value < 0.01) in any of the 1,000 shuffles. Any categories 
that were enriched < 50 times in the shuffled dataset (P < 0.05) were 
deemed significant.

Analysis of k-mer distribution frequencies in the 
6 groups
First, we tabulated the frequencies of all 2-mers to 6-mers in the 3′ 
UTR sequences (defined as from +1 relative to the stop codon to 
the 3′ end of each poly(A) profile) of all the genes in each of the 
six groups. We then computed Bonferroni-corrected chi-square 
probabilities for the likelihood that each k-mer was unevenly dis
tributed among the groups. We then selected all k-mers posses
sing Bonferroni-corrected P values < 0.05 and performed a 
permutation test on each one as further validation. We shuffled 
the individual group identities 1,000 times for all the genes while 
keeping group membership proportions identical. For each 
shuffled instance, we computed Bonferroni-corrected P values 
for all 2- to 6-mers. We then tabulated the number of instances 
in which each of the k-mers previously deemed unevenly distrib
uted (i.e. those with Bonferroni-corrected P values < 0.05) were 
also unevenly distributed in the shuffled datasets using the 
same significance cutoff. 18 k-mers possessed a permutation P va
lue of <0.05 (i.e. found unevenly distributed <50 times out of 1,000 
shuffles; Chi Square test) and were designated as unevenly distrib
uted among the groups. Pearson residuals, which provide a visual 

Genetic analysis of polyadenylation patterns reveals distinct classes of yeast genes and local chromatin effects on Pol II elongation | 3
D

ow
nloaded from

 https://academ
ic.oup.com

/genetics/article/233/1/iyag057/8500967 by H
arvard U

niversity Library user on 07 M
ay 2026

http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyag057#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyag057#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyag057#supplementary-data
https://identifiers.org/bioentitylink/SGD:S000000735?doi=10.1093/genetics/iyag057
https://identifiers.org/bioentitylink/SGD:S000000735?doi=10.1093/genetics/iyag057
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyag057#supplementary-data


measure of k-mer frequency deviation from the expected, were 
computed for each k-mer using the formula ri = (Oi—Ei)/ 
SQRT(Ei), where Oi and Ei are the number of observed and ex
pected times, respectively, that a k-mer is found in a group i.

Slope and RMSE analysis
We limited our analysis to genes with ≥4 identically positioned ma
jor isoforms (isoforms with ≥5% of the reads of the maximally ex
pressed isoform of that gene) in both the AA/KO and isogenic 
control strains (2,189–2,537 genes/per strain; median = 2,462 genes; 
>100,000 data points in total). We then computed the slope, Pearson 
R, and RMSE for each gene using least squares regression. Slopes 
were then multiplied by 100 and binned (Fig. 6a); each bin contains 
1,456 to 44,657 slopes (median = 7,290). Within each bin, we then 
computed the medians of the RMSE for AA/KO vs isogenic control 
(blue line on graph in Fig. 6a) and for biological replicates (yellow 
line). Differences in slope and RMSE distributions of AA/KO strains 
vs biological controls were assayed via the Kolmogorov-Smirnov 
test (both P < 10−300).

For analysis of RMSE by strain, we calculated both the median 
and the standard deviation of all RMSE values for each strain 
(2,189–2,537 genes/strain; median number of genes/strain = 2,463) 
for both the AA/KO vs control and biological replicate datasets 
(Fig. 6b). In the slope vs standard deviation of the slope analysis 
(Fig. 6c), we required each gene to (1) have ≥500 combined reads 
in all strains, (2) possess ≥4 identically positioned major isoforms 
in all AA/KO vs control as well as in all biological replicate compar
isons and (3) contain slope measurements for >50% of all AA and KO 
strains (i.e. have slope values for 23 or more strains; >90% of genes 
had slope entries in 39 or more strains). For the 2,436 genes that 
passed these criteria, we computed each gene’s median slope as 
well as the standard deviation of its slope across all the conditions.

Results
Poly(A) profiles in yeast mutant strains
Using the 3′READS procedure (Jin et al. 2015) and analytical meth
ods (Geisberg et al. 2020, 2024a) identical to those described previ
ously, we examined poly(A) profiles in 45 yeast strains with 
mutations in a wide variety of DNA- or RNA-based processes 
(Fig. 1a and Supplementary File 1). The mutant alleles are either 
gene deletions or anchor-away (AA) alleles (Haruki et al. 2008) 
that deplete a protein essential for cell viability. Two biological re
plicates of each strain exhibit high reproducibility on overall 
poly(A) profiles (Supplementary File 1). We combined the reads 
in biological replicates and limited most of our analyses to the 
2,811 genes that are well expressed (≥500 reads) in all strains. 
Genes that are less well expressed do not have enough reads to ob
tain reliable poly(A) profiles.

Hierarchical clustering of strains by overall 
poly(A) profiles
To examine the relationships among the 45 yeast strains, we per
formed hierarchical clustering (Fig. 1b) and pairwise Pearson corre
lations (Supplementary Fig. 1a) on poly(A) profiles of 2,811 genes. As 
expected, strains with mutations in functionally related proteins 
tend to cluster together, although not always. Multiple strains 
lacking chromatin-modifying activities cluster together (see below) 
as do multiple strains defective for cleavage/polyadenylation. 
Chromatin-modifying activities and cleavage/polyadenylation fac
tors are independently correlated with the relevant Pol II speed mu
tants on in-common shifted genes (Supplementary Fig. 1b and c), 
confirming the link between these activities and Pol II elongation. 

Polyadenylation patterns of strains deleted for the Rai1 and 
Rtt103 components of the Rai1-Rtt103-Rat1 decapping/endonucle
ase complex are most closely related to each other. The poly(A) pro
file of the strain deleted for the non-canonical poly(A) polymerase 
Trf4/Pap2 is closest to that of a double knockout strain lacking 
both the Trf4/Pap2-stimulating paralogs Air1 and Air2. These re
sults emphasize the value of using overall poly(A) profiles as a de
tailed phenotypic assay.

In some cases, loss of proteins that appear to be functionally 
unrelated nevertheless show unexpectedly similar poly(A) pro
files. The strain harboring a knockdown allele of Dbp2, the 
DEAD-box ATP-dependent RNA helicase involved in mRNA trans
port (Aydin et al. 2024), most closely resembles the strain deleted 
for Nhp6A and Nhp6B, chromatin-binding proteins that affect nu
cleosome dynamics (Dowell et al. 2010). Similar poly(A) profiles 
are observed in strains deleted for Sto1, the large subunit of the 
mRNA cap binding complex that affects translational initiation 
(Garre et al. 2012), and Rpb4, a Pol II subunit that plays a role in 
mRNA decay and 3′ processing (Lotan et al. 2005). Perhaps global 
similarity of poly(A) profiles can reveal heretofore unknown func
tional connections between these pairs of proteins.

Variation in upstream- and downstream-shifted 
genes in mutant strains
For every gene, we compared the poly(A) profiles of each mutant 
strain with its wild-type counterpart and determined the overall 
poly(A) shift (in nucleotides, either upstream or downstream). 
The results are presented in two ways. First, for each mutant 
strain, we counted the number of genes whose poly(A) profiles 
are significantly shifted (with respect to biological replicate con
trols; P < 0.05) upstream or downstream from the wild-type con
trol strain and then calculated the upstream:downstream ratio 
(Fig. 2). This approach measures the overall poly(A) shift of each 
mutant strain (i.e. predominantly upstream- or downstream- 
shifted) on all well-expressed genes in that strain, but it does 
not account for differences in the average magnitudes of shifts 
among strains. In the second approach, we limited our analysis 
to genes with >500 reads in all strains and significantly (with re
spect to the biological replicate controls; P < 0.01) upstream- or 
downstream-shifted poly(A) profiles. This cutoff for statistical 
significance reliably identifies genes with highly significant 
poly(A) shifts at the expense of genes with smaller magnitude 
shifts; hence, it is less ideal for observing overall patterns. We 
also computed average magnitudes of upstream and downstream 
poly(A) shifts for all strains (Fig. 3). Supplementary Fig. 2 depicts 
genome-wide distributions of poly(A) shift magnitudes at five dif
ferent percentile coordinates, where each percentile coordinate is 
defined by the percentage of reads that lie at or upstream of its 
position.

Mutant strains exhibit a wide range in poly(A) 
profile shifts
As analyzed by both approaches, poly(A) profiles in most strains 
differ from the wild-type control strains, albeit to various extents 
(Figs. 2 and 3). In strains deficient for Spt16, Spt6, Gcn5, Snf2, Sto1, 
and Rpb4, many genes have strongly upstream-shifted poly(A) 
profiles. Conversely, in strains deficient for factors involved in 
cleavage/polyadenylation (Pcf11, Ref2, Npl3, Syc1), components 
of TRAMP, a complex with poly(A) RNA polymerase activity 
(Trf4/Pap2, Air1, Air2); or proteins involved in transcriptional ter
mination (Rai1, Rtt103); many genes show downstream-shifted 
profiles and few show upstream-shifted profiles. Interestingly, in 
nearly all cases showing overall upstream- or downstream- 
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shifted poly(A) profiles, there is a minority class of genes that be
have in the opposite manner. Finally, strains deficient for some 
factors (Set1, Nhp6A/B, and Eaf3) have the unusual property 
that some genes show strong upstream poly(A) shifts and a rough
ly similar number exhibit strong downstream shifts.

The poly(A) shifts in many mutant strains, though statistical
ly significant, are qualitatively modest, suggesting that deletion 
or cytoplasmic sequestration of the corresponding proteins has 
limited, if any, direct effects on cleavage/polyadenylation. In 
general, these mutant strains have poly(A) profiles in which 
many genes show weak downstream shifts and few genes 
show small upstream shifts (Fig. 3). This frequently observed 
poly(A) phenotype is not linked to the growth rate of the mutant 
strains. Moreover, this phenotype is not observed when wild- 
type cells are grown under non-optimal conditions such as gal
actose as a carbon source, osmotic stress, or minimal medium 
(Fig. 3). This suggests that the mild upstream shifts in many mu
tant strains arise from physiological imbalance, not merely slow 
growth.

Nucleosome remodeling and histone-modifying 
activities affect the rate of transcriptional 
elongation
Based on their effects on poly(A) profiles, the histone chaperones 
FACT or Spt6 increase the rate of transcriptional elongation, 
whereas histones H3 or H4 inhibit the elongation rate (Geisberg 
et al. 2024a). We extended this analysis by examining poly(A) pro
files in strains lacking other chromatin-modifying activities 
(Fig. 3). Loss of Gcn5 histone acetylase or Swi/Snf nucleosome re
modeling activity (Snf2) causes upstream-shifted poly(A) profiles 
similar to those caused by Pol II elongation mutants. These 
upstream-shifted poly(A) profiles are consistent with previous ob
servations suggesting that Swi/Snf (Schwabish and Struhl 2007) 
and Gcn5 (Govind et al. 2007) are important for evicting histones 
during transcriptional elongation. Elimination of Set1 histone 
methylase results in a roughly equal proportion of upstream- 
and downstream-shifted poly(A) profiles. While many of these 
shifts are modest in magnitude, some genes show a strong up
stream or downstream shift. Thus, enzymatic activities linked to 

a

b

Fig. 1. Hierarchical clustering of 45 mutant strains. a) Mutant strains with complete deletion (Δ) and anchor-away (AA) alleles in the indicated categories. 
b) Clustering dendrogram.
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transcriptional activity and the generation of active chromatin are 
also important for transcriptional elongation.

In contrast, loss of Set2 histone methylase or (to a lesser extent) 
the Eaf3 subunit of the small Rpd3 histone deacetylase complex 

causes a downstream poly(A) shift (Fig. 3). Set2 and Eaf3 are mech
anistically connected via the interaction of the Eaf3 chromodo
main with methylated H3-K36 nucleosomes (Carrozza et al. 
2005; Joshi and Struhl 2005; Keogh et al. 2005). Loss of either 

Fig. 2. Properties of poly(A) profiles in the 45 mutant strains. The following properties are indicated for each strain: the percent of genes with upstream-, 
downstream-, or non-shifted profiles; the median percentage of poly(A) sites in the coding region (ORF); the number of genes with >500 reads, the 
arbitrary number necessary to obtain reliable poly(A) profiles; the upstream:downstream ratio of genes with poly(A) shifts; the probability that this 
upstream:downstream ratio is significant with respect to control experiments involving biological replicates.
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protein results in increased histone acetylation in coding regions 
(Reid et al. 2004; Carrozza et al. 2005; Joshi and Struhl 2005; 
Keogh et al. 2005), the opposite of what occurs in the strain lacking 
Gcn5 histone acetylase, which shows an upstream poly(A) shift. 
Thus, histone-modifying activities can positively or negatively af
fect the rate of transcriptional elongation and thereby affect 
poly(A) profiles.

Hierarchical clustering of poly(A) profiles reveals 6 
classes of genes
Each gene has a composite poly(A) shift profile consisting of up
stream and downstream shifts for all 45 genetic conditions tested. 
We performed hierarchical clustering of these composite poly(A) 
profiles and identified 6 classes of genes with 125 to 789 members 
(Fig. 4 and Supplementary File 2). Genes belonging to a given class 
have similar median poly(A) shift profiles across the genetic con
ditions tested (Fig. 4b and Supplementary Fig. 3). For example, 
genes in group 1 exhibit the greatest variation (either upstream 
or downstream) in median poly(A) shift among strains, and this 

variation is readily observed for all percentiles (Supplementary 
Fig. 3). By contrast, group 5 genes exhibit median poly(A) shifts 
that are nearly unchanged across all percentiles irrespective of 
strain. Other groups exhibit varying levels of shift across percen
tiles, with strains harboring null or knock-down alleles in the 
chromatin regulatory proteins Spt6 and Spt16, as well as the 
cleavage/polyadenylation factors Pcf11, Ref2, and Npl3 exhibiting 
the greatest shifts within each group.

Median poly(A) profiles of gene groups vary in 
physical properties
S. cerevisiae genes can be separated into groups that differ by me
dian poly(A) profile locations; these groups are evolutionarily con
served in S. pombe (Geisberg et al. 2024b). These groups of genes 
also exhibit variation in overall expression and are enriched for 
different functional categories (Geisberg et al. 2024b). Similarly, 
median poly(A) profiles for the 6 groups of genes identified here 
also vary significantly in location within the 3′UTR (Fig. 4c; P <  
0.001 by PERMANOVA analysis) and exhibit differences in the 

Fig. 3. Nature and magnitude of poly(A) shifts in 45 mutant strains. For each mutant strain, the percent of genes with poly(A) shifts that are upstream 
(red) or downstream (blue) profiles is shown. Median magnitudes of the poly(A) shifts are indicated by the darkness of the red or blue color.
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median steady-state expression levels in all strains (Fig. 4d and 
Supplementary Fig. 4). Group 1, which contains genes that exhibit 
the greatest upstream and downstream poly(A) shifts, is the least 
transcribed group, whereas genes belonging to groups 5 and 6, 
which show the least poly(A) pattern variation, are the most high
ly expressed. Other parameters, including ORF length, strand, and 
type of or distance to the neighboring upstream or downstream 
features, all appear to be unlinked to group identity.

Interestingly, GO analysis of the 6 groups reveals 26 over- 
represented categories, most of which (> 20) are unique to a sin
gle group (Supplementary Fig. 5). Because our gene cohort is en
riched for genes that are highly expressed across all strains, we 
performed a permutation analysis on the GO category list by 
shuffling group labels 1,000 times (while maintaining the same 
group sizes) and counting the number of times each category 
appears as significant during the 1,000 permutations. Using a 
somewhat stringent P-value cutoff of <0.05, which likely 
underestimates significance, group 3 is enriched in genes in
volved in nuclear export (GO:0051168), ribosome large subunit 
biogenesis (GO:0042273), periribosome large subunit precursor 
(GO:0030687), and ribosome biogenesis (GO:0042254). Group 4 
is enriched in the peptidase complex category (GO:1905368), 

while group 1 genes are overrepresented in genes with 
ATP-dependent activity (GO:0140657).

Distinct sequence frequencies within the 3′ UTRs 
of the 6 gene classes
The simplest explanation for why the 6 classes of genes have 
similar poly(A) profiles across mutant strains is that they have 
distinct RNA sequence frequencies within their 3′ UTRs. To in
vestigate this idea, we examined the frequency of all possible 
2–6 nt sequences (k-mers) in 3′UTR subregions (+1 relative to 
the stop codon to the 3′-most major isoform) for the different 
groups (Fig. 5). We initially identified 18 k-mers whose frequency 
distributions were significantly skewed among the 6 groups as 
compared to shuffled controls (Bonferroni-corrected P < 0.05). 
Some of the k-mers are related by sequence composition 
(AG-rich, AT-rich, GG-rich, TGTA-containing k-mers) and exhibit 
similar patterns of over-representation (large blue circles) or 
under-representation (large red circles) among the 6 groups. 
Interestingly, two pentamers, ATTCA and CGGAC, are predomin
antly enriched in 3′UTR sequences of group 6 and group 1 genes, 
respectively.

a b

c d

Fig. 4. Six classes of genes based on their similarity of poly(A) profiles across the set of mutant strains. a) Hierarchical clustering dendrogram. b) 
Magnitudes of the median poly(A) shifts of the six classes of genes in all 45 mutant strains. c) Location of poly(A) sites relative to the stop codon for the six 
classes of genes. Boxes indicate the locations of the 10th and 90th percentile coordinates, and vertical lines indicate the median position. d) Log2 

expression levels of the six classes of genes in the overall combined dataset.
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Chromatin-modifying, but not cleavage/ 
polyadenylation, factors differentially affect 
poly(A) site utilization within individual genes
Upstream and downstream poly(A) shifts are measured by calcu
lating the ratio of same-gene 3′ isoform levels in mutant vs wild- 
type strains (Geisberg et al. 2022). Transcriptome-level analysis 
of slow and fast Pol II derivatives indicates that upstream and 
downstream poly(A) shifts can be expressed as a linear slope, 
thereby indicating that they occur steadily from one isoform to 
the next across nucleotide distances (Geisberg et al. 2022). The 
simplest model to explain this observation is that the Pol II speed 
derivatives cause a uniform change in the dwell time of Pol II as it 
travels through the 3′ UTR. However, this model is based on over
all poly(A) profiles and hence does not address the nature of 
poly(A) shifts of individual genes in various mutant strains.

If poly(A) shifts on an individual gene occur in a uniform man
ner during transcriptional elongation, the mutant:wild-type ratios 
of individual 3′ mRNA isoform levels across the gene should gen
erate a linear slope corresponding to the magnitude of the shift 
(Fig. 6a). Depending on the gene/mutant combination, the slope 
can be positive, zero, or negative. Thus, for 2,811 genes in 45 mu
tant strains, we addressed how well the mutant:wild-type ratios 
fit a linear slope. As a control for experimental error in 3′ mRNA 
isoform level measurements, we performed the same analysis in 
biological replicates of each of the 45 mutant strains; by definition, 
control slopes should be zero. We defined the degree of fit to a lin
ear slope as the median root-mean-square error (RMSE) as a func
tion of slope. Uniform poly(A) shifts should have low RMSE values 
comparable to those of the biological replicates (Fig. 6a), whereas 
non-uniform shifts should have significantly higher RMSE values 
compared to controls (Fig. 6b).

Overall, poly(A) shifts in mutant strains show considerably high
er median RMSE from a linear slope than the biological replicate 
controls (P < 10−300, Mann-Whitney U and Kolmogorov-Smirnov 
tests), with the median amount of deviation increasing at higher 
slopes (Fig. 6c). Interestingly, the median amount of RMSE differs 
greatly among mutant strains (Fig. 6d; compare x-axis placement 
of blue circles representing mutant strains to orange circles repre
senting biological replicate controls). The highest level of median 
RMSE occurs in mutant strains involving chromatin-modifying 
and topoisomerase activities (Spt16, Spt6, Top2, Snf2, Gcn5). This 
observation suggests that chromatin-based effects on Pol II elong
ation rate differentially affect cleavage/polyadenylation at differ
ent sites within the same gene. In addition, the strain depleted 
for Dbp2, an RNA helicase involved in transport, also shows a 
high median RMSE from a linear slope. In contrast, median 
RMSEs from a linear slope in mutant strains defective in cleav
age/polyadenylation components (Pcf11, Npl3, Ref2) are compar
able to those observed in the biological replicate controls. This 
latter observation suggests that the level of cleavage/polyadenyla
tion occurs in a uniform manner as Pol II travels through the 3′ 
UTR, presumably reflecting the sequence requirements for cleav
age/polyadenylation at individual sites.

Uniformity of poly(A) shifts can differ among 
genes and strains
The RMSEs for individual mutant conditions described above are 
based on the median values of 2,811 genes and hence do not ad
dress differences among genes. To address gene-specific differ
ences, we first calculated the median standard deviation of 
RMSEs for all genes in each of the mutant conditions (Fig. 6d; com
pare y-axis placement of blue and orange circles). Many, but not 

Fig. 5. Sequence preferences in the 3′ UTR for the six classes of genes. For each listed k-mer, positive (blue) or negative (red) Pearson residual enrichment 
is indicated by color intensity, and significance is indicated by the size of the circle. The shuffled P value compares the actual data with data generated 
after shuffling genes among groups.
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all, mutant conditions show higher median standard deviations 
than the biological replicate controls, with Spt16, Spt6, and 
Dbp2 showing particularly high standard deviations. Thus, in 
some mutant strains, the uniformity of poly(A) shifts differs 
among genes.

To address gene-specific differences more directly, we calcu
lated medians and standard deviations of the slopes for 2,436 
genes in each of the 45 conditions and in all biological replicates. 
Overall, individual genes show somewhat higher median slopes 
and standard deviations of the slope than in biological replicates 
(Fig. 6e, compare blue and orange circles). A significant number 
of genes possess high slope standard deviation (i.e. blue circles 
>1 on the y-axis) and are part of a cohort whose magnitude of 
poly(A) shift is highly strain-dependent. High median values 
and/or high standard deviations suggest that poly(A) shifts do 
not occur in a uniform manner as Pol II traverses the 3′ UTR.

Discussion
Many chromatin-modifying activities affect the 
Pol II elongation rate: Implication for disease
Pol II derivatives that decrease or increase the elongation rate re
spectively cause upstream and downstream poly(A) shifts 
(Geisberg et al. 2020, 2022). A decreased Pol II elongation rate is 
also associated with upstream poly(A) shifts due to 

environmental conditions (diauxic shift) or mutations in histone 
chaperones (FACT and Spt6) (Geisberg et al. 2020, 2024a). 
Although not directly tested in vivo, it is presumed from nucleo
some inhibition of Pol II elongation in vitro that the downstream 
poly(A) shifts observed upon histone depletion reflect increased 
Pol II elongation rate. As it is difficult to imagine how chromatin 
could directly affect the cleavage/polyadenylation reaction that 
occurs on RNA, these observations strongly suggest that poly(A) 
profiles represent a transcriptome-level assay of Pol II elongation 
in vivo.

Here we extend our previous analysis of poly(A) profiles to show 
that histone acetylase Gcn5, nucleosome remodeler Swi/Snf, and 
chromatin modulator Paf1 are important for transcriptional 
elongation in vivo. Mutations in any of these components cause 
an overall upstream-shifted poly(A) profile that strongly resem
bles that of strains containing slow Pol II mutants or depleted of 
histone chaperones. In contrast, the loss of Set2 histone methy
lase or the Chd1 chromatin remodeler causes increased histone 
acetylation within coding regions and a downstream poly(A) shift. 
Thus, many chromatin-modifying activities affect the rate of 
transcriptional elongation.

Mutations in a wide variety of chromatin-modifying activities 
are associated with human diseases such as cancer. As these 
chromatin-modifying activities affect transcriptional activation 
and/or repression of many genes, it is generally presumed that 

a b

c d e

Fig. 6. Uniformity of poly(A) shifts differs among strains and genes. a) Theoretical data for poly(A) profiles resulting from uniform Pol II elongation rates. 
Mutant:wild-type ratios of levels of 3′ isoforms 1–6 (defined by 5′ to 3′ location) of an individual gene in strains with fast Pol II elongation (green), slow 
elongation (red), or biological replicates (blue). The slopes are indicated by lines, and the degree of fit of data points to the theoretical slope line (black 
dashed line) is defined as the route-mean-square error (RMSE). RMSE values in biological replicates reflect experimental error, and uniform effects of fast 
or slow elongation have RMSEs values similar to those of biological replicates. b) Theoretical data for poly(A) profiles resulting from non-uniform Pol II 
elongation rates. Same as panel a) except that data points show greater deviation from the slope line and hence have higher RMSE values. c) Percentage of 
genes (boxes) and median root-mean-square error (RMSE lines) as a function of slope (×100) for biological replicates (yellow) and mutant:wild-type ratio. 
d) Relationship between uniformity of the poly(A) shift (standard deviation of RMSE) as a function of median RMSE in pairwise comparisons of mutant 
and wild-type control strains (blue) and in biological replicates (orange). Mutant strains with high standard deviations of RMSE and/or median RMSE are 
indicated. e) Relationship between standard deviations of slopes and median slopes for 2,811 genes across all strains in pairwise comparisons of mutant 
and wild-type control strains (blue) and biological replicates (orange).
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the disease phenotypes are associated with changes in mRNA le
vels. However, in addition to such effects on gene expression le
vels, our results indicate that many chromatin-modifying 
activities, via their effects on Pol II elongation, alter poly(A) pro
files on a transcriptome scale. Such disease-causing mutations 
in chromatin-modifying activities might also affect phenotypes 
by changing the constellation of 3′ mRNA isoforms. For example, 
upstream poly(A) shifts favor shorter 3′ mRNA isoforms that are 
associated with the oncogenic state, and such shorter 3′ mRNA 
isoforms are more likely to lack target sites for microRNAs that in
hibit expression levels. In a similar vein, chromatin-modifying ac
tivities can also affect mRNA isoform distributions via effects on 
splicing (Bhattacharya et al. 2021; Francette and Arndt 2024; 
Redin et al. 2024). By analogy with cleavage/polyadenylation, it 
seems likely that chromatin affects alternative mRNA splicing in
directly via the Pol II elongation rate.

Gene- and factor-specific differences in poly(A) 
shifts
Although overall upstream or downstream poly(A) shifts occur in 
most mutant strains, these poly(A) shifts do not occur in all genes, 
and a minority class of genes displays poly(A) shifts in the oppos
ite direction of the majority class. Using hierarchical clustering of 
poly(A) profiles, we identified 6 classes of genes that behave simi
larly over the 45 mutant strains. Variation in 3′ UTR sequence pre
ferences among the 6 gene classes likely underlies their similar 
poly(A) profiles under diverse genetic conditions. In addition to 
gene-specific differences in an individual mutant strain, poly(A) 
shifts of individual genes differ among the mutant strains. 
Strains showing an overall upstream poly(A) shift differ in which 
genes are affected, particularly if the factors affect different bio
chemical activities involved in transcriptional elongation. 
Strains showing an overall downstream poly(A) shift also differ 
with respect to the affected genes, with the notable exception of 
mutations directly affecting cleavage/polyadenylation. Strains 
with mutations in cleavage/polyadenylation factors Pcf11, Ref2, 
and Npl3 exhibit much greater overlap of downstream-shifted 
genes than any combination of chromatin factors, along with vir
tually no upstream-shifted genes. These observations suggest 
that much of the gene- and factor-specific effects on poly(A) pro
files are due to the process of transcriptional elongation, not 
cleavage/polyadenylation itself.

The relationship between Pol II elongation and 
cleavage/polyadenylation
As elongating Pol II traverses the gene, there is a kinetic competi
tion at each nucleotide between cleavage/polyadenylation, which 
generates 3′ mRNA isoforms and triggers transcriptional termin
ation, and continued Pol II elongation. The general model for 
how the Pol II elongation rate affects the poly(A) profile invokes al
tered kinetic competition linked to the dwell time of Pol II at indi
vidual nucleotides as it traverses the gene. When Pol II elongates 
slowly, dwell time at individual nucleotides is longer, thereby al
lowing more efficient cleavage/polyadenylation. As cleavage/ 
polyadenylation only occurs once per elongating Pol II molecule, 
increased cleavage/polyadenylation due to increased Pol II dwell 
time results in an upstream poly(A) shift. Conversely, a fast elong
ation rate results in reduced Pol II dwell time at individual nucleo
tides and hence reduced cleavage/polyadenylation and a 
downstream-shifted poly(A) profile. This kinetic competition 
also explains why a defect in the cleavage/polyadenylation ma
chinery causes a downstream-shifted poly(A) profile.

Although a simple kinetic competition model explains overall 
poly(A) shifts, it does not account for gene-specific differences, in
cluding the genes in which the shift occurs in the opposite direc
tion from the majority class. Such gene-specific differences 
strongly suggest that the Pol II elongation rate is not uniform 
and is affected by the DNA sequence. Indeed, poly(A) profiles of in
dividual genes in mutant strains defective in chromatin- 
modifying activities show significant RMSE deviation from a linear 
slope. Non-uniformity of the elongation rate across a gene is fur
ther supported by the observation that Pol II speed mutants have 
altered Pol II pausing patterns (Khitun et al. 2023). These Pol II mu
tations are located in the trigger loop, which affects entry to and 
stability of the nucleotide precursor at the active site (Wang 
et al. 2006; Vassylyev et al. 2007; Mazumder et al. 2020). Unlike 
Pol II elongation, the cleavage/polyadenylation reaction per se oc
curs at a uniform rate, because strains defective in cleavage/poly
adenylation behave similarly to biological replicates with respect 
to RMSE deviation. Although the kinetic component of cleavage/ 
polyadenylation is uniform throughout the gene, the levels of 
cleavage/polyadenylation at different sites within an individual 
gene depend on the RNA sequence.

In wild-type strains, Pol II pauses at favored positions indicative 
of increased dwell time at those positions (Couvillion et al. 2022; 
Khitun et al. 2023). The location of Pol II pauses influences the 
choice of poly(A) sites and hence the poly(A) profile because there 
is a stereochemical relationship between the location of elongat
ing Pol II and cleavage/polyadenylation (Geisberg et al. 2022). 
Mutations in many chromatin-modifying factors alter the loca
tion of Pol II pauses in coding regions, and presumably in 3′ 
UTRs (Couvillion et al. 2022), indicative of nucleotide-level 
changes in elongation rate. Thus, opposite poly(A) shifts in the mi
nority class of genes likely reflect local changes in Pol II elongation 
rate/dwell time that go in the opposite direction from the overall 
change. For example, in strains showing a general upstream 
poly(A) shift due to increased Pol II dwell time, DNA sequences 
linked to a specific poly(A) site might cause decreased dwell 
time, leading to a downstream shift. Local changes in Pol II elong
ation rate are likely to arise from effects on nucleosome occu
pancy, positioning, stability, or dynamics.

Local changes in Pol II dwell time do not easily explain the small 
minority of genes showing atypical upstream shifts in strains de
fective in cleavage/polyadenylation. One possibility is that se
quences in some 3′ UTRs affect the connection between 
elongating Pol II and the cleavage/polyadenylation machinery, 
leading to increased Pol II dwell time and hence upstream shifts. 
Alternatively, a defect in cleavage/polyadenylation should inhibit 
transcriptional termination of antisense transcripts, resulting in 
readthrough transcription that might inhibit Pol II elongation of 
the gene.

The gene-specific effects on poly(A) profiles in mutant strains 
must ultimately be due to sequence differences among 3′ UTRs. 
In this regard, the 3′UTRs of the 6 classes of genes have different 
nucleotide preferences. It is likely that these different nucleotide 
preferences have different effects on chromatin structure and 
transcriptional elongation that underlie why each class has simi
lar poly(A) profiles among the mutant strains.

Data availability
3′ READS data sets not published before this work are available in 
the Gene Expression Omnibus (GEO) under accession number 
GSE312577. We have previously published some of the 3′ READS 
data sets included in the present analysis (Geisberg et al. 2020, 
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2024a; Khitun et al. 2023). The GEO accession numbers for these 
are as follows: GSE262747 for HHY168, JZY21 (dst1Δ), JZY23 
(paf1Δ), JZY24 (ref2Δ), JZY63 (npl3Δ), YJ012 (Pcf11-AA), YFR1478 
(Spt16-AA), and YFR1480 (Spt6-AA); GSE151196 for JZY27 (spt4Δ) 
and JZY33 (hpr1Δ); and GSE234406 for JZY65 (rpb4Δ). The code 
underlying the analyses is presented in Supplementary File 3.

Supplemental material available at GENETICS online.
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