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Sfp1 regulates transcriptional
networks driving cell growth
and division through multiple
promoter-binding modes
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The yeast Sfp1 protein regulates both cell division and
growth but how it coordinates these processes is poorly
understood. We demonstrate that Sfp1 directly controls
genes required for ribosome production and many other
growth-promoting processes. Remarkably, the complete
set of Sfp1 target genes is revealed only by a combination
of ChIP (chromatin immunoprecipitation) and ChEC
(chromatin endogenous cleavage) methods, which uncov-
er two promoter binding modes, one requiring a cofactor
and the other a DNA-recognition motif. Glucose-regulat-
ed Sfp1 binding at cell cycle “START” genes suggests that
Sfp1 controls cell size by coordinating expression of genes
implicated in mass accumulation and cell division.
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The expression of genes required for ribosome production
is an intensive transcriptional process in growing cells and
serves as a paradigm to study coordination of large gene
networks (Lempiäinen and Shore 2009). Regulation of
ribosome production at the transcriptional level in eu-
karyotes is best understood in the budding yeast Saccha-
romyces cerevisiae, where RNA polymerase II (RNAPII)-
mediated transcription of ribosomal protein (RP) genes,
genes required for ribosome assembly (ribosome biogene-
sis [RiBi] genes), and small nucleolar RNA (snoRNA)
genes is highly regulated according to nutrient availability
and stress. Despite this fact, the promoters of these three
groups of genes are organized differently (Bosio et al.
2011), begging the question of how they can be coordinate-
ly regulated.

The split-finger protein 1 (Sfp1) is a nutrient- and stress-
sensitive transcription factor (TF) whose deletion or
overexpression has been shown to primarily affect the ex-

pression of RP and RiBi genes (Fingerman et al. 2003; Jor-
gensen et al. 2004; Marion et al. 2004). In addition, sfp1Δ
cells are unusually small, whereas cells overexpressing
SFP1 are large (Jorgensen et al. 2002). These findings imply
a role for Sfp1 in determining the size at which cells com-
mit to division, through an unknown mechanism. Nota-
bly, the transcriptional and cell-size phenotypes of SFP1
are similar to those of the c-Myc proto-oncogene (Jorgen-
sen et al. 2004).

One paradox that has limited our understanding of
Sfp1’s mechanism of action is that the protein has been
detected by chromatin immunoprecipitation (ChIP) at
only a small fraction of the promoters that it appears to
regulate. Thus, although ChIP detects Sfp1 at many RP
gene promoters (Reja et al. 2015), it is undetectable at vir-
tually all of the >200 RiBi gene promoters, raising the
question of whether it acts indirectly at these genes.

Herewe vastly expand our knowledge of Sfp1 binding by
chromatin endogenous cleavage (ChEC)-seq analysis
(Schmid et al. 2004; Zentner et al. 2015). Notably, we
find that ChEC and ChIP provide a complementary pic-
ture of Sfp1 binding, with distinct sets of sites identified
by one technique or the other. We present evidence that
Sfp1 directly orchestrates TATA-binding protein (TBP)
and RNAPII recruitment at a broad array of growth-pro-
moting genes, including most RiBi, RP and snoRNA
genes, but also many others. Unexpectedly, we also find
that Sfp1 binds in a glucose-regulated manner to the pro-
moters of many G1/S (“START”) regulon genes where it
appears to act as a repressor. Interestingly, Sfp1 binding
sites detected by ChEC are enriched for the motif
gAAAATTTTc, whereas binding identified by ChIP is of-
ten strongly dependent on another TF: Ifh1 at RP genes or
Swi4 at G1/S regulon genes. Our findings provide an un-
precedented example of how the combination of ChIP
and ChEC can reveal a more complete picture of TF-chro-
matin interactions and reveal a possible mechanism by
which Sfp1 helps to regulate cell size by coordinating tran-
scriptional programs involved in bothmass accumulation
and cell division.

Results and Discussion

Modulation of Sfp1 protein level triggers a genome-wide
redistribution of RNAPII

Steady-state mRNA measurements in sfp1Δ strains have
revealed up- or down-regulation of large numbers of genes
(Jorgensen et al. 2004; Cipollina et al. 2005). However,
sfp1Δ cells grow very slowly, making it difficult to distin-
guish between direct and indirect effects. Furthermore,
measurements of steady-state mRNA levels can mask
transcription effects that are buffered by compensatory
mRNA stability changes. To better understand the role
of Sfp1 in transcription we used RNAPII occupancy mea-
sured by ChIP-seq as a proxy for transcription initiation,
first examining the effect of SFP1 overexpression from
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the inducible GAL1 promoter. This triggered a massive
change in the transcriptional program, consistent with
previous findings (Jorgensen et al. 2004), with 745 genes
up-regulated and 1429 genes apparently down-regulated
by at least 1.5-fold (Fig. 1A; see Supplemental Table S1
for a complete list).
We were struck by the fact that many of the genes

down-regulated upon SFP1 overexpression are glucose-re-
pressed genes implicated in carbohydrate metabolism,
whereas induced genes are strongly enriched in RP, RiBi,
and translation-related genes (see Supplemental Table
S1 for complete GO term analysis). Indeed, we observed
a strong overlap between the transcriptional response to
SFP1 overexpression and that of a glucose pulse (2%) (Sup-
plemental Fig. S1A,B). Consistent with this finding, pro-
moter motifs identified in the two sets of up-regulated
genes are highly similar (Supplemental Fig. S1C). These
data indicate that Sfp1 levels can influence expression of
over 30% of RNAPII-transcribed genes, a much larger
transcriptional network than is revealed by ChIP analysis
of its binding sites (Reja et al. 2015).
To challenge this idea by a loss-of-function approach

that bypasses the severe effect of sfp1Δ on cell growth,
we used the “anchor-away” system (Haruki et al. 2008)
to rapidly deplete Sfp1 from the nucleus. To ascertain
which genes might be direct targets of Sfp1, we measured
RNAPII binding by ChIP-seq at 5 and 20 min following

rapamycin addition to the anchor-away strain and
compared the changes to those observed following SFP1
overexpression (Fig. 1C). We observed a significant anti-
correlation between depletion and overexpression effects
(Spearman=0.77 and 0.90 after 5 and 20min, respectively)
confirming that the majority of up-regulated and down-
regulated genes identified by overexpression are also sen-
sitive to a reduction of Sfp1 nuclear levels. The weaker
anti-correlation at 5 min, compared to 20 (or 60 min, Sup-
plemental Fig. S1D) is largely due to genes that appear to
be negatively regulated by Sfp1 (Fig. 1C), suggesting that
for at least some of these genes, the inhibition by Sfp1
might be a secondary effect. Since negative regulation by
Sfp1 was somewhat unexpected, we performed a “spike-
in” control (Bruzzone et al. 2018), which allowed us to
confirm that up-regulationwas not due to a normalization
error in the ChIP-seq analysis.

Sfp1 promotes PIC assembly and transcription initiation
at many growth-related genes

We next analyzed in more detail the molecular roles of
genes activated by Sfp1, applying a >1.5-fold threshold to
both overexpression and depletion data for RNAPII bind-
ing. As indicated above, this group of >500 genes is domi-
nated by RiBi (201) and RP (112) genes (Supplemental
Table S2). Although both sets of genes are down-regulated
with similar kinetics following Sfp1 depletion, themagni-
tude of the effect is greater for RiBi genes. The remaining
genes in this group are regulated in a manner similar to
that of RiBi genes (Supplemental Fig. S1E), and we thus re-
fer to this group as “RiBi-like.” Consistent with this
assignment, we note that both RiBi and RiBi-like promot-
ers displaya strong enrichment for theRRPEmotif and to a
slightly lesser extent the PAC motif (Supplemental Fig.
S1F; Hughes et al. 2000; Bosio et al. 2011). In addition,
these two groups of genes share many functional annota-
tions (Supplemental Table S2).
Further examination of the RiBi-like group revealed

three different connections to previously inferred Sfp1
functions. First, we noted a strong enrichment for genes
involved in nuclear transport, consistent with a pheno-
type associated with increased SFP1 gene dosage ((Blum-
berg and Silver 1991), see Supplemental Table S2).
Second, the RiBi-like group includes all known genes
encoding proteins involved in translation termination
(Supplemental Table S3), including those encoding the ri-
bosome-associated Hsp70-like proteins Ssb1/2, and the
termination factors Sup45 and Sup35, all of which have
been implicated in prion formation (Liebman and Chern-
off 2012). Curiously, Sfp1 also exists in a prion form [ISP+]
that suppresses the phenotype of the prion derivative of
Sup35 [PSI+] (Matveenko et al. 2016). Finally, we identi-
fied new target genes with functional connections to
Sfp1. One of these, MRS6, encodes the only yeast Rab es-
cort protein, which in addition to its essential function in
secretion, interacts directly with Sfp1 and regulates its
nuclear localization (Lempiäinen et al. 2009; Singh and
Tyers 2009). Another novel target gene, TOD6, encodes
a repressor of RiBi genes (Lippman and Broach 2009; Hu-
ber et al. 2011). These links point to possible feedback
mechanisms that might act to fine-tune nutrient and/or
stress responses.
We next asked whether Sfp1 could be involved in tran-

scription of snoRNA genes, a distinct set of RiBi-like

A

B

C

D

Figure 1. Regulation of growth-related genes by Sfp1. (A) Scatter plot
comparing Rpb1 ChIP-seq signal (log10 normalized read counts) in
SFP1 (left panel) and pGAL1-SFP1 (right panel) strains grown in 2%
raffinose (x-axis) or 1 h following 2% galactose addition (y-axis). RP
genes (green); RiBi genes (red); all other genes (gray). (B) Scatter plots
comparing Rpb1 ChIP-seq fold-change (log2) relative to t = 5 (left) and
20 (right) min following rapamycin addition in a Sfp1 anchor-away
strain (y-axes) to Rpb1 ChIP-seq change 60 min following galactose
addition in a pGAL-SFP1 strain (x-axes). (C ) Direct comparison of
time points in B focusing on Sfp1-repressed (left) and Sfp1-activated
(right) genes. (D) Average TBP binding profiles, centered on TATA
or TATA-like element (Rhee and Pugh 2012), at 20 min following ve-
hicle or rapamycin addition to a Sfp1 anchor-away strain at the indi-
cated gene groups. In the top panel, average values for RiBi genes are
depicted in solid lines, those for RiBi-like genes in dashed lines.
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genes. Notably, snoRNA genes as a whole display sig-
nificant down-regulation following Sfp1 depletion and
marked up-regulation upon Sfp1 overexpression, similar
to that of RiBi, RP, and RiBi-like genes (Supplemental
Fig. S1G).

To investigate how Sfp1 impacts transcription we mea-
sured TBP binding, the first step in pre-initiation complex
(PIC) assembly, following rapid nuclear depletion of Sfp1.
Weobserved a significant drop inTBPChIP-seq signal that
tracks with the RNAPII decrease (i.e., larger at RiBi and
RiBi-like genes, compared to RP and snoRNA genes; Fig.
1D). As expected, Sfp1 depletion has no effect on TBP
binding at genes where RNAPII recruitment is unaffected,
or at RNAPIII-transcribed tRNA genes (Supplemental Fig.
S1H,I). Since Sfp1 has been suggested to affect RNAPII
processivity, particularly at RP genes (Gómez-Herreros
et al. 2012), we quantified the RNAPII distribution across
ORFs following Sfp1 depletion but found no change (Sup-
plemental Fig. S1J).

Glucose-dependent binding of Sfp1 at G1/S regulon genes

Given the similarity of the transcriptional responses to
SFP1 overexpression and a glucose pulse, and the fact
that sfp1Δ most strongly impairs growth in glucose medi-
um, we decided to measure Sfp1 binding in three different
carbon source conditions (glucose and two “poor” carbon
sources, raffinose and galactose). As reported previously
(Reja et al. 2015), Sfp1 binds at many RP gene promoters
in glucose-grown cells, and we found that the same is
true for cells grown in either galactose or raffinose (Sup-
plemental Table S4). However, we identified ∼100 target
genes in glucose-grown cells where Sfp1 binding was
weaker in either galactose or raffinose compared to glu-
cose (see Fig. 2A for one example), typically from 1.5- to
threefold (Fig. 2B). Strikingly, this group is highly enriched
in genes implicated in the G1/S cell-cycle transition,

(“START” (Bertoli et al. 2013)), whose promoters are
bound by the Swi4 activator. In contrast, genes where
Sfp1 promoter binding was essentially equivalent in all
carbon sources are highly enriched in Ifh1-boundRP genes
(Fig. 2B; Supplemental Table S4). This glucose-specific in-
crease in Sfp1 promoter binding is recapitulated by grow-
ing pGAL1-SFP1 cells in galactose (Fig. 2C). Interestingly,
we found that total cellular levels of Sfp1 are not detect-
ably influenced by carbon source (Supplemental Fig.
S2A), whereas the nuclear concentration of Sfp1-GFP is
clearly higher in glucose-grown cells compared to either
raffinose or galactose (Supplemental Fig. S2B). These find-
ings suggest that Sfp1 binding, specifically at G1/S gene
promoters, is limited by Sfp1 nuclear concentration,
which is highest in the presence of glucose.

Surprisingly, the expression of this G1/S-specific group
of Sfp1 target genes is on average decreased by SFP1 over-
expression and increased upon Sfp1 depletion, in contrast
to the group predominated by Ifh1 binding (Supplemental
Fig. S2C), suggesting that Sfp1 may act as a negative regu-
lator of many START genes, including two key drivers of
the G1/S transition,CLN1 andCLN2. This finding is con-
sistent with a proposal that Sfp1 works as an inhibitor of
START through an unknown mechanism acting at the
level ofCLN1/2 transcription (Ferrezuelo et al. 2012). Fur-
thermore, the glucose-dependent binding of Sfp1 may in
part explain the cAMP/PKA-dependent inhibition of
CLN1 expression proposed to operate through Swi4 (Ami-
goni et al. 2015). Nevertheless, the association of Sfp1
with a large number of other genes in the G1/S regulon
raises the possibility that Sfp1 regulation of START may
extend well beyond its role inCLN1/2 expression. This is-
sue clearly warrants further study.

ChEC-seq reveals Sfp1 target genes that are missed
by ChIP

Although the ChIP-seq experiments described above con-
firmed Sfp1 binding to a number of genes where function-
al experiments suggest it is either a positive or negative
regulator, they fail to explain how Sfp1 regulates large
groups of additional target genes, such as RiBi, RiBi-like
and snoRNA genes.We thus asked whether an alternative
assay to detect TF binding, chromatin endogenous cleav-
age (ChEC; (Schmid et al. 2004)), could reveal Sfp1 binding
at the promoters of these genes. To this end, we fused the
micrococcal nuclease (MNase) gene to the C-terminus of
endogenous SFP1 and performed a ChEC assay that was
analyzed by high throughput sequencing (ChEC-seq;
(Zentner et al. 2015)). Strikingly, this revealed a strong sig-
nal at amuch larger number of promoters thanwas detect-
ed by Sfp1-TAPChIP-seq (see Supplemental Table S5 for a
complete list with functional annotations), including
most RiBi, RiBi-like, and snoRNA genes (examples shown
in Fig. 3A; Supplemental Fig. S3A). Furthermore, when or-
dered according to the effect of Sfp1 depletion on RNAPII
binding genome-wide, it is clear that ChEC-seq signal
strength is better correlated with this functional measure
of Sfp1 than is ChIP-seq (see heatmaps, Supplemental Fig.
S3B,C). This conclusion is borne out by quantitative anal-
ysis of the correlations between the two binding data sets
(ChIP-seq or ChEC-seq) and the transcriptional effect of
Sfp1 depletion (Supplemental Fig. S3D).

To examine the Sfp1 ChEC-seq results in more detail,
and better compare them to those obtained by ChIP-seq,

A B

C

Figure 2. Glucose-regulated binding of Sfp1 at G1/S (START) regu-
lon genes. (A) Genome browser tracks comparing Sfp1-TAP ChIP-
seq signals in glucose or galactose medium, or in an untagged strain
grown in glucose, at the genomic loci indicated below. (B) Heat map
(right) showing ratio of Sfp1-TAPChIP-seq signal from glucose-grown
versus galactose-grown cells. Positions of genes whose promoters are
bound by Swi4 or Ifh1 are indicated in orange or green, respectively.
(C ) Scatter plots comparing Sfp1-TAPChIP-seq signal in the indicated
strains and growth conditions (RAF, raffinose; GAL, galactose; GLU,
glucose). For the pGAL1-SFP1-TAP strain ChIP-seq was performed
60 min following galactose.
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we focused on the group of over 500 genes described
above, whose expression is most strongly dependent
upon Sfp1. We divided this group of genes into four sub-
groups (RiBi, RP, RiBi-like, and snoRNA) and mapped
both Sfp1 ChIP-seq and Sfp1 ChEC-seq signals onto these
separate groups (Fig. 3B). This shows clearly that ChIP-seq
reveals Sfp1 binding at RP genes, but little or no binding at
RiBi, RiBi-like, or snoRNA genes, whereas an opposite
trend is observed for ChEC-seq. Box plots of these data
also attest to this distinction between ChIP- and ChEC-
detected binding sites (Supplemental Fig. S3E).
This complementary behavior of Sfp1 is not a universal

feature of the ChEC assay, since the ChEC-seq results for
three general regulatory factors in yeast (Rap1, Abf1, and
Reb1) are largely concordant with those obtained by
ChIP (Zentner et al. 2015). We also find that Ifh1 ChEC
analysis yields a profile very similar to that of ChIP (cleav-
age almost exclusively at RP gene promoters; Fig. 3B).

Nevertheless, we have no reason to believe that the differ-
ential behavior of Sfp1 in these two chromatin binding as-
says is unique to this factor.

Cofactor-dependent and sequence-driven binding
modes of Sfp1

In considering possible causes for the different behavior of
Sfp1 in ChEC and ChIP assays, we first noted that Sfp1
binding at RP gene promoters is remarkably co-incident
with that of the RP-specific activator Ifh1 (Supplemental
Fig. S4A), andwe thus wonderedwhether Sfp1 association
at these genes might be dependent on this factor. To test
this idea, we measured Sfp1 binding at two RP genes fol-
lowing rapid nuclear depletion of Ifh1 and found that it
is strongly reduced under these conditions (Fig. 4A).
This dependence upon Ifh1 for Sfp1 binding probably ex-
tends to all RP genes, since we observed a strong correla-
tion between the ChIP-seq signal strength of the two
factors that is largely specific to these genes (Supplemen-
tal Fig. S4B). As noted above, many additional Sfp1 pro-
moter binding sites detected by ChIP are also bound by
the TF Swi4, and at these promoters we found that Sfp1
binding is highly coincident with that of Swi4 (Supple-
mental Fig. S4C). As was the case for Ifh1 at RP genes, an-
chor-away of Swi4 caused a strong decrease in Sfp1
binding at two G1/S regulon genes that we tested, those
encoding cyclins Cln1 and Cln2 (Fig. 4B). We thus infer
that many of the Sfp1 binding events detected by ChIP
are linked to recruitment through another TF: Ifh1 at RP
genes and Swi4 at G1/S regulon genes. These would ap-
pear to explain the majority of ChIP-detectable binding
events (Fig. 2B), though other examples may exist where
a different co-factor helps to recruit Sfp1.

A B

C

Figure 4. Cofactor-dependent and DNA sequence motif-dependent
modes of Sfp1 binding. (A) Sfp1 occupancy (qPCR-ChIP) at the indi-
cated promoters and times following auxin treatment in an Ifh1-
AID strain; fold enrichment relative to ACT1 was normalized to val-
ues at t = 0, which were set to 1. (B) Sfp1 occupancy as in (A) following
rapamycin treatment in a Swi4 anchor-away strain. (C ) Average plots
of Sfp1-MNase cleavage centered on the indicated motifs at 30 or 150
sec after Ca+2 activation of MNase. Control averages (free-MNase
cleavage 20 min after Ca+2) are also shown.

A

B

Figure 3. ChIP and ChEC detect distinct classes of Sfp1 promoter
binding sites. (A) Genome browser tracks comparing Sfp1-TAP or un-
tagged ChIP-seq signals (yellow background) to Sfp1-MNase and free
MNase ChEC-seq signals (blue background), the latter at the indicat-
ed time points following calcium addition. The position and direction
of transcription of individual RiBi (top) and RP (bottom) genes are
shown below. Control strains (ctrl) lack either the TAP or MNase
tags. (B) Heat maps showing Sfp1-TAP ChIP-seq under endogenous
expression (WT) or after pGAL1-SFP1 overexpression (OE); Sfp1
ChEC-seq signal after 30 or 150 sec of Ca+2 treatment, or Ifh1
ChEC-seq signal after 150 sec of Ca+2 treatment at the indicated cat-
egories of genes (right). Signals for a window of −400 to +100 bp rela-
tive to the +1 nucleosome (0) are displayed (x-axis). Control for ChIP
(untagged strain) and ChEC (free-MNase, 20min following Ca+2 addi-
tion) are also shown.
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To understand Sfp1 recruitment at genes where it is de-
tected by ChEC, we searched for a common DNA feature
at sites of Sfp1-MNase cleavage (Bailey 2011). We found a
strong enrichment for two different motifs, one a large
stretch of A residues, the other a palindromic A/T-rich se-
quence that strongly resembles the RRPE motif (Fig. 4C;
Supplemental Fig. S4D), which is highly enriched at
promoters of genes that are affected by Sfp1 depletion or
overexpression (Supplemental Fig. S1F). Significantly, pro-
tein-binding microarray (PBM) data indicate that Sfp1 has
DNA-binding specificity for an RRPE-like DNA sequence
nearly identical to the palindromicmotif identified by our
ChEC experiments (Supplemental Fig. S4D; Zhu et al.
2009), suggesting that Sfp1 binds directly to this motif in
vivo. Consistent with this idea, MNase cutting produced
two sharp peaks immediately surrounding the motif (Fig.
4C), as was the case for three other yeast TFs (Abf1, Reb1,
and Rap1) at their respective bindingmotifs. Interestingly,
these other TFs also displayed cutting enrichment at
polyA tracts (Zentner et al. 2015).

Concluding remarks

Results described here help to clarify the previously enig-
matic role of Sfp1 in transcription and place this protein at
the center of transcriptional networks controlling ribo-
some biogenesis and other growth-promoting processes,
as well as the G1/S transition (START) (Fig. 5).

The application of ChEC-seq and related MNase-based
methods is still in its infancy, andwe are unaware of other
cases where the ChIP and ChECmethods yield such com-
plementary results. Nevertheless, our findings highlight
limitations of both techniques that may be underappreci-
ated. For example, the failure of ChIP to detect Sfp1 bind-
ing at RiBi and RiBi-like genes is surprising considering
our evidence that these interactions result from direct
DNA binding. One possible explanation for this discrep-
ancy is that the Sfp1 binding motif is extremely A/T-rich
and may thus be unable to form direct cross-links with
Sfp1 at a detectable frequency (Rossi et al. 2018).
Alternatively, or in addition, the C-terminal epitope tags
so far used to detect Sfp1 by ChIP may be masked at sites

where Sfp1 binds directly to DNA, but not at those sites
where its binding is dependent upon a second TF. In the
case of ChEC, we imagine that Sfp1 detection at RP and
G1/S regulon genes might be limited by a short binding
half-life and/or access of the tetheredMNase to accessible
promoter DNA. We suggest that the pleiotropic chroma-
tin-binding behavior of Sfp1 described here is not unique
and propose that the complementary application of
ChEC-seq and related techniques maybe be essential for
identifying the full spectrum of TF targets, not just in
yeast, but also in more complex metazoan organisms.

Materials and methods

Yeast strains and growth

Strains used in this study are listed in Supplemental Table S6. Experiments
were typically performed with log phase cells harvested between OD600

0.4 and 0.6. Anchor-away experiments were performed as described (Har-
uki et al. 2008). ChIP-seq analysis of Sfp1-TAP was performed on cultures
grown in yeast extract-peptone (YP) medium with indicated carbon sourc-
es. The untagged SFP1 wild-type strain (YDS2) was used as a control. The
pGAL1-SFP1-TAP strain was grown in YP raffinose-containing medium
for two generations before 1 h growth in 2% galactose to induce SFP1 ex-
pression. For glucose pulse experiments, wild-type strains were grown in
YP glycerol (3%), glucose (0.05%), and shifted to YP, adenine, and dextrose
medium (YPAD; 2% glucose).

ChIP- and ChEC-seq

ChIP-seq (Knight et al. 2014) and ChEC-seq (Kubik et al. 2018) were per-
formed and quantified as described (see SupplementalMaterials andMeth-
ods for details).

Swi4 and Ifh1 binding

ChIP data from Harbison et al. (2004) and Knight et al. (2014) were used to
map Swi4 and Ifh1 binding, respectively. To quantify ChIP-seq signals for
each promoter, the total number of reads from each sample in a 400 bp re-
gion upstream the TSS (transcription start site; (Jiang and Pugh 2009)) of
each ORF was determined.

Data and software availability

All sequencing data generated in this study were submitted to theGEO da-
tabase as SuperSeries GSE118561.
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