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ABSTRACT

Spn1/lws1 is a conserved protein involved in tran-
scription and chromatin dynamics, yet its general
in vivo requirement for these functions is unknown.
Using a Spn1 depletion system in Saccharomyces
cerevisiae, we demonstrate that Spn1 broadly in-
fluences several aspects of gene expression on a
genome-wide scale. We show that Spn1 is globally re-
quired for normal mRNA levels and for normal splic-
ing of ribosomal protein transcripts. Furthermore,
Spn1 maintains the localization of H3K36 and H3K4
methylation across the genome and is required for
normal histone levels at highly expressed genes. Fi-
nally, we show that the association of Spn1 with the
transcription machinery is strongly dependent on its
binding partner, Spt6, while the association of Spt6
and Set2 with transcribed regions is partially depen-
dent on Spn1. Taken together, our results show that
Spn1 affects multiple aspects of gene expression and
provide additional evidence that it functions as a hi-
stone chaperone in vivo.

INTRODUCTION

Spnl/Iws] (hereafter called Spnl) is an evolutionarily con-
served protein that is essential for viability in Saccharomyces
cerevisiae and human cells and plays a role in mammalian
and plant development (1-6). Spnl was first identified in S.
cerevisiae as a protein that interacts physically and genet-
ically with factors involved in transcription (1,7-9), and it
was later found to be part of the general RNA polymerase
II (RNAPII) elongation complex on actively transcribed
genes (10). Several studies have suggested that Spnl is in-
volved in transcription and co-transcriptional processes,
including transcriptional activation (1,11,12), elongation
(1,8-10), pre-mRNA processing (3,5,13-15), and mRNA

nuclear export (3,13,14). The recent demonstration that
Spnl binds histones and assembles nucleosomes in vitro
suggested that Spnl functions as a histone chaperone (16).

Spnl directly interacts with Spt6 (17,18), another es-
sential histone chaperone that associates with elongating
RNAPII (10,19,20), and some evidence suggests that the
two factors contribute to a common function. For example,
some spnl and spt6 mutations exhibit similar genetic inter-
actions with mutations in genes encoding other factors in-
volved in transcription and chromatin dynamics (21,22). In
addition, combining spr/ and spt6 mutations or disrupting
the Spn1-Spt6 interaction by mutation results in synthetic
lethality, poor growth, or phenotypes associated with defec-
tive transcription and chromatin organization ((17,18,23)
and our unpublished results). However, there is also evi-
dence for separate functions of Spnl and Spt6 based on dis-
tinct recruitment patterns to transcribed chromatin (10) and
different functional requirements at the yeast CYCI gene
(D).

Studies have suggested a role for Spnl in histone H3K36
methylation. In mammalian cells, it was proposed that Spn1
is required for H3K36 trimethylation by mediating the in-
teraction between Spt6 and the histone methyltransferase
SETD2 during elongation by RNAPII (5,14). In yeast,
while Spt6 is clearly required for Set2-dependent H3K36
methylation (24-30), the requirement for Spnl is less cer-
tain, as mutations disrupting the Spn1-Spt6 interaction did
not cause a complete loss of H3K36me3 and H3K36me2
((30) and our unpublished results).

A functional connection between Spnl and H3K36
methylation in yeast came from recent genetic evidence that
showed that null mutations in genes encoding Set2 or com-
ponents of the Rpd3S histone deacetylase complex (set2 A,
rpd3 A, eaf3A, rcol A) suppress the temperature sensitive
phenotype of a spnl mutation, spnl-K192N (22). Rpd3S
is recruited and activated by H3K36me2/3 and the Ser5-
phosphorylated RNAPII CTD (24,31-35). This suppres-
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sion of spnl-KI192N (22) suggested that one role of Spnl
is to oppose the functions of the Rpd3S histone deacetylase
complex and, furthermore, that increased histone acetyla-
tion can compensate for impairment of Spnl function.

In contrast to the activation of Rpd3S by H3K 36 methy-
lation, Setl-dependent H3K4 methylation has been pro-
posed to oppose the function of Rpd3S, similar to the role
proposed for Spnl (22,36). By this model, H3K4me3 would
inhibit deacetylation by Rpd3S in the region immediately
downstream of promoters, where H3K4me3 is primarily
found (37-41). In line with the idea that H3K 36 methylation
and H3K4 methylation have opposing functions, studies
showed that loss of H3K4 methylation exacerbated the Ts™
phenotype of spnl-K192N, while increased levels of H3K4
methylation suppressed spn/-K/92N (21,22). In summary,
genetic analysis suggests that the Set2-Rpd3S pathway op-
poses the function of Spnl, while Setl-dependent H3K4
methylation promotes it.

In this work, we have performed experiments to under-
stand the requirement for Spnl in transcription and co-
transcriptional processes in vivo. Using an inducible Spnl
depletion system and RNA-seq, we found that loss of Spnl
results in widespread changes in mRNA levels. Further-
more, using ChIP-seq, we found that Spnl depletion causes
redistribution of H3K36me3, H3K36me2, and H3K4me3
genome-wide, as well as histone loss at highly transcribed
genes. Additional experiments showed that Spt6 is crucial
for the association of Spnl with RNAPII, while Spnl is not
strongly required for the interaction of Spt6 with RNAPII,
but rather plays a role in optimal Spt6 recruitment to chro-
matin. Finally, our results showed that Spn1 is required for
efficient splicing of ribosomal protein transcripts. Together,
our results reveal that Spnl has widespread roles in the con-
trol of transcription and chromatin.

MATERIALS AND METHODS
Yeast strains

All yeast strains are listed in Supplementary Table S1, and
all primers used for strain constructions are listed in Supple-
mentary Table S2. S. cerevisiae liquid cultures were grown
in YPD (1% yeast extract, 2% peptone and 2% glucose) at
30°C. S. pombe liquid cultures were grown in YES (0.5%
yeast extract, 3% glucose, 225 mg/L each of adenine, his-
tidine, leucine, uracil, and lysine) at 32°C. For Spnl and
Spt6 depletion experiments using an auxin-inducible de-
gron (AID) (42), strains expressing the Oryza sativa TIRI
gene and SPNI-AID or SPT6-AID were constructed as
previously described (43). For Spt6 ChIP-seq, a 5 HA-
tagged allele of SPT6 was crossed into the SPN1-AID back-
ground. For Set2 ChIP-seq, Set2 was epitope-tagged by
transformation of a DNA fragment amplified from pFA6a-
3xHA-NatMX6 (FB2517) (44), which fuses the HA epi-
tope to the C-terminal end of Set2. The SET2-HA fu-
sion did not cause a detectable growth phenotype. For co-
immunoprecipitation experiments, a triple Flag-tagged al-
lele of RPB3 was crossed into the SPNI1-AID and SPT6-
AID backgrounds. In all cases, possible growth effects of
epitope tags were assessed by colony size. For 5 regulatory
region replacement experiments, the YLR454 W promoter

and 5" UTR were replaced by those of UBI4 or GCV3. To
do this, the UBI4 and GCV3 5 regulatory regions were am-
plified from genomic DNA of a wild-type strain (FY92) us-
ing a forward primer with a 5’ 20-bp overhang that would
allow for later amplification of the NatMX cassette from
a pFA6a plasmid (this 20-bp sequence is the reverse com-
plement of the reverse primer sequence used for making
deletions in (44)). The reverse primer for 5’ regulatory re-
gion amplification included a 3’ overhang with homology
to the 40-bp sequence beginning at the YLR454W start
codon. The resulting amplicon containing homology to the
pFA6a-NatMX plasmid, the regulatory region of interest,
and homology to the region beginning at the YLR454W
ATG was recovered using the E.Z.N.A. Cycle Pure Kit and
used as a reverse primer in a second PCR reaction in which
the NatMX cassette was amplified from the pFA6a plas-
mid. The forward primer for this reaction included 40 bp
of homology to the region from -323 to -284 relative to the
YL R454W start codon and the Longtine forward primer se-
quence (44) for making deletion cassettes from pFA6a. The
reverse primer for the first PCR reaction was used addition-
ally in this second PCR to increase product yield. The final
PCR product for each construct was ethanol-precipitated,
gel-purified using the E.Z.N.A. Gel Purification Kit, and
used to transform S. cerevisiae strain FY3227 (Spnl-AID).
Transformants were selected on YPD plates that contained
100 wg/ml nourseothricin, and insertion of each cassette
in the correct orientation and location was checked by two
PCR reactions (PCR-1 using NR179 and FO5520, PCR-
2 using FO7627 and NR180). The PCR-2 reaction ampli-
fied a region from the NatMX cassette to the first 379 bp of
YLR454W OREF; this product was used to sequence across
the 5 regulatory region of each construct using primer
FO6606. A control strain in which the NatMX cassette
alone was inserted upstream of the endogenous YLR454 W
promoter without deleting any YLR454W sequences was
also constructed. In this case, only one PCR reaction us-
ing the pFA6a-NatMX plasmid as a template was required.
The YLR454W 5 regulatory region was defined as the re-
gion from —283 to —1 relative to the ATG and included the
TFIIB (—208 to —103 relative to the ATG) and TSS (—148
to —90 relative to the ATG) peaks previously identified (19).
The UBI4 5 regulatory region was defined as the region be-
tween —567 and —1 relative to the ATG and included the
TFIIB (—220 to —80 relative to the ATG) and TSS (—111
to —87 relative to the ATG) peaks, as well as other regu-
latory elements previously described (45). Two different 5
regulatory region amplicons were made for GCV3: one in
which it was defined as the region between —232 and —1 rel-
ative to the annotated ATG and one in which it was defined
as the region between —232 and +90 relative to the ATG
(this ATG remained in frame with the YLR454W ATG in
the final strain). The latter construct was made because the
TFIIB peak mapped in Doris et al. spanned ~40 bp into
coding region of GCV3 (TFIIB peak: —114 to +43 relative
to the ATG; TSS peak: —15 to —1 relative to the ATG). In
summary, the UBI4 and GCV3 5 regulatory region ampli-
cons, marked with NatMX upstream, were inserted imme-
diately upstream of the YLR454W start codon, while the
region from —283 to —1 was deleted in the process.



Auxin-induced depletion of Spnl and Spt6

Spnl depletion was optimized as previously described (43)
by testing final concentrations of the auxin 3-indoleacetic
acid (IAA), ranging from 25-500 wM and treatment times
ranging from 0 to 120 min. Viability was measured by
counting colony-forming units per ODg unit plated in the
25-uM TAA time-course. Optimization of the time for Spt6
depletion was done for the 25-uM TAA treatment. For all
Spnl and Spt6 depletion experiments in this study, [AA was
added to a final concentration of 25 wM followed by growth
for 90 min.

Western blotting and antibodies

For checking Spnl and Spt6 protein levels in all depletion
experiments, OD-normalized aliquots of the cultures grown
for the main experiment were saved and processed later
on. For assessing levels of proteins and histone modifica-
tions assayed in ChIP-seq experiments, triplicate 20-ml cul-
tures for the wild type, Spn1-noAID (contains TIR1 but no
AID tag on Spnl), and Spnl-AID strains were grown to
ODygyp ~ 0.7 and treated with DMSO or IAA as described
in the ChIP-seq methods. Culture volumes were normal-
ized by their ODg to an OD equivalent (ODgpp x volume
of the culture) of 12 for harvesting. Protein extracts were
prepared as described previously (27), and 12-15 pl were
loaded on 10% or 15% SDS-PAGE gels for western blot-
ting. The following dilutions of primary antibodies were
used: 1:1000 anti-Rpbl (Millipore, 8WG16); 1:6000 anti-
Spnl (generously provided by Laurie Stargell); 1:10 000
anti-Spt6 (generously provided by Tim Formosa); 1:6000
anti-Set2 (generously provided by Brian Strahl); 1:1000
anti-H3K36me3 (Abcam, ab9050); 1:1000 anti-H3K36me2
(Abcam, ab9049); 1:2000 anti-H3 (Abcam, ab1791); 1:8000
anti-Pgk1 (Life Technologies, #459250). The following di-
lutions of secondary antibodies were used: 1:10 000 goat
anti-rabbit IgG (Licor IRDye 680RD) and 1:20 000 goat
anti-mouse IgG (Licor IRDye 800CW). Quantification of
western blots was done using ImageJ 1.48v.

RNA-seq

Duplicate 100-ml cultures for the wild type (FY3225),
Spnl-noAID (FY3226), and Spnl-AID (FY3227) strains
were grown in YPD at 30°C to ~3.5 x 107 cells/ml, di-
luted back to ODgyy ~ 0.3 in pre-warmed YPD, divided
into two equal volumes, treated with DMSO or IAA at a
final concentration of 25 M, and grown for an additional
90 min. An OD-normalized aliquot of each culture was
processed to verify depletion by western blot. Cells were
counted and harvested, and each sample was spiked in to
obtain a final concentration of 10% S. pombe cells by cell
number and flash-frozen. Total RNA was prepared by hot
acid phenol extraction (46), and a portion of each sam-
ple was treated with RQ1 DNase and used for subsequent
steps (Promega, M6101). rRNA was removed using a Ribo-
Zero kit for yeast (Illumina, MRZY 1324) as per manufac-
turer instructions, except all volumes were halved. Library
preparation was carried out according to a previously pub-
lished method, except fragmentation was performed prior
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to linker ligation for RNA-seq (47). Briefly, alkaline frag-
mentation (2x fragmentation buffer: 100 mM NaCO; pH
9.2, 2 mM EDTA pH 8.0) was performed to obtain 40—70-
nucleotide fragments that were subsequently size-selected
and dephosphorylated with T4 PNK (NEB, M0201S) for
ligation of a 3' DNA linker containing a random hex-
amer molecular barcode to allow detection of PCR dupli-
cates (48). First-strand cDNA was synthesized with Super-
ScriptIlII (Invitrogen, #56575) using a primer with sequence
complementary to the 3’ linker and with an additional
adapter sequence. cDNA was circularized with CircLigase
(Epicentre, CL4111K). DNA libraries were amplified by
PCR for 6-10 cycles with Phusion HF DNA Polymerase
(NEB, M0530) using Illumina TruSeq indexing primers for
multiplexing. Libraries were gel-purified and run on Agi-
lent Bioanalyzer and/or TapeStation to assess size distri-
bution, quality, and concentration. RNA-seq libraries were
sequenced on the Illumina NextSeq 500 platform at the
Biopolymers Facility at Harvard Medical School.

RT-qPCR

Spn1-AID cells were cultured and treated with DMSO or
TAA as described for RNA-seq. Total RNA was prepared
by hot acid phenol extraction, DNase-treated, and ethanol-
precipitated after each step. cDNA was synthesized from 1
g of RNA using qScript XLT cDNA SuperMix (Quanta
Biosciences, #95161), which contains a blend of oligo d(T)
and random primers. A no-RT (no reverse transcription)
control, where no cDNA SuperMix was added to the RNA,
was included for each sample and used for gPCR. The 20-
pl RT reactions were brought up to 100 pl with water,
and three 1:3 serial dilutions were prepared for each sam-
ple. Brilliant III Ultra-Fast SYBR Green QPCR Master
Mix (Agilent Technologies, #600882) was used for quan-
titative PCR. Primers are listed in Supplementary Table
S2. Triplicate intercept values for regions of interest were
divided by triplicate intercept values of S. pombe pmal*
(primers FO7083 and FO7084) if S. pombe cells were used
as spike-in. For intron retention analysis, unspliced tran-
scripts were measured with a forward primer spanning the
3’ intron-exon junction, while spliced transcripts were mea-
sured with a forward primer spanning the exon—exon junc-
tion. The reverse primer was the same for both transcript
species. The ratio of unspliced to spliced transcripts was cal-
culated for six genes in duplicate. For the 5 regulatory re-
gion replacement experiments, changes in YLR454 W tran-
script levels following Spnl depletion were measured us-
ing primers NR 183 and NR 184, which amplified the region
from +994 to +1091 relative to the start codon.

ChIP-seq

The Spn1-AlID strain (FY3227) was used for ChIP of Rpbl,
Rpbl CTD modifications, histone H3, histone modifica-
tions, and Spnl (Spn1-AID-3xV5). Spn1-AlID strains con-
taining HA-tagged Spt6 (FY3228) or Set2 (FY3229) were
used for those respective ChIPs. For S. cerevisiae strains,
duplicate cultures were grown in YPD at 30°C to ODygqg
~ 0.65, diluted back to ODgyy =~ 0.3-0.4 in pre-warmed
YPD, divided into two equal volumes, treated with DMSO
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or IAA at a final concentration of 25 wM, and allowed
to grow for 90 min. An OD-normalized aliquot of each
culture was processed to verify depletion by western blot.
Cultures were processed as previously described (27), and
the final pellet after cell lysis was resuspended in 500 wl
LB140 and sonicated in a QSonica Q800R machine for 15
min (30 s on, 30 s off, 70% amplitude) to achieve 100-500-
bp DNA fragments. For S. pombe strains, cultures were
grown at 32°C in YES to ODgyy =~ 0.7-0.8 and processed
similarly to the S. cerevisiae cultures, except for the fol-
lowing steps. Bead-beating was done for 10-14 min, chro-
matin was concentrated at the last resuspension in LB140,
and samples were sonicated for 20 min. Protein concen-
trations of all S. cerevisiae and S. pombe chromatin sam-
ples were measured by Bradford (49). For Spt6 and Set2
ChIPs, 1 mg of chromatin was used as input, whereas 500
wg of chromatin was used as input for all other ChIPs.
As a spike-in control, S. pombe chromatin was added to
a final concentration of 10% of total mass, and the vol-
ume was brought up to 800 wl with WB140 buffer. Sam-
ples for Rpbl, Spt6, Set2, H3, and H3K36me3 ChIP were
spiked in with an S. pombe strain encoding an HA-tagged
protein (FWP568). Samples for Rpbl, Rpbl Ser5-P, Rpbl
Ser2-P, H3, H3K36me2, H3K4me3, and Spnl were spiked
in with an S. pombe strain encoding a V5-tagged protein
(FWP485). Before addition of antibody, 5% (40 wl) was
set aside as input and stored for later processing, starting
at the decrosslinking step later on. The following antibod-
ies were used for IPs: 10 pg anti-HA (Abcam, ab9110), 10
wl anti-Rpb1 (Millipore, WG16), 8 g anti-H3 (Abcam,
ab1791), 6 pg anti-H3K36me3 (Abcam, ab9050), 6 g anti-
H3K36me2 (Abcam, ab9049), 6 pg anti-H3K4me3 (Ab-
cam, ab8580), 10 pg anti-Ser5-P (Active Motif, 3ES), 10
wg anti-Ser2-P (Active Motif, 3E10), 8 wl anti-V5 (Invitro-
gen, R960-25). Immunoprecipitation reactions were incu-
bated at 4°C with end-over-end rotation overnight (~16—
18 h). Protein G Sepharose beads (GE Healthcare, 4 Fast
Flow) were washed with WB140, and a 50% slurry was
subsequently made in WB140. Fifty-microliter aliquots of
slurry were transferred into new Eppendorf tubes, and the
WB140 was removed. The immunoprecipitation reactions
were added directly to the beads and incubated at 4°C with
end-over-end rotation for 4 h. Bead-washing and elution
were done are previously described (27). The saved inputs
were thawed from storage, and 60 wl LB140 and 100 pl
TES were added. The 200-pl eluates and inputs were in-
cubated at 65°C overnight to reverse crosslinking. RNase
A/T1 and Proteinase K digestions, DNA purification, and
library preparation were done as previously described (27).
The number of PCR cycles for library amplification was de-
termined empirically for each sample and ranged from 11—
19 cycles. Samples were again purified twice using 0.7 x vol-
ume SPRI beads and run on Agilent Bioanalyzer to assess
size distribution, quality, and concentration. ChIP-seq li-
braries were sequenced on the Illumina NextSeq 500 plat-
form at the Harvard Bauer Core Facility.

Co-immunoprecipitation

Rpb3-Flag (FY3224), Spnl-AID (FY3227), Rpb3-Flag
Spnl-AID (FY3230), Spt6-AID (FY3122), and Rpb3-Flag

Spt6-AID (FY3231) cells were cultured in triplicate and
treated with DMSO or IAA as described for ChIP-seq. De-
pletions of Spnl and Spt6, as well as levels of other pro-
teins assayed in this experiment, were verified by western
blot. After collecting the cell pellets and washing them with
water, the cells were resuspended in an amount of IP buffer
(20 mM HEPES pH 7.6, 20% glycerol, | mM DTT, 1 mM
EDTA, 125 mM KoAc, 1% NP-40) proportional to the OD
of the culture harvested (with a culture at ODyg 0.65 receiv-
ing 500 wl of buffer). The cells were lysed by bead-beating
at 4°C for 6 min with 2-min incubations on ice after ev-
ery minute of bead-beating. The lysates were collected, cen-
trifuged at 14 000 rpm for 10 min at 4°C, and the cleared
extracts were transferred to new tubes. Protein concentra-
tions of all extracts were measured using Pierce BCA Pro-
tein Assay Kit (Thermo Fisher, #23225). Samples for im-
munoprecipitation were prepared at a final concentration
of 15 wg/pl protein in IP buffer up to 500 nl. As input, 40
wl of each sample was set aside, 20 wl 3x SDS buffer (240
mM Tris-HCI pH 6.8, 6% SDS, 16% B-mercaptoethanol,
4% SDS, 0.6 mg/mL bromophenol blue, 30% glycerol) was
added, and this was frozen until ready to use. Anti-Flag M2
affinity gel beads (Sigma, A2220) were washed once in IP
buffer and prepared as a 10% bead slurry in IP buffer. One
hundred-microliter aliquots of slurry (containing a total of
10 pl packed beads) were prepared in separate tubes, and
400 pl of the normalized extracts were added to each tube
and incubated at 4°C with end-over-end rotation for 2 h.
Following the IP, the beads were washed three times with
500 pl of IP buffer for 2 min per wash at 4°C. For elu-
tion, the beads were resuspended in 45 wl of 3x SDS buffer
and boiled for 5 min. The beads were then spun down, and
the supernatant was transferred to a new tube and either
stored or used for western blots. The following antibod-
ies were used for western blots: 1:8000 anti-Flag (Sigma,
F3165); 1:6000 anti-Spnl (provided by Laurie Stargell);
1:10 000 anti-Spt6 (provided by Tim Formosa); 1:6000 anti-
Set2 (provided by Brian Strahl); 1:2000 anti-V5 (Invitrogen,
R960-25) to check depletions.

Genome builds, annotations, and gene sets analyzed

The genome builds used were S. cerevisiae R64-2-1 (50) and
S. pombe ASM294v2 (51). S. cerevisiae transcript coordi-
nates were generated from TIF-seq (52) and TSS-seq data,
as previously described (19). For quantitative comparisons,
we have analyzed the full set of 5091 verified coding genes.
For heatmap and metagene average plots, where the intent
is to analyze how data varies as a function of position along
a gene, we have limited the genes being analyzed to the set of
3087 non-overlapping, verified coding genes in order avoid
any influence of overlapping genes.

RNA-seq library processing

The random hexamer molecular barcode on the 5 end
of each read was removed and processed using a custom
Python script. Cutadapt (53) was then used to remove
adapter sequences and low-quality base calls from the 3’ end
of the read, as well as poly-A sequences from the 5" end of
the read. Reads were aligned to the combined S. cerevisiae



and S. pombe genome using TopHat2 (54) without a refer-
ence transcriptome, and uniquely mapping alignments were
selected using SAMtools (55). Alignments mapping to the
same location as another alignment with the same molecu-
lar barcode were identified as PCR duplicates and removed
using a custom Python script. Coverage corresponding to
the 3’-most base of the RNA fragment sequenced, as well
as the entire interval for each alignment, was extracted us-
ing BEDTools (56) genomecov and normalized to the total
number of alignments uniquely mapping to the S. pombe
genome. The quality of raw, cleaned, non-aligning, and
uniquely aligning non-duplicate reads was assessed using
FastQC (57).

ADb initio transcript annotation from RNA-seq data

StringTie (58) was used to perform ab initio transcript an-
notation for each RNA-seq sample, with minimum tran-
script length of 50 bp, minimum transcript coverage of
2.5, and minimum separation between transcripts of 12 nt.
Transcript annotations for all samples (two replicates each
of DMSO- and [AA-treated wild type, Spnl-noAID, and
Spnl-AID samples) were merged, and those annotations
not overlapping known transcripts were combined with the
annotations of known transcripts to generate a unified tran-
script annotation. Transcripts from this list were classified
as antisense if their 5’ end overlapped a known transcript
on the opposite strand.

RNA-seq differential expression analysis

For differential expression analyses of verified coding genes,
RNA-seq alignments overlapping the transcript annota-
tion of these genes were counted using BEDTools (56).
To compare Spnl-AID treated with TAA versus DMSO,
the transcript counts from these two conditions were used
to perform differential expression analysis using DESeq2
(59) with a null hypothesis of no change between condi-
tions and a false discovery rate of 0.1. All differential ex-
pression analyses were normalized to the spike-in control
by using size factors obtained from S. pombe transcript
counts for each sample. To obtain changes in verified cod-
ing transcript abundance due to Spnl depletion while ac-
counting for possible effects from expressing the TIR 1 ubiq-
uitin ligase, AID-tagging Spnl, or treating yeast cells with
TAA, a separate multi-factor differential expression analy-
sis was performed (Supplementary Figure S2A). Transcript
counts from all RNA-seq samples (two replicates each of
DMSO- or IAA-treated wild type, Spnl-noAID, and Spnl-
AID strains) were used to perform a multi-factor differen-
tial expression analysis using DESeq2 (59) at a false dis-
covery rate of 0.1. The design formula for the multi-factor
analysis was a generalized linear model with no interac-
tion terms in which the variables represented the presence
of TIR1, the presence of the AID tag on Spnl, the presence
of IAA in the media, and the depletion of Spnl. To obtain
changes for all annotated transcripts, including antisense
transcripts (Supplementary Figure S2E), a multi-factor dif-
ferential expression analysis of the same design was per-
formed using counts measured over the unified transcript
annotation described above.
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Gene set enrichment analysis

The set of genes with altered expression during the environ-
mental stress response (ESR) (60) was separated into ESR-
upregulated and ESR-downregulated genes based on the
median fold change of expression across stress conditions.
Gene set enrichment analysis (61) was performed for these
gene sets as well as for gene ontology sets curated by the Sac-
charomyces Genome Database (62), with genes ranked by
their RNA-seq fold-change in the Spn1-AID strain treated
with IAA versus DMSO.

Intron retention analysis

Intron retention was defined as the proportion of unspliced
RNA for an intron and was estimated from counts of
RNA-seq alignments. Spliced and unspliced alignments
were counted for 252 non-mitochondrial introns not over-
lapping 5 UTRs (50). Alignments overlapping an intron on
the same strand were counted as spliced if the alignment
indicated matches of at least 4 nt with both the 5 and 3’
exon sequences, separated by a skipped region over the co-
ordinates of the intron. Alignments overlapping an intron
on the same strand were counted as unspliced if the align-
ment indicated a continuous match spanning at least 4 nt on
both sides of the 5’ or 3’ splice junction, or if the alignment
was contained entirely within the intron boundaries. Align-
ments overlapping annotated features contained within in-
tron boundaries were excluded to avoid conflating differen-
tial expression of these features with changes in intron reten-
tion. Spliced and unspliced alignment counts were pooled
between replicates. To address high variance in the raw in-

: . unspliced : :
tron retention proportion Unsplicedspliced associated with low

coverage introns, intron retention was estimated using em-
pirical Bayes shrinkage towards a beta-binomial prior. The
prior distribution was fit by maximum likelihood estima-
tion using the intron alignment counts for the 217/252 in-
trons with at least one spliced alignment in any of the con-
ditions tested. To determine the significance of changes in
intron retention upon Spnl depletion, Monte Carlo sam-
pling from the posterior intron retention distributions was
used to determine the probability that intron retention in
the Spnl-AlID strain treated with IAA was more extreme
than intron retention in all control conditions (wild type
DMSO, wild type IAA, Spnl-noAID DMSO, Spnl-noAID
IAA, and Spnl-AID DMSO).

ChIP-seq library processing

Reads were demultiplexed using fastg-multx (63), allow-
ing one mismatch to the index sequence and A-tail. Cu-
tadapt (53) was then used to remove index sequences and
low-quality base calls from the 3’ end of the read. Reads
were aligned to the combined S. cerevisiae and S. pombe
genome using Bowtie 2 (64), and alignments with a map-
ping quality of at least 5 were selected using SAMtools (55).
The median fragment size estimated by MACS?2 (65) cross-
correlation over all samples of a factor was used to generate
coverage of fragments and fragment midpoints by extend-
ing alignments to the median fragment size or by shifting
the 5" end of alignments by half the median fragment size,
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respectively. The quality of raw, cleaned, non-aligning, and
uniquely aligning reads was assessed using FastQC (57).

ChIP-seq normalization

For ChIP-seq coverage from IP samples, spike-in nor-
malization was accomplished by scaling coverage propor-

. o Ninput, spike-i
tionally to the normalization factor 1opuL_spike in

Nip, spike—in(Ninput, experimental)
where Np, spike—in 1S the number of S. pombe alignments
in the IP sample, MNnpui, spike—in 1S the number of S.
pombe alignments in the corresponding input sample, and
Ninput, experimental 15 the number of S. cerevisiae alignments
in the input sample. Coverage from input samples was nor-
malized to Ninput, experimental. Relative estimates of the to-
tal abundance of each ChIP target on chromatin were also
obtained by multiplying the normalization factor with the
number of S. cerevisiae alignments in an IP sample. Cov-
erage of the relative ratio of IP over input was obtained by
first smoothing normalized IP and input fragment midpoint
coverage using a Gaussian kernel with 20-bp bandwidth and
then taking the ratio. Coverage of the relative ratio of one
factor to another (e.g. H3K36me3 over H3) was obtained
as follows: For each factor, coverage of IP over input in
each sample was standardized using the genome-wide mean
and standard deviation over all samples, weighted such that
the non-depleted and Spnl-depleted conditions had equal
contribution. In the cases where ChIP for both factors was
performed using the same chromatin preparation, the stan-
dardized coverage of the normalizing factor was subtracted
from the matched coverage of the factor to be normalized.
In the cases where ChIP for each factor was performed us-
ing different chromatin preparations (Spt6 and Set2 nor-
malized to Rpbl), standardized coverages were averaged
across replicates before subtracting coverage of the normal-
izing factor from the coverage of the factor to be normal-
ized.

ChIP-seq differential occupancy analysis

For differential occupancy analyses of single factors over
verified coding genes, IP and input fragment midpoints
overlapping the transcript annotation of these genes were
counted using BEDTools (56). These counts were used to
perform a differential occupancy analysis using DESeq2
(59) at a false discovery rate of 0.1. The design formula
used was a generalized linear model with variables for sam-
ple type (IP or input), condition (non-depleted or Spnl-
depleted), and the interaction of sample type with condi-
tion. Fold changes were extracted from the coefficients of
the interaction of sample type with condition and represent
the change in IP signal observed upon Spnl depletion, cor-
rected for changes in input signal. When normalizing to the
spike-in control, size factors obtained from S. pombe counts
over peaks called with MACS2 (65) were used for each sam-
ple. All single-factor differential occupancy results shown
are normalized to spike-in, except for H3 differential oc-
cupancy results, where the additional variability introduced
by normalization to spike-in would have complicated iden-
tification of the set of genes with significantly reduced H3.
For differential occupancy analysis of H3 over the first 500
bp of verified coding genes (Supplementary Figure S4B),

the same approach was taken except using counts over the
relevant regions. For differential occupancy analyses con-
sidering one factor normalized to another (e.g. changes in
Rpbl-normalized Spt6), IP and input counts for both fac-
tors were used to perform a differential binding analysis us-
ing DESeq2 (59) at a false discovery rate of 0.1. The design
formula used was a generalized linear model with all cross-
ings of variables for sample type (IP or input), ChIP tar-
get, and condition (non-depleted or Spnl-depleted). Fold
changes were extracted from the coefficients of the inter-
action of sample type, ChIP target, and condition. These
values represent changes in input-normalized IP signal of
one factor upon Spnl depletion, corrected for changes in
input-normalized IP signal of the other factor. All factor-
normalized differential occupancy analysis results shown
are normalized to spike-in by using size factors obtained
from counts over S. pombe transcripts.

RESULTS

An auxin-inducible degron system efficiently depletes Spnl in
S. cerevisiae

To study the requirement for the essential protein Spnl, we
constructed an S. cerevisiae strain for the depletion of Spn1
using an auxin-inducible degron (see Materials and Meth-
ods). Treatment of this strain with the auxin 3-indoleacetic
acid (IAA) for 90 min (Spn1-depleted condition) resulted in
the reduction of Spnl protein levels to about 8% of those
observed when the strain was treated with DMSO (non-
depleted condition) (Figure 1A). Importantly, these condi-
tions did not impair viability (Supplementary Figure S1A).

To verify that Spnl depletion reduced the amount of
Spnl on chromatin, we performed chromatin immunopre-
cipitation and high-throughput sequencing (ChIP-seq) for
Spnl in Spnl-depleted and non-depleted cells, using S.
pombe chromatin as a spike-in control to allow the detection
of global changes (see Materials and Methods). In agree-
ment with a previous study (10), Spnl in non-depleted cells
was primarily enriched over gene bodies (Figure 1B) at lev-
els strongly correlated with levels of the RNAPII subunit
Rpbl (Supplementary Figure S1B). Additionally, we noted
that the ratio of Spnl to Rpbl over coding genes decreased
slightly with increasing Rpbl levels (Supplementary Figure
S1C). In Spnl-depleted cells, the total Spnl ChIP signal
was ~17% that of non-depleted cells (Figure 1C). The re-
duction in Spnl levels was observed for virtually all cod-
ing genes (Figure 1D) and occurred uniformly over gene
bodies (Figure 1B). Taken together, our results show that
the auxin-inducible degron system effectively depletes Spnl
from chromatin genome-wide and allows for interrogation
of its essential functions during transcription.

Depletion of Spnl causes a widespread reduction of mRNA
levels

Although there is evidence that Spnl is involved in tran-
scription, the genome-wide requirement for Spnl in regu-
lating mRNA levels was unknown. To investigate this, we
performed RNA sequencing (RNA-seq) of Spnl-depleted
and non-depleted cells, using S. pombe cells as a spike-in
control. The major effect that we observed was a widespread
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Figure 1. An auxin-inducible degron efficiently depletes Spnl from chro-
matin. (A) Western blot showing levels of Spn1 protein in the Spnl degron
strain after 90 min of treatment with DMSO (non-depleted) or 25 pM IAA
(Spnl-depleted). Pgkl was used as a loading control. The values below the
blots indicate the mean + standard deviation of normalized Spnl abun-
dance quantified from two biological replicates. (B) Average Spnl ChIP en-
richment over 3087 non-overlapping, verified coding genes aligned by TSS
in non-depleted and Spnl-depleted conditions. For each gene, the spike-
in normalized ratio of IP over input signal is standardized to the mean
and standard deviation of the non-depleted signal over the region, result-
ing in standard scores that allow genes with varied expression levels to be
compared on the same scale. The solid line and shading are the median
and interquartile range of the mean standard score over two replicates. (C)
Bar plot showing total levels of Spnl on chromatin in non-depleted and
Spnl-depleted conditions, estimated from ChIP-seq spike-in normaliza-
tion factors (see Materials and Methods). The values and error bars for
each condition indicate the mean + standard deviation of two replicates.
(D) Scatterplot showing Spnl ChIP enrichment in Spnl-depleted versus
non-depleted conditions for 5091 verified coding genes. Enrichment val-
ues are the relative log2 enrichment of IP over input.

decrease in mRNA abundance in Spn1-depleted versus non-
depleted cells, with a median change to around 73% of non-
depleted transcript levels and over 1500 mRNAs detected
as differentially reduced (Figure 2A; Supplementary Table
S3). We also detected 33 mRNAs with increased levels (Fig-
ure 2A; Supplementary Table S3). The changes were inde-
pendent of transcript levels in non-depleted cells (Figure
2A) and gene length. By analyzing RNA-seq data from ad-
ditional control conditions, we verified that the changes in
transcript abundance were caused primarily by Spnl deple-
tion rather than by the presence of the degron tag on Spnl,
the expression of degron system components, or the effects
of auxin on yeast cells (see Materials and Methods; Supple-
mentary Figure S2A). We verified the differential expression
of seven genes by RT-qPCR (Supplementary Figure S2B),
including the strong induction of SER3 previously observed
in spnl mutants (66).

In response to various environmental stresses, yeast cells
are known to alter the transcript levels of approximately 870
environmental stress response (ESR) genes (60). To look
for a possible relationship between Spnl depletion and the
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ESR, we performed gene set enrichment analysis. Our re-
sults revealed an association between Spnl-dependent tran-
scriptional changes and the ESR (Supplementary Figure
S2C), consistent with the fact that Spnl is essential for vi-
ability. Other gene sets with significant associations were
largely subsets of the ESR genes, including gene sets related
to ribosomes, translation, and rRNA processing. In spite of
these associations, the transcriptional changes in response
to Spnl depletion are more global in scope than the ESR,
do not correlate with the gene expression changes of any in-
dividual ESR stress (data not shown), and do not correlate
with a related transcriptional signature of slow growth (67)
(Supplementary Figure S2D). This suggests that the Spn1-
dependent changes we observe are not only explained by
stress responses.

Impaired function of the Spnl binding partner Spt6
causes widespread derepression of antisense transcripts
(19,26,68-71). Therefore, we were interested to see whether
a similar effect was observed after Spnl depletion. In con-
trast to spt6 mutants, we detected only four antisense tran-
scripts with significantly increased levels in Spnl-depleted
cells (Supplementary Figure S2E). Though this may be
a slight underestimate due to the difficulty of annotating
lowly expressed transcripts, it is clear that antisense tran-
scripts are much more limited for Spnl depletion as com-
pared to spt6 mutants.

To test whether the widespread changes in sense tran-
script levels observed after Spnl depletion might be driven
by changes in the level or state of RNAPII, we performed
ChIP-seq for the largest RNAPII subunit, Rpbl, as well
as for two major Rpbl C-terminal domain (CTD) post-
translational modifications: serine 5 phosphorylation (Ser5-
P) and serine 2 phosphorylation (Ser2-P). Our results show
that the relative distribution of Rpbl over transcribed re-
gions was not greatly affected by Spnl depletion (Fig-
ure 2B). However, we observed that the modest changes
in Rpbl levels in Spnl-depleted cells correlate positively
with changes in transcript levels as measured by RNA-seq
(Figure 2C,D; see Materials and Methods). This suggests
that the Spnl-dependent effects on transcript levels can be
explained, at least in part, by changes in RNAPII occu-
pancy. The modest effect on Rpbl levels leaves open the
possibility that Spnl may also affect mRNA levels post-
transcriptionally. There was little effect of Spnl depletion
on either Ser5-P or Ser2-P levels, with Ser5-P retaining its
expected preferential enrichment near transcription start
sites and Ser2-P retaining its expected progressive enrich-
ment over gene bodies (72) (Figure 2B, Supplementary Fig-
ure S2F).

5’ regulatory regions influence Spnl-dependent regulation of
transcript levels

Although Spnl is thought of primarily as a transcription
elongation factor, it was also shown to function at the pro-
moter of the S. cerevisiae CYCI gene (11,16). Therefore,
we wanted to determine whether 5’ regulatory regions, in-
cluding promoters, might play a role in Spnl-dependent
regulation of transcript levels. To test this possibility, we
made gene fusions of the 5 regulatory regions of UBI4
or GCV3—two genes respectively greatly upregulated or
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Figure 2. Effects of Spnl depletion on mRNA levels and RNAPII. (A) Scatterplot showing changes in transcript abundance as measured by RNA-seq
upon Spnl depletion versus non-depleted transcript abundance for 5091 verified coding transcripts. Transcripts with significant changes are colored blue,
and the relative density of fold-change values is shown in the right panel. (B) Top panel: Average Rpbl ChIP enrichment over 3087 non-overlapping,
verified coding genes in non-depleted and Spnl-depleted conditions. Spike-in normalized standard scores are calculated as in Figure 1B. The solid line and
shading are the median and interquartile range of the mean standard score over the two replicates generated from the same chromatin preparations used
to perform ChIP-seq for Rpbl Ser5-P and Rpbl Ser2-P. Bottom two panels: Average Rpbl-normalized Rpbl Ser5-P and Rpbl Ser2-P ChIP enrichment
in non-depleted and Spnl-depleted conditions for the same genes. The solid line and shading are the median and interquartile range of the mean spike-in
normalized ratio over two replicates. (C) Scatterplot showing change in transcript abundance upon Spnl depletion versus change in Rpb1 enrichment for
5091 verified coding genes. The line y = x is drawn for comparison, and the Pearson correlation coefficient is shown. (D) Spike-in normalized sense strand
RNA-seq coverage and spike-in normalized Rpbl ChIP enrichment over four genes, two with elevated mRNA levels and two with decreased mRNA levels,

upon Spnl depletion.

downregulated in Spnl-depleted cells (Figure 2D, Supple-
mentary Figure S2B)—to the coding region of YLR454W,
a gene whose transcript levels were minimally affected by
Spnl depletion (Figure 3A). The sequence used as the 5’ reg-
ulatory region of a gene included the 5" untranslated region
(UTR) of the gene, in addition to a promoter region defined
using TSS-seq and TFIIB ChIP-nexus data (see Materials
and Methods). These fusions and controls were constructed
in a Spnl degron strain.

We then used RT-qPCR to measure the change in
YLR454W transcript levels upon Spnl depletion in the
fusion and control strains (Figure 3B). For the 5 UBI4-

YL R454 W fusion, transcript levels increased in response to
Spnl depletion ~48% relative to the non-depleted condi-
tion. For the 5GCV3-YLR454W fusions, transcript levels
decreased about 56% or 39%, depending on the particular
sequence used for the GCV'3 5’ regulatory region (see Mate-
rials and Methods). The direction of these changes is con-
sistent with the RNA-seq and RT-qPCR data for the na-
tive UBI4 and GCV’3 genes, although the magnitude of the
YLR454W transcript changes in the fusions was smaller.
Therefore, our results suggest that the 5’ regulatory regions
of these genes contribute, at least partially, to the Spnl de-
pendence of their transcript levels.
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The association of Spnl with RNAPII is dependent on Spt6

Spnl directly interacts with Spt6, and both proteins are part
of the RNAPII elongation complex (8-10,14,17,18). To as-
sess the possible dependency of one factor on the other
for association with RNAPII, we performed immunopu-
rification of the epitope-tagged RNAPII subunit Rpb3 un-
der conditions where we depleted either Spnl or Spt6. In
the Spnl-depleted condition, Spt6 co-immunoprecipitated
with Rpb3 at levels similar to the non-depleted condition
(Figure 4A, compare lanes 13 and 14, Spt6 panel). There-
fore, the association of Spt6 with RNAPII is independent
of Spnl, consistent with the fact that Spt6 directly interacts
with RNAPII (73,74). In contrast, in Spt6-depleted condi-
tions, the interaction of Spnl with RNAPII was lost (Fig-
ure 4A, compare lanes 17 and 18, Spnl panel). Therefore,
the association of Spnl with RNAPII is Spt6-dependent,

supporting previous findings from studies of Spnl (Iwsl) in
human cell lines (13,14).

Although our co-immunoprecipitation experiments indi-
cated that Spnl is not required for the association of Spt6
with RNAPII, it was possible that Spnl was required for
Spt6 recruitment at certain locations in the genome. For ex-
ample, previous studies showed that Spnl is required for the
recruitment of Spt6 upon induction of the CYCI gene (11).
Therefore, to investigate the Spnl-dependence of Spt6 re-
cruitment to chromatin genome-wide, we performed Spt6
ChIP-seq using a Spnl degron strain expressing epitope-
tagged Spt6. In the non-depleted condition, Spt6 and Rpbl
occupancy correlated strongly, as expected (10,20,75) (Sup-
plementary Figure S3A), with the ratio of Spt6 to Rpbl
decreasing slightly with increasing Rpb1 occupancy (Sup-
plementary Figure S3B). Like in the case of Spnl (Supple-
mentary Figure S1C), this suggests that Spt6 does not in-
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Figure 4. Requirement of Spnl for Spt6 and Set2 association with RNAPII and chromatin. (A) Western blots showing the results of co-
immunoprecipitation experiments to analyze the effects of Spnl or Spt6 depletion on the binding of Spt6, Spnl, and Set2 to Rpb3-FLAG. Spnl or
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Rpb3-FLAG was immunoprecipitated and co-immunoprecipitation of Spnl, Spt6, and Set2 was assayed by western blots using native antibodies. Rpb3-
FLAG levels were measured using anti-FLAG antibody, and an Rpb3-FLAG strain lacking the degron tag on Spnl or Spt6 was included as an additional
non-depleted control. Shown is one representative western blot of three biological replicates with similar results. (B) Bar plot showing total levels of Spt6
on chromatin in non-depleted and Spnl-depleted conditions, estimated from ChIP-seq spike-in normalization factors (see Materials and Methods). The
values and error bars for each condition indicate the mean + standard deviation of two replicates. (C) Scatterplot showing changes in Rpbl-normalized
Spt6 ChIP enrichment upon Spnl depletion versus non-depleted Rpbl enrichment for 5091 verified coding transcripts. Rpbl enrichment values are the
relative logy enrichment of IP over input. (D) Average Rpbl-normalized Spt6 ChIP enrichment over 3087 non-overlapping, verified coding genes aligned
by TSS in non-depleted and Spnl-depleted conditions. The solid line and shading are the median and interquartile range of the ratio calculated from the
mean of two Spt6 and four Rpbl replicates. (E) Same as in (B) but for Set2. (F) Same as in (C) but for Set2. (G) Same as in (D) but for Set2.

crease in equal proportion to RNAPII on genes as a func-
tion of transcription frequency. Following Spnl depletion,
Spt6 protein levels were unaffected (Supplementary Figure
S3C), while the total amount of Spt6 on chromatin was re-
duced to ~79% of non-depleted levels (Figure 4B). The de-
crease in Spt6 on chromatin occurred uniformly over genes,
with a net effect of reducing the ratio of Spt6 to Rpbl over
gene bodies (Figure 4C,D). These results show that Spnl is
required for the optimal recruitment of Spt6 to chromatin.

The association of Set2 with RNAPII and chromatin is de-
pendent on Spnl

As both Spt6 and Spnl are involved in the recruit-
ment and/or activity of the histone methyltransferase Set2

(5,14,24,25,27,28), we also measured the association of
Set2 with Rpb3 by co-immunoprecipitation in both Spnl-
depleted and Spt6-depleted conditions. Our results showed
that both proteins are required for Set2 association with
RNAPII (Figure 4A, compare lane 13 to 14 and lane 17
to 18, Set2 panel). In the case of Spt6 depletion, the dimin-
ished interaction of Set2 with Rpb3 can likely be explained
by both the effect on Spnl and the decreased Set2 protein
levels that occur when Spt6 is mutant or depleted, as pre-
viously observed by others (27,28), although this effect was
modest in our results here (Figure 4A, compare lane 6 to 7
and lane 8 to 9, Set2 panel).

To examine the Spnl-dependence of Set2 recruitment to
chromatin across the genome, we performed Set2 ChIP-
seq using a Spnl degron strain expressing epitope-tagged



Set2. In the non-depleted condition, we observed that the
level of Set2 over coding genes positively correlated with
Rpbl levels (Supplementary Figure S3A), while the ratio
of Set2 to Rpbl strongly negatively correlated with Rpbl
levels (Supplementary Figure S3B). This suggests that the
level of Set2 over genes varies much less with the level
of transcription compared to elongation factors like Spt6
and Spnl (Supplementary Figs. S3C and S1C). Following
Spnl depletion, the total amount of Set2 on chromatin
was reduced to approximately 71% of non-depleted levels
(Figure 4E), and the ratio of Set2 to Rpbl was reduced
over gene bodies (Figure 4F,G). The reduction in Set2 re-
cruitment to chromatin measured by ChIP-seq appeared
to be less severe than the reduction in Set2-RNAPII as-
sociation observed by co-immunoprecipitation. This may
be accounted for by technical differences between the two
assays, such as the use of crosslinking in ChIP-seq, and
may reflect the stabilization of Set2 on chromatin by factors
besides RNAPII (27,28), including other elongation fac-
tors (76,77), nucleosomes/DNA (78-80), and mRNA (81).
Thus, we conclude that Spn1 is required for the optimal re-
cruitment of Set2 to chromatin, primarily by maintaining
the Set2-RNAPII interaction.

H3 levels are reduced near the 5’ end of a small set of genes
after Spnl depletion

As Spnl binds to histones H3/H4 in vitro (16) and has a
modest role in the recruitment of Spt6 to chromatin (Fig-
ure 4B-D), we investigated a possible role for Spnl in the
control of histone occupancy and distribution in vivo. To
do this, we performed ChIP-seq for histone H3 in Spnl-
depleted and non-depleted conditions. We observed that the
effect of Spnl depletion on H3 occupancy over coding genes
varied with expression level: while most genes had mini-
mally affected H3 occupancy and distribution after Spnl
depletion, a small set of 77 mostly highly expressed genes
had significantly decreased H3 occupancy (Supplementary
Figure S4A, Figure 5A). Furthermore, the decrease in H3
occupancy at these genes occurred specifically over the first
~500 bp of the gene (Figure 5B,C). Since a 5'-specific ef-
fect might be masked for long genes when quantifying sig-
nal over the entire gene body, we then quantified the change
in H3 occupancy over the first 500 bp of genes. By this ap-
proach, we observed the same relationship between expres-
sion level and H3 occupancy change and identified a total of
134 genes with significantly decreased H3 occupancy near
the 5’ end (Supplementary Figure S4B).

The 5 reduction in H3 at highly expressed genes upon
Spnl depletion was reminiscent of the 5" reduction in H3
over a broader set of genes previously observed upon Spt6
depletion (82) and in an sp76 mutant with decreased Spt6
protein stability (23). Because of this and the known his-
tone chaperone function of Spt6, we examined whether the
reduction in H3 after Spnl depletion could be explained
by reduced levels of Spt6 on chromatin (Figure 4B-D). We
found that for those genes with reduced H3 levels, the H3
changes did not correlate with changes in Rpb1-normalized
Spt6 signal (Supplementary Figure S4C). Additionally, the
S’ reduction in H3 at those genes was coincident with a 5’
reduction in Rpbl (Supplementary Figure S4C,D). These
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Figure 5. Histone H3 levels are reduced at the 5" end of a small set of
genes after Spnl depletion. (A) Scatterplot showing change in H3 enrich-
ment upon Spnl depletion versus non-depleted Rpb1 enrichment for 5091
verified coding genes. Rpbl enrichment values are the relative log2 enrich-
ment of IP over input. Genes with significant decreases in H3 enrichment
are colored red, and a cubic regression spline is overlaid. (B) Average H3
ChIP enrichment in non-depleted and Spnl-depleted conditions for the
77 genes with significantly decreased H3 ChIP enrichment over the entire
gene upon Spnl depletion. The solid line and shading are the median and
interquartile range of the mean enrichment over four replicates. (C) H3
ChIP enrichment in non-depleted and Spnl-depleted conditions for two
genes with significantly decreased H3 ChIP enrichment upon Spnl deple-
tion. The mean enrichment over four replicates is shown.

results suggest that the changes in H3 occupancy at this set
of genes upon Spnl depletion are not the indirect effect of
changes in Spt6 recruitment and may be related to changes
in transcription, though we cannot say if the relationship is
causal.

Spnl is required for the normal distribution of co-
transcriptional histone modifications

Given previous studies that suggested a role for Spnl in
H3K36 methylation (3,5,14) and the change we observed
in Set2 recruitment after Spnl depletion (Figure 4E-G),
we used ChIP-seq to measure the genome-wide occupancy
of H3K36me2 and H3K36me3 in Spnl-depleted and non-
depleted conditions. In these experiments, we also included
analysis of H3K4 trimethylation (H3K4me3), given the ge-
netic relationship between Spnl and the enzymes required
for the methylation and demethylation of H3K4 (21,22).
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For H3K36 methylation, our results showed that, while
the total level of each histone modification on chromatin
was not greatly affected by Spnl depletion (Supplemen-
tary Figure S5A,B), the distribution of each modification
was markedly changed (Figure 6A,B, Supplementary Fig-
ure S5C). In the non-depleted condition, the H3K 36 methy-
lation marks were distributed as expected: H3K36me2 and
H3K36me3 were primarily enriched within gene bodies,
with H3K36me3 reaching its maximum levels further down-
stream of the TSS than H3K36me?2 (40,83) (Figure 6A,B).
In contrast, depletion of Spn1 resulted in prominent 3’ shifts
in the distributions of both H3K36me2 and H3K36me3
over the vast majority of coding genes, including those
with and without altered RNA levels (Figure 6A,B). More
specifically, in the non-depleted condition, the median H3-
normalized H3K36me?2 signal reached 90% of its maximum
value within approximately 450 bp of the TSS, while in the
Spnl-depleted condition, 90% of the maximum value was
not reached until about 650 bp (Figure 6A, top). For H3-
normalized H3K36me3 in the non-depleted condition, the
median signal reached 90% of its maximum value within
~690 bp of the TSS, while in the Spnl-depleted condition,
90% of the maximum value was not reached until about
1390 bp (Figure 6B, top). Though these changes in distribu-
tion occurred at most genes, the magnitude of the changes
increased with increasing expression level (Supplementary
Figure S5D).

The genome-wide distribution of H3K4me3 was also
strongly affected by Spnl depletion. While in the non-
depleted condition, H3K4me3 was primarily localized over
the 5 regions of genes, as expected (38-40,84), depletion
of Spnl caused H3K4me3 signal to spread toward the 3
end for the vast majority of genes, into regions normally en-
riched for H3K4me2 and H3K4mel (40) (Figure 6C, Sup-
plementary Figure S5C). In the non-depleted condition, the
median H3-normalized H3K4me3 signal over coding genes
decreased to 10% of its maximum value within about 1530
bp of the TSS, whereas in the Spnl-depleted condition, the
median signal did not decrease to 10% of its maximum
value until about 2430 bp (Figure 6C, top). As with H3K36
methylation, the magnitude of the change in H3K4me3 dis-
tribution over genes increased with increasing expression
level (Supplementary Figure SSD). It is possible that the
change in H3K4me3 pattern upon Spnl depletion is caused
by altered recruitment or activity of either Setl, the H3K4
methyltransferase, or Jhd2, the demethylase, though this re-
mains to be tested. Altogether, we conclude that Spnl is re-
quired to maintain the normal pattern of H3K36 and H3K4
methylation across the genome.

Spnl depletion results in increased intron retention in riboso-
mal protein transcripts

Since both Spnl and H3K36 methylation have been pre-
viously implicated in splicing (3,5,85-89), we looked for
changes in splicing efficiency after Spnl depletion by using
our RNA-seq data to estimate intron retention (see Mate-
rials and Methods). We observed a general tendency for in-
creased intron retention after Spnl depletion (Figure 7A),
particularly in ribosomal protein transcripts, whose high ex-
pression levels gave us greater power to detect changes in

intron retention. Out of 252 introns analyzed, we found 59
introns with significantly increased retention upon Spn1 de-
pletion and two introns with significantly decreased reten-
tion (Figure 7A). Of the introns with significantly increased
retention after Spnl depletion, 27/59 showed increases of
at least 10%, and 54/59 were from ribosomal protein tran-
scripts. To verify our intron retention estimates, we used
RT-qPCR to measure the ratio of unspliced to spliced tran-
scripts for four genes that showed increased intron retention
and two genes without significant changes (Figure 7B). In
all cases, the changes in unspliced transcript abundance ob-
served by this method were in agreement with the results
from the transcriptome-wide analysis.

H3K36 methylation has been linked to splicing in
mammalian cells by studies showing that chromodomain
and PWWP domain-containing proteins such as MRG15
can bind SETD2-dependent H3K36me3 to bridge the
association of splicing factors and chromatin, thus co-
transcriptionally regulating alternative splicing (85,88,89).
Eaf3, the yeast ortholog of MRGI1S5, also binds to both
H3K36me3 and H3K36me?2 (24,33,34,90) and mediates the
recruitment of splicing factors (87), supporting previous
results that implicated H3K36 di- and/or trimethylation
in splicing regulation in yeast (86). Therefore, we wanted
to determine if there were Spnl-dependent changes in ei-
ther H3K36me2 or H3K36me3 that were specific to intron-
containing genes. Sixty-five percent of the 137 ribosomal
protein (RP) genes contain introns, giving us an opportu-
nity to compare two sets of genes similar in expression and
length but differing by the presence or absence of introns.
In the non-depleted condition, intron-containing RP genes
showed a slightly higher level of H3K36me2 over the in-
tron compared to the downstream exon (Figure 7C). Fol-
lowing Spnl depletion, redistribution of this modification
toward the 3’ end resulted in a marked decrease in signal
over the intron, a pattern not observed at a similar dis-
tance from the TSS in RP genes without introns. Addi-
tionally, RP genes with introns had a slightly greater de-
crease in H3K36me3 over most of the gene body compared
to RP genes without introns. We did not detect major dif-
ferences in the distribution of other factors or modifica-
tions assayed between the two sets of genes, apart from a
very mild increase in Rpbl Ser5-P over the introns, which
has been observed when pre-spliceosome formation is per-
turbed (91,92) (Supplementary Figure S6A). We obtained
very similar results when we performed this analysis com-
paring intron-containing RP genes to non-RP genes with-
out introns matched by length and expression (data not
shown). Finally, the overlap of decreases in H3K36me?2 and
regions encoding introns observed for RP genes was not
seen for non-RP intron-containing genes, as the decreases in
H3K36me2 over non-RP intron-containing genes occurred
further 3’ of the TSS and 5’ splice site (Supplementary Fig-
ure S6B). Thus, for intron-containing RP genes, distinct
changes in H3K36me2 and H3K36me3 correlate with in-
creased intron retention.

DISCUSSION

In this study, we have uncovered previously unknown in vivo
roles for Spnl, an essential and conserved factor. We have
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Figure 6. Spnl is required for normal localization of histone H3 modifications along coding genes. (A) Top: Average H3-normalized H3K36me?2 for 3087
non-overlapping, verified coding genes aligned by TSS in non-depleted and Spnl-depleted conditions. The solid line and shading are the median and
interquartile range of the mean ratio over two replicates. Vertical dotted lines indicate the distances at which the median signal in each condition reached
90% of its maximum value. Bottom: Heatmap of the change in H3-normalized H3K36me?2 enrichment upon Spnl depletion for the same genes, aligned
by TSS and arranged by transcript length. Data is shown for each gene up to 300 bp 3’ of the cleavage and polyadenylation site, which is indicated by the
white dotted line. (B) Same as in (A) but for H3K36me3. (C) Same as in (A) but for H3K4me3, with vertical dotted lines instead indicating the distances
at which the median signal in each condition dropped to 10% of its maximum value.

shown that Spnl is widely required for normal transcript
levels, as depletion of Spnl significantly reduces mRNA
levels of over 1500 genes in a manner that correlates with
changes in Rpbl occupancy. In addition, depletion of Spnl
alters the distribution of H3K36 and H3K4 methylation
along most genes and impairs efficient splicing, particu-
larly in ribosomal protein transcripts. Furthermore, Spnl
is required for normal levels of histone H3 over the ¥
ends of a small set of mostly highly transcribed genes.
This provides evidence that Spnl functions in vivo as a
histone chaperone at a set of genes, supporting recent in
vitro studies (16). Finally, we have shown that the associ-
ation of Spnl with RNAPII is dependent on its binding
partner, Spt6. Together, these results establish that Spnl
plays a genome-wide role in transcription and chromatin
dynamics.

We have shown that a major function of Spn1 is to main-
tain proper localization of H3K36me3, H3K36me2, and
H3K4me3, as Spn1 depletion causes redistribution of these
three transcription-coupled histone modifications toward
the 3’ ends of genes. Mislocalization of these histone marks
has been previously observed in other studies, although
in some cases the shifts were in the 5’ direction, opposite
to the shifts observed after Spnl depletion. For example,
loss of the chromatin remodeler Chd1 resulted in 5 shifts
of both H3K36me3 and H3K4me3 (93,94). Interestingly,
the loss of Chdl also resulted in more efficient splicing of

ribosomal protein transcripts, in contrast to the less effi-
cient splicing that we observed after Spnl depletion. Thus,
Spnl and Chdl appear to play opposite roles. In the case
of Spnl depletion, it is plausible that reduced Set2 activity
caused by reduced recruitment contributes to the changes
in H3K36 methylation pattern. By this model, reduced Set2
leads to 3’ shifts of H3K36 methylation by reducing the
co-transcriptional methylation rate and thus increasing the
distance along a gene needed to reach a given methylation
state.

Changes in the rate of transcription have also been shown
to cause shifts of H3K36 and H3K4 methylation. In yeast,
an RNAPII slow mutant with a reduced polymerization
rate showed a 5 shift of H3K4me2 and H3K4me3, while an
RNAPII fast mutant with an increased polymerization rate
showed a 3’ shift of these modifications (84,95). In mam-
malian cells, a 5 shift of H3K36me3 was also observed in
an RNAPII mutant with slowed transcription rate (96), op-
posite to what we observed after Spnl depletion. In both
the yeast and mammalian studies, the histone modification
changes correlated with shifts of Rpbl Ser2-P: a 3’ shift in
slow mutants and a 5’ shift in the fast mutant (84,96). In
contrast, we did not detect a significant change in Rpbl
Ser2-P after Spnl depletion; therefore, the histone modifi-
cation 3’ shifts that we observe might not be caused by an
increased rate of transcription, although this remains to be
tested.
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Figure 7. Depletion of Spnl results in increased intron retention in ribosomal protein transcripts. (A) Volcano plot showing changes in intron retention
upon Spnl depletion for 252 introns encoded from within coding regions of nuclear genes. Intron retention is defined as the proportion of unspliced
transcripts and was estimated from RNA-seq data (see Materials and Methods). Labeled introns were further assayed by RT-qPCR, as shown in (B). (B)
RT-gqPCR measurements of the ratio of unspliced to spliced transcripts in a wild-type strain treated with DMSO for 90 min and the Spnl degron strain
treated with 25 wM IAA for 90 min. Error bars indicate the mean + standard deviation of two replicates. (C) Visualization of average changes in H3K36
methylation state at ribosomal protein genes with and without introns. For each group of genes, the following data are plotted: sense strand RNA-seq
coverage, GC% in a 21-bp window, and H3-normalized H3K36me2 and H3K36me3 ChIP enrichment. The solid line and shading are the median and
interquartile range over the genes in each group. The introns of RP genes tend to be close to the 5’ end of the gene, the region where RNA-seq signal is

seen as depleted (top left panel).

Recent studies showed that the histone chaperones Spt6
and FACT (composed of Spt16 and Pob3) are also required
for the normal distribution of several histone modifica-
tions, as shifts toward the 3’ end occurred in yeast spz6 and
spt16 mutants (95), as well as after depletion of FACT in
Drosophila cells (97). The yeast study suggested that these
shifts were a consequence of transcription-dependent loss
of histones on chromatin due to impaired nucleosome re-
assembly in the wake of transcription. The decreases in hi-
stone H3 occupancy that we observed after Spnl depletion
were much less extensive than those observed in the sp76
and sptl6 mutants. Therefore, although Spnl is likely re-
quired for nucleosome reassembly at highly expressed genes,
a defect in nucleosome assembly is unlikely to completely
explain the widespread shifts in histone modifications ob-
served after Spnl depletion.

We found that Spnl depletion causes both increased re-
tention of many ribosomal protein introns and reduced
H3K36me2 and H3K36me3 over the regions encoding
these introns. The possibility that the reduced H3K36
methylation causes the defects in splicing is supported by
previous studies showing that loss of H3K36 methylation
impairs splicing from yeast to mammals (5,85-89,93,98).
We observed that Spnl depletion caused ribosomal pro-
tein genes to have reduced H3 and H3K36me3 regardless
of whether the gene contained an intron; however, riboso-
mal protein genes with introns had a distinct redistribution

of H3K36me?2 after Spnl depletion, resulting in decreased
levels of this mark before the 3" splice site and increased lev-
els thereafter. Our results, then, suggest that H3K36me2 is a
Spnl-dependent mark that distinguishes ribosomal protein
genes with introns from those without. Given that defects
in splicing have also been observed to alter the recruitment
of SETD2 and the distribution of H3K36me3 at intron-
containing genes in mammalian cells (99,100), further ex-
periments will be needed to determine whether the direct
effect of Spnl depletion is on H3K36 methylation patterns
or splicing.

Our studies have also revealed new insights into the
molecular relationship between Spnl and Spt6. The impor-
tance of this interaction is highlighted by the fact that spnl/
or spt6 mutations that impair this interaction cause severe
mutant phenotypes (17,18). Other studies previously sug-
gested that the two proteins do not contribute to a com-
mon essential function since they differ based on both ge-
netic and molecular properties (10,11,18). Our results ex-
tend these distinctions, as depletion of Spn1 causes different
effects on transcription compared to mutation or depletion
of Spt6, particularly with respect to the level of antisense
transcription (19,26,71). The critical nature of the Spnl-
Spt6 interaction can be explained by our findings that the
association of Spnl with RNAPII is strongly dependent on
Spt6, and that Spnl is required for optimal recruitment of
Spt6 to chromatin.



Additionally, our results suggest that Spnl regulation oc-
curs, at least in part, via the 5 regulatory regions of genes.
While this is not expected for an elongation factor, there
is precedent. Previous studies of Spt6 similarly showed ef-
fects at 5’ regulatory regions (20,82,101). While a specific
role for Spnl has been demonstrated at the 5’ regulatory
region of the yeast CYCI gene (11), the effect that we de-
tected after Spnl depletion may be more general. Deple-
tion or mutation of Spt6 causes general defects in chro-
matin structure, including at nucleosome-depleted regions
(19,26,71,82). A similar effect after Spnl depletion could
conceivably increase or decrease the level of transcription
initiation.

In summary, our studies have demonstrated that Spnl is
widely required in vivo for normal transcript levels, splic-
ing, and chromatin-related functions. Given its physical and
genetic interactions with two other essential histone chap-
erones, Spt6 and FACT (21,22,102), and its genetic inter-
actions with additional histone chaperones, including Asf1l
and the Hir complex (16), it appears that Spnl is part of
a network of histone chaperones required for normal gene
expression. Deciphering the individual roles of these factors
and how they function together remains a challenge for fu-
ture studies.
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