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ABSTRACT

During RNA polymerase Il (RNA Pol Il) transcrip-
tion, the chromatin structure undergoes dynamic
changes, including opening and closing of the nu-
cleosome to enhance transcription elongation and fi-
delity. These changes are mediated by transcription
elongation factors, including Spt6, the FACT com-
plex, and the Set2-Rpd3S HDAC pathway. These fac-
tors not only contribute to RNA Pol Il elongation, re-
set the repressive chromatin structures after RNA
Pol Il has passed, thereby inhibiting aberrant tran-
scription initiation from the internal cryptic promot-
ers within gene bodies. Notably, the internal cryptic
promoters of infrequently transcribed genes are sen-
sitive to such chromatin-based regulation but those
of hyperactive genes are not. To determine why, the
weak core promoters of genes that generate cryptic
transcripts in cells lacking transcription elongation
factors (e.g. STE11) were replaced with those from
more active genes. Interestingly, as core promoter
activity increased, activation of internal cryptic pro-
moter dropped. This associated with loss of active hi-
stone modifications at the internal cryptic promoter.
Moreover, environmental changes and transcription
elongation factor mutations that downregulated the
core promoters of highly active genes concomitantly
increased their cryptic transcription. We therefore
propose that the chromatin-based regulation of inter-
nal cryptic promoters is mediated by core promoter
strength as well as transcription elongation factors.

INTRODUCTION

The elongation rate, processivity, and transcriptional fi-
delity of RNA Pol II are regulated by multiple factors, in-
cluding those that evict or deposit histones within the gene
body, thereby allowing RNA Pol II to pass; after PNA Pol

II has passed, these factors then reset a repressive chro-
matin structure that blocks aberrant transcription. Other
factors include those that mediate post-translational mod-
ifications of histones at gene bodies. These modifications
including acetylation and methylation, which positively or
negatively regulate elongation and spurious transcription
from internal cryptic promoters (1,2). Histone acetylation
can also directly stimulate transcription by reducing the
interaction between histones and DNA and by recruiting
factors that control chromatin structure and transcription.
Histone acetylation is a highly dynamic modification reg-
ulated by the opposing functions of histone acetyltrans-
ferases (HATSs) and histone deacetylases (HDACs). Histone
methylation at specific sites also regulates histone acetyla-
tion, either by recruiting HATs or HDACs or by shaping
their activities (3).

During transcription elongation, the carboxy-terminal
domain (CTD) of Rpbl, the largest subunit of RNA Pol II,
is phosphorylated at different timepoints and locations by
CTD kinases. In yeast, these kinases include Kin28 (which
complexes with the general transcription factor TFIIH)
and Ctkl. Thus, during the early elongation step, Kin28
phosphorylates serine 5 of the CTD. Subsequently, dur-
ing elongation, Ctkl phosphorylates serine 2. The latter
phosphorylation is important because it is recognized and
bound by the methyltransferase Set2, which then induces
co-transcriptional histone methylation at histone H3K36
during elongation (4-7). Set2-mediated H3K36 methyla-
tion peaks at the 3’ end of genes and is recognized by both
HDACs and HATSs; as a result, it plays important roles
in regulating the histone acetylation/deacetylation at the
gene body (3,8-11). Specifically, H3K36-methylated nucleo-
somes are deacetylated by Rpd3 small (Rpd3S) HDAC,; this
process is mediated by domains on two subunits of Rpd3S,
the chromodomain of Eaf3 and the PHD finger domain of
Rcol, which enhance Rpd3S binding to the chromatin and
its deacetylation of histones in the gene body (12—-15). This
deacetylation activity by the Set2-Rpd3S HDAC pathway
negatively regulates both RNA Pol II elongation and tran-
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scription from internal cryptic promoters (12,14,16,17). The
H3K36 methylation is also a binding site for the NuA3 and
NuA4 HATs: it is bound by the PWWP domain of the Pdp3
protein in NuA3 HAT (3,18,19) and by the Eaf3 subunit in
NuA4 HAT (as well as in Rpd3S HDAC) (3,20). Thus, opti-
mal transcription elongation and internal cryptic promoter
regulation are likely to depend on a H3K36 methylation-
regulated balance between acetylation and deacetylation
within coding regions (19). It should be noted that the tran-
scription from internal cryptic promoters is also regulated
by other elongation factors and histone chaperones, includ-
ing Spt6, FACT complex, Asfl, Pafl complex, and Burl-
Bur2 kinase: all are required for normal Set2-mediated
H3K36 methylation (21-25). Consequently, deletions in
SET2 or other elongation factors spur massive transcrip-
tion from internal cryptic promoters in the gene body; this
is particularly evident when the cells are confronted with
environmental shifts (21,26-29).

While it is clear that the Set2-Rpd3S pathway represses
cryptic transcription, many questions remain. First, what
are the other factors that regulate internal cryptic promot-
ers? Second, the Set2-Rpd3S pathway is known to primar-
ily affect internal cryptic promoters at infrequently tran-
scribed genes (17). Why highly active genes do not produce
cryptic transcripts is unclear. Addressing this question may
help to understand the commonalities of internal cryptic
promoters, which remain poorly defined. It is possible that
hyperactive genes may simply lack internal cryptic promot-
ers in their gene bodies. Alternatively, the internal cryptic
promoters in these genes may be repressed by as yet un-
known mechanisms. We addressed these questions in the
present study. We showed that high core promoter activity
directly repressed internal cryptic promoters, even in mu-
tants for the transcription elongation factors that displayed
ample cryptic transcription. Highly active core promoters
also blocked the histone modifications that were observed
at active internal cryptic promoters. When the weak core
promoter of genes with active internal cryptic promoters
was replaced with a hyperactive one, histone H3 and H4
acetylation and trimethyl H3K4 (H3K4me3) were not seen.
Interestingly, internal cryptic transcription was not only ob-
served when transcription elongation factors were mutated,
it also emerged transiently when the cells were exposed to
environmental shifts that downregulated core promoters.
We therefore propose that the core promoter plays an im-
portant role in the chromatin-based regulation of internal
cryptic promoters.

MATERIALS AND METHODS
Yeast strains

Yeast strains used in this study are listed in Supplemen-
tary Table S1. To replace the core promoter of STEII,
PCAI and FLOS with the core promoter of YEF3, SSEI,
CYCI, or HXTS, the delitto perfetto strategy was used (30).
The kan M X4 and KIURA3 CORE cassette (30) was ampli-
fied by PCR and then integrated at base pair position -500,
-518, and -625 of STEI11, PCAI and FLOS (relative to the
corresponding +1 ATG start codon), respectively. The re-
sulting strain was transformed with PCR products harbor-
ing the YEF3, SSEI, CYCI or HXT5 core promoter region

(i.e. the respective base pairs —695 to—1,-587 to—-1,-1082 to
—1 and -937 to —1 relative to the + 1 ATG start codon). To
generate the STEI1-HIS3 reporter construct used in Fig-
ure 2A, the kanM X4 and KIURA3 CORE cassette was in-
tegrated at the 3’ end of STEI1 (+1871 to + 2154 of STEI1
relative to the + 1 ATG start codon) as described previously
(25). The resulting strain was transformed with the entire
HIS3 gene. For the experiment shown in Supplementary
Figure S2E, the kanM X4 and KIURA3 CORE cassette was
integrated at the +1 ATG start codon (Met) of the STE!I-
TAP strain. The resulting strain was transformed with the
100 bp oligonucleotide that changed +1 ATG to a CGT
codon.

Yeast culture conditions

For Figure 5D and Supplementary Figure S5B, time-course
experiments with carbon-source shifts were conducted with
the indicated strains as previously described (28,29). The
spt6-1004 temperature-sensitive mutants from Cheung et al.
(21) were grown to an ODgg of ~0.6 in YPD medium at
30°C, after which half were shifted to 37°C for an additional
80 min. For Figure 5F, the indicated strains were grown in
YPD and then transferred to minimal media (SC) for 60
min, and then back to YPD for 120 min.

Northern blot analysis

Total RNA was isolated from yeast cells with hot acidic
phenol/chloroform (1:1) (Sigma). 10 wg of total RNA
or 1 wg of mRNA purified with Poly(A)Purist™ MAG
Kit (Thermo, AM1922) was separated on agarose gel.
The RNA was then transferred onto membranes (Bio-
Rad, 1620159) and hybridized to radioactive probes as
described previously (31). The strand-specific radioactive
probes were generated by unidirectional PCR with [a-32P]
dATP (PerkinElmer) with only one primer listed in Supple-
mentary Table S2. Hybridization was conducted in a buffer
containing 1% BSA, 7% SDS, 1 mM EDTA (pH 8.0) and
300 mM sodium phosphate buffer (pH 7.2).

Chromatin Immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) was carried out as
previously described (32) with the oligonucleotides listed
in Supplementary Table S2. Thus, anti-H3 (1.0 pl; Ab-
cam, 1791), anti-acetyl H4 (1.0 wl; Millipore, 06-598),
anti-acetyl H3 (1.0 pl; Millipore, 06-599), or anti-trimethyl
H3K4 (0.5 pl; Millipore, 07-473) was bound to Protein A
(GE-Healthcare, 17078001) agarose beads. Binding for anti-
acetyl H4, anti-acetyl H3 and anti-H3K4me3 or for anti-
H3 was done overnight in FA lysis buffer containing 1 M
NaCl or in FA lysis buffer with 275 mM NaCl, respectively.
Precipitates were washed with the same buffer, once with
FA lysis buffer containing 1.5 M NaCl for anti-acetyl H4,
anti-acetyl H3 and anti-H3K4me3 or with FA lysis buffer
containing 500 mM NacCl for anti-H3, once with 10 mM
Tris-HCI (pH 8.0), 0.25 M LiCl, 1 mM EDTA, 0.5% NP-
40, 0.5% sodium deoxycholate, and once with TE (10 mM
Tris—HCI [pH 8.0],  mM EDTA). Precipitated DNAs were
analyzed by real-time quantitative PCR using SYBR qPCR



Master mix (TOYOBO, QPS-201T) and CFX96 cycler (Bio-
Rad).

Western blot analysis

Cells expressing TAP-tagged proteins were grown in YPD
at 30°C to mid-log phase. Cells were lysed using lysis buffer
(50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% NP-40) with pro-
tease inhibitors (2 wM Pepstatin A, 0.6 wM Aprotinine, 2
wM Leupeptin, | mM PMSF) and glass beads (Sigma). Pro-
tein concentration was quantitated by Bradford assay. For
SDS-PAGE and western blot analyses, 5-50 p.g of protein
was used. Proteins were separated by SDS-PAGE and trans-
ferred onto a PVDF membrane (Millipore). Membranes
were incubated with primary antibody for 3 h and then
washed with PBST. After incubation with HRP-conjugated
secondary antibody for 1 h, membranes were washed in
three times with PBST. The blots were visualized on film
(AGFA) with Super Signal West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific).

Spot assay

Cells were resuspended and diluted to ODgp9 = 1.0 in syn-
thetic complete (SC) media lacking any carbon sources and
then subjected to 3-fold serial dilutions. Two microliters of
each dilution were spotted on the indicated plates.

Tiling array data analysis

Regarding the experiments shown in Figure 1B, the spt6-
1004 and spt16-197 genes that produced sense cryptic tran-
scripts were obtained from Cheung et al. (21), while the
genes producing sense or antisense cryptic transcripts in
SET2-deleted cells were from Kim ez al. (28). For Figure
1B, C and Supplementary Figure S1B, all genes were di-
vided into five groups on the basis of the Rpb3 occupancy
profiles described by Mayer et al. (33).

RESULTS

Transcription frequency correlates negatively with cryptic
initiation

The Set2-Rpd3S HDAC pathway, FACT complex, and Spt6
not only regulate RNA Pol 11 elongation, but they also in-
hibit transcription initiation from internal cryptic promot-
ers within gene bodies by reinstituting repressive chromatin
(12-14,21,23). Examples of the genes having the internal
cryptic promoters are the STEI/l, PCAI and FLOS genes:
these genes respectively bear two, three, and one cryptic pro-
moter(s) that are activated in transcription elongation mu-
tants (21). Indeed, as shown in Figure 1A, loss of Set2 re-
sulted in the activation of the internal cryptic promoters in
all three genes, which produced 1-3 short transcripts. Full-
length transcript levels were unaffected.

It has been suggested that the Set2-Rpd3S HDAC path-
way mainly affects the internal cryptic promoters of infre-
quently transcribed long genes (17). However, it remains
unclear whether RNA Pol II transcription frequency neg-
atively correlates with transcription initiation from internal
cryptic promoters. To address this, we analysed the data of
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previous studies that identified the many yeast genes that
produce cryptic transcripts when Set2 is deleted (674 genes)
or Spt6 or the FACT complex subunit Sptl6 are mutated
(960 and 1130 genes, respectively) (21,28). Venn diagram
analysis showed that the spt6-1004 and spt16-197 mutants
shared many cryptic transcript genes (74% and 63%, respec-
tively) whereas the Set2 mutant shared relatively fewer genes
with these mutants (Supplementary Figure S1A). We then
investigated the relationship between the core promoter ac-
tivity and cryptic initiation by dividing all of the yeast genes
into five groups (G1 to G5) on the basis of their RNA Pol I1
occupancy (Supplementary Figure S1B) and then analysing
how many of these genes produced cryptic transcripts in the
set2 A, spt6-1004 or spt16-197 mutants. Indeed, in set2 A,
the genes producing cryptic transcripts were more likely to
be the less active genes: 78% were in the G3—-GS5 groups (Fig-
ure 1B). Interestingly, this pattern was also seen in the spz6-
1004 and spt16-197 mutants (Figure 1B): 80% and 84% of
the cryptic transcript genes in spt6-1004 and spt16-197 had
intermediate-low RNA Pol IT occupancy (G3-G5), respec-
tively. Notably, the three cryptic transcript genes STEI1,
PCAI, and FLOS also fell into the less active gene groups
(G4-G5S). We next examined the relationship between the
gene length and cryptic initiation as the internal cryptic pro-
moters within long genes were known to be more sensitive
to the Set2-Rpd3S pathway (17). As expected, a majority
of genes producing cryptic transcripts in set2 A were longer
than 1000 bp. The same pattern was observed in mutants
for Spt6 and Spt16 (Supplementary Figure S1C). Impor-
tantly, the genes from 1000 bp to 2000 bp in length gener-
ating cryptic transcripts in mutants for transcription elon-
gation factors were more likely to be the less active genes
(Supplementary Figure S1D).

To further confirm the negative correlation between
RNA Pol IT occupancy and cryptic initiation, the hyperac-
tive genes in the G1 groups of set2 A, spt6-1004, and spt16-
197 were subdivided into five subgroups according to their
core promoter activity and the genes with cryptic transcrip-
tion were counted. As shown in Figure 1C, in all three mu-
tants, the genes with cryptic transcripts were most likely to
be the least active of the G1 genes (G1-3 to G1-5). These
data suggest that indeed, transcription initiation from in-
ternal cryptic promoters associates with low RNA Pol II
transcription frequency.

Enhanced core promoter activity suppresses cryptic initiation

An important question is, why do highly transcribed genes
tend to lack cryptic transcripts in transcription elonga-
tion factor mutants? There are two possible answers: ei-
ther hyperactive genes simply lack internal cryptic promot-
ers within the gene body, or enhanced core promoter ac-
tivity inhibits transcription initiation from internal cryptic
promoters, possibly via transcriptional interference. To test
this idea, the core promoter of the STE!I gene, which be-
longs to the relatively inactive G4 group, was replaced with
the promoters from highly active genes (i.e. the G1 genes
YEF3 and SSEI) or a slightly less active gene (i.e. the G2
gene CYCI) (Figure 1D). The RNA Pol II occupancy on
the STEI1 variants was determined by the ChIP assay. The
YEF3 promoter (pYE-STEII) was the strongest one, fol-
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Figure 1. RNA Pol II transcription frequency correlates negatively with cryptic initiation. (A) Set2 suppresses the internal cryptic transcription of STE!1,
PCAI, and FLOS. The top images show schematic depictions of STEI1, PCAI, and FLOS. The red arrow shows the core promoter while the blue arrows
indicate the internal cryptic promoters that produce short cryptic transcripts when SE7?2 is deleted (bottom panels). The wild-type and sez2 A mutant
cells were grown to an ODggp of ~0.6 in YPD medium at 30°C and then subjected to northern blot analysis. Two independent experiments showed the
same results. (B, C) The genes that produce cryptic transcripts in the set2 A, spt6-1004 and spt16-197 mutants tend to have lower Rpb3 occupancy. (B) All
yeast genes were divided into five groups based on their Rpb3 occupancy, as reported by Mayer et al. (33). The genes in each group that produced cryptic
transcripts in set2 A, spt6-1004 or spt16-197 were then counted. Total numbers of genes in each group are 1343. (C) The G1 group from (B) was subdivided
into five groups on the basis of their Rpb3 occupancy. The genes that produced cryptic transcripts in each mutant were counted. While G1-1 and G1-2
include 268 genes, total numbers of genes for three other groups are 269. (D, E) Strong core promoter activity reduces cryptic initiation in SE72-deleted
cells. (D) Schematic representation of the STEII gene in which the original promoter (wild-type gene, pST-STE!1, grey) was replaced by the promoter
from two strongly transcribed genes (G1 group; YEF3 and SSEI) or a more weakly transcribed gene (G2 group; CYCI). These variants are respectively
designated pYE-STEI! (yellow), pSS-STEI1!I (orange), and pCY-STE1! (violet). The red and blue arrows respectively indicate the core promoter and
the STEI1 internal cryptic promoters. The thickness of the red promoters indicates the transcriptional activity of the indicated core promoters. A bar
underneath indicates the position of the probe used for northern blot analysis. (E) Wild-type and set2 A cells with the indicated STE! [ variants were grown
as described in (A) and then subjected to northern blot analysis of the STE/] and cryptic transcripts. The red and blue arrows indicate the core and the
internal cryptic promoters of STE! 1, respectively. The effect of long and short exposure time is shown. The asterisks indicate nonspecific bands. SCRI was
used as a loading control. Two independent experiments showed the same results.



lowed by the SSE! promoter (pSS-STEI1), the CYCI pro-
moter (pCY-STEI1), and, finally, the original STEI1 pro-
moter (pST-STE11) (Supplementary Figure S1E).

We next measured the cryptic transcripts from STE!]
in the presence and absence of Set2. In both the wild-type
and set2 A cells, the full-length STE1 transcript levels were
highest when the core promoter of STE! I was replaced with
the YEF3 promoter. The next highest levels were observed
with the SSE! promoter and then the CYCI promoter. The
original STE!I promoter very weakly produced full-length
transcripts (Figure 1E). These findings are consistent with
the Rpb3 levels in Supplementary Figure S1E. As observed
above (Figure 1A), the deletion of SET2 produced two
differently sized cryptic transcripts at STE/] transcribed
from its own promoter. Interestingly, however, as the core
promoter activity increased, these cryptic transcript levels
dropped. Specifically, while the modestly strong promoter
in pCY-STE!1 produced detectable levels of cryptic tran-
scripts in set2 A, this was not observed for pSS-STEI1l or
pYE-STEI1, which have strong promoters (Figure 1 E, Sup-
plementary Figure S1F and 1G). Although a weak band
was detected in both wild type and set2A in pYE-STEI]
background, this signal was significantly reduced in north-
ern blot analyses using purified mRNAs suggesting that
this might be from non-specific hybridization to a different
RNA (Figure 1E, Supplementary Figure S1H and 11). We
speculated that the failure to detect cryptic transcripts in the
latter variants could perhaps reflect their rapid degradation:
some cryptic transcripts are known to be removed by the nu-
clear exosome (28,34). However, this possibility is unlikely:
when we examined STE!! transcripts from the YEF3 pro-
moter in set2 Arrp6 A, which lacks nuclear exosome activity,
cryptic transcripts were also not detected (Supplementary
Figure S2A).

To confirm these results, we constructed a reporter sys-
tem that allowed us to detect the activation of the second
cryptic promoter in STE! 1 (Figure 2A). This reporter con-
sists of the open reading frame of HIS3 inserted into the 3’
part of STE!1: thus, when the second STE!! cryptic pro-
moter is activated, HIS3 is expressed. This reporter was em-
ployed with set2 A or wild-type cells during a growth assay
on plates lacking histidine. The set2A strain (but not the
wild-type strain) containing the normal STE!] promoter
was able to grow on the plates lacking histidine because the
second cryptic promoter was activated. By contrast, nei-
ther set2 A nor the wild-type strain grew in the absence of
histidine if they contained pYE-STEI1-HIS3. Thus, when
the core promoter is strong, cryptic initiation in set2A is
blocked (Figure 2B). Northern blot analysis confirmed that
HIS3 transcripts were only observed in sef2A cells when
pST-STEI1-HIS3 was present; these transcripts were lack-
ing when the STEI1-HIS3 construct had a strong promoter
(Supplementary Figure S2B). Similar effects were observed
with a mutant for Rcol, a Rpd3S HDAC-specific subunit.
Thus, like set2A, the RCOI deleting cells generated two
cryptic transcripts from STEII when the normal STE!]
promoter, but not the YEF3 promoter, was present (Figure
2C). Similarly, the histidine growth assay showed that his-
tidine was only produced by the STEI1-HIS3 reporter in
the RCOI mutant when it was transcribed from the orig-
inal STEII promoter, although the effect was not as pro-
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Figure 2. Enhanced core promoter activity inhibits transcription from in-
ternal cryptic promoters in Set2-Rpd3S pathway or Spt6 mutants. (A, B)
A strong (YEF3) but not weak (STE11) core promoter causes the growth
in medium without histidine of SET2 deleting cells bearing a reporter con-
struct composed of STE1] with HIS3 inserted just downstream of the sec-
ond cryptic promoter. (A) Schematic representation of the STE!I-HIS3
reporter constructs. A bar underneath indicates the position of the probe
used for northern blot analysis. (B) The wild-type and set2A cells bear-
ing the indicated reporter constructs were spotted in 3-fold serial dilutions
onto plates with synthetic complete (SC) medium (2 days growth shown)
or SC medium lacking histidine (3 days growth shown). (C, D) A strong
promoter also blocks cryptic transcription from STE!! in rcol A (C) and
spt6-1004 (D) cells. RCOI and rcol A cells were grown as described in Fig-
ure 1A. SPT6 and spt6-1004 cells were grown to an ODggp of ~0.6 in YPD
at 30°C, after which half were shifted to 37°C for an additional 80 min.
Northern blot analyses of STEII were conducted as described in Figure
1A. Two independent experiments showed the same results. (E) The strong
YEF3 promoter also inhibits cryptic transcription of PCA1, which has an
inactive (G5) promoter. The top images show the PCAI gene with its origi-
nal weak promoter and with the YEF3 promoter. The bottom panels show
the cryptic transcripts of PCA1 on northern blot analysis, which was con-
ducted as described in Figure 1A. The red arrows indicate core promoters
while the blue arrows depict the internal cryptic promoters. Two indepen-
dent experiments showed the same results.

nounced as for the set2 A mutant. This effect was also ob-
served when Eaf3, another Rpd3S HDAC subunit, was mu-
tated (Supplementary Figure S2C).

Similar results were observed when Spt6, which also re-
presses cryptic transcription (12-14,21,23), was mutated.
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Thus, the spt6-1004 strain, like mutants for the Set2-Rpd3S
HDAC pathway, produced both STE!] cryptic transcripts
at the permissive and non-permissive temperatures if the
normal STEII promoter was present. Interestingly, how-
ever, if STE1 1 was transcribed from the YEF3 promoter, the
STE11 internal cryptic promoters were not activated, even
at the non-permissive temperature (Figure 2D and Supple-
mentary Figure S2D). Another interesting point relating to
this mutant is that it produces a STE!I cryptic transcript
that is translated into a short protein lacking the N-terminal
region (21). We found that this short Stell protein was
also present in set2A containing the normal STE!I pro-
moter. It was even observed in sef2 A even in the absence of
the +1 ATG start codon of STE!! (Supplementary Figure
S2E). However, this short protein was not observed when
the STE11 core promoter was replaced with the YEF3 core
promoter (Supplementary Figure S2F). These findings to-
gether show clearly that if the STEI] promoter is replaced
with that of YEF3, cryptic transcription at STEI] is com-
pletely blocked in the Set2-Rpd3S HDAC pathway and Spt6
mutants.

To test that this effect is not specific for the STEI! in-
ternal cryptic promoters, the core promoters of the inactive
G4-GS5 genes, PCA1 and FLOS were replaced with that of
YEF3. The cryptic transcripts of PCAI and FLOS detected
in set2 A and rcol A were not seen when the core promoters
of these two genes were hyperactive (Figure 2E and Sup-
plementary Figure S2G-H). Taken together, these findings
suggest that the activity of the core promoter plays an im-
portant role in the chromatin-based regulation of the inter-
nal cryptic promoters in gene bodies.

Enhanced core promoter activity blocks deposition of active
histone marks at the internal cryptic promoters

Set2 participates in the repression of internal cryptic pro-
moters by methylating H3K36, which is recognized by
Rpd3S HDAC and promotes its histone deacetylation ac-
tivity (12,14,17). By contrast, transcription initiation at in-
ternal cryptic promoters associates with trimethylation at
H3K4 (H3K4me3) and histone acetylation. We therefore
determined the levels of acetylation of histone H4 (with an
antibody that recognizes tetra-acetyl H4), acetylation of hi-
stone H3 (with an antibody recognizing di-acetyl H3 on
K9 and K14), and H3K4me3 (with an antibody that rec-
ognizes trimethylated K4 of H3) in set2 A and the wild-type
strain containing pST-STE!! or pYE-STEI 1. The levels of
these modifications were normalized to total histone con-
tent, as determined by histone H3 levels. When the normal
STEI11 promoter was present, SET2 deletion increased H4
and H3 acetylation and particularly H3K4me3 levels at the
STEI1 internal cryptic promoter. However, when the YEF3
promoter was present, there was no H4 or H3 acetylation
and the H3K4me3 levels were significantly decreased, albeit
still present at higher levels in set2A relative to the wild-
type cells (Figure 3A and B). The latter observation may
be due to the spreading of H3K4me3 into coding regions
in the absence of Set2 (35). Increased histone acetylation
but not H3K4me3 was also seen in a mutant for Rcol (Fig-
ure 3C). We then determined occupancy of Sua7, a compo-
nent of TFIIB. While loss of Set2 showed 2.5 fold increase
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Figure 3. Core promoter activity shapes the histone modifications at in-
ternal cryptic promoters. (A) Schematic representation of pST-STE!1 and
pYE-STE!] strain. The STEII and YEF3 promoters are shown in grey
and yellow, respectively. The core and internal cryptic promoters are in-
dicated by the red and blue arrows, respectively. (B-D) Effect of Set2-
Rps3S HDAC pathway and Spt6 mutations on histone modifications at
the STE11 internal cryptic promoter. Cross-linked chromatin from the in-
dicated cells grown in YPD at 30°C was precipitated with anti-acetyl H4,
anti-acetyl H3, anti-H3K4me3, or anti-H3 antibodies. The precipitated
DNA was subjected to PCR analysis of the second internal cryptic pro-
moter region of STEII. A non-transcribed region near the telomere of
chromosome VI was used as an internal control. The signals for acetyl-
H4, acetyl-H3, or H3K4me3 were quantitated and normalized to the H3
signal, and the ratios were graphed. Error bars show the standard deviation
(S.D.) calculated from four or three biological replicates, each with three
technical replicates. *P < 0.05, **P < 0.01, and ***P < 0.001 (two-tailed
unpaired Student’s ¢ tests).

of Sua7 binding at the STE!/ internal cryptic promoter in
pST-STEII strain, this was not seen in pYE-STE!! (Sup-
plementary Figures S3A and S3B).

Consistent with the slight production of cryptic tran-
scripts in set2 A with pCY-STE!1 (Figure 1E and Supple-
mentary Figure S1F), set2 A cells with pCY-STE!1 exhib-
ited slightly more histone acetylation and H3K4me3 levels
at the internal cryptic promoters compared to when pYE-
STEI1 was present (Supplementary Figures S3C and S3D).
The same patterns were observed when PCAI and FLOS
bearing their own promoter or the YEF3 promoter were
used instead of STEII in set2 A or rcol A: the original pro-
moter associated with histone acetylation and H3K4me3
at the internal cryptic promoters in the mutants but this
was largely abolished by the strong YEF3 promoter (Sup-
plementary Figure S3E-I). These findings indicate that hy-



peractive core promoters both block transcription initiation
and the deposition of active histone marks at internal cryp-
tic promoters in mutants for the Set2-Rpd3S HDAC path-
way.

This was also largely observed in sp76-1004 mutant. Con-
sistent with the cryptic initiation phenotypes of this mutant
with pST-STE!1 or pYE-STEI1 (Figure 2D), spt6-1004 ex-
hibited increased histone acetylation at the internal cryptic
promoter of STEI] when the normal STE!] promoter was
present but not when the core promoter of STEI] was re-
placed with that of YEF3. Interestingly, however, spt6-1004
showed higher H3K4me3 levels regardless of whether the
normal STEII or YEF3 promoter was present (Figure 3D).
This suggests that Spt6 may have an additional function in
regulation of H3K4me3 pattern. These findings suggest that
the activity of the core promoter helps regulate the histone
modifications at internal cryptic promoters.

Cryptic initiation in hyperactive genes may require downreg-
ulation of core promoter activity

The data presented above suggest that elevated transcrip-
tion from the core promoter inhibits the activation of in-
ternal cryptic promoters within gene bodies. An obvious
question is, how are internal cryptic promoters at highly ac-
tive genes regulated? To address this question, we initially
sought to identify the factors that specifically control the ac-
tivity of the internal cryptic promoters of highly transcribed
genes. Thus, we examined the effect of mutations in fac-
tors that are known to regulate cryptic transcription. Asfl,
Bur2, and Pafl help repress cryptic promoters (22,24,36).
However, deleting these factors in set2A had no effect on
cryptic transcription when the STE11 gene was transcribed
from the YEF3 promoter (Figure 4A). Other factors exam-
ined were Rtfl, Chdl, Spt2 and Rtt106, which have been
found to regulate cryptic transcription in the FLOS gene.
Specifically, Cheung et al. created a FLOS:HIS3 reporter
construct in which HIS3 is located 3’ of FLOS and the nor-
mal promoter of FLOS is replaced by the strong GA LI pro-
moter, which is activated by culture in medium contain-
ing galactose. Cells that bore this reporter and lacked Spt2,
Chdl, or Rtfl were able to grow on plates lacking histidine.
This suggested that these factors may regulate the internal
cryptic promoters in highly active genes (21). However, mu-
tations in Spt2, Chdl, and Rtf1 did not induce cryptic tran-
scription at STEI1 when the YEF3 promoter was present
(Supplementary Figure S4A). We also asked whether treat-
ing set2 A with 6-AU (6-Azauracil) would induce STE!]
cryptic transcription in the presence of the YEF3 promoter:
since 6-AU inhibits transcription elongation by reducing
NTP pools, it could therefore activate internal cryptic pro-
moters at highly active genes (37). However, 6-AU treatment
did not induce cryptic transcription from STEI! in set2 A
when the YEF3 promoter was present, as shown by the his-
tidine growth assay (Supplementary Figure S4B and 4C).
Thus, the specific factors and mechanisms that regulate in-
ternal cryptic promoters in hyperactive genes remain to be
elucidated. As shown in Figure 1C, set2 A, spt6-1004 and
spt16-197 respectively had 52, 60 and 46 genes that pro-
duced cryptic transcripts despite having strong promoters
(G1 group). To determine why these highly active genes still
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had cryptic transcription, we analysed the 52 genes with
Set2-repressed internal cryptic promoters. We showed pre-
viously that while many cryptic promoters are constitutively
active in set2 A cells, ~50% of all Set2-regulated cryptic pro-
moters are only induced in medium containing galactose
(28). Interestingly, the vast majority (47/52, 96%) of the
Set2-regulated genes in the G1 group had inducible internal
cryptic promoters that only generated cryptic transcripts
during galactose incubation (Figure 4B). Two of these genes
were KRSI and VTSI: both had an internal cryptic pro-
moter that produced antisense transcript in set2A cells
when they were grown in media containing galactose. This
transcription increased with the duration of galactose ex-
posure but was absent when the cells were grown in raffi-
nose. Importantly, both KRSI and VTSI were downregu-
lated during galactose incubation (Figure 4C and D). This
raises the interesting possibility that some internal cryptic
promoters are only expressed when core promoter activ-
ity is downregulated by environmental shifts. This notion is
supported by our analysis of the 47 Set2-regulated genes in
the G1 group that had galactose-inducible internal cryptic
promoters: the mRNA expression of 42 (89%) was signifi-
cantly downregulated during galactose incubation (Figure
4E). Similarly, the 60 and 46 hyperactive G1 group genes
that produced cryptic transcripts in the Spt6 and Spt16 mu-
tants, respectively (Figure 1C) were also significantly down-
regulated (probe 1 in Figure 4F-H) (21); by contrast, the
cryptic transcription of these genes tended to be increased
in mutants for Spt6 and Spt16 (probe 6 in Figure 4F-H).
These findings suggest that the core promoter activity must
be downregulated before internal cryptic promoters can be
activated.

Dynamic regulation of core and internal cryptic promoters by
environmental shifts

To further investigate the effect of the core promoter ac-
tivity on internal cryptic promoters, the core promoter of
STE11 was replaced with that of HXT5, which is differen-
tially activated by different carbon sources. Specifically, the
HXTS core promoter is inactive in cells cultured in synthetic
complete medium containing raffinose; becomes activated
when exposed to galactose for 30 or 120 min; is then rapidly
downregulated when transferred to medium containing glu-
cose for 30 or 120 min; and becomes hyperactivated when
shifted from glucose back to galactose for 30 or 120 min
(28,29,38) (Figure SA and B). The latter effect is known as
transcriptional memory (Figure 5B). We monitored STE! ]
full-length mRNA and cryptic transcripts during carbon
source shifts in sez2 A and wild-type cells containing pHX-
STEI1 (Figure 5C). In the wild-type cells, the first and sec-
ond galactose exposures (Gal 120 and 2" Gal 120, respec-
tively) slightly and potently induced STE/l mRNA tran-
scription from the HXTS5 core promoter, respectively. The
set2 A cells exhibited similar STE/I/ mRNA transcript lev-
els. However, the STEII cryptic transcripts in the set2A
cells displayed the opposite pattern: they were detected in
raffinose and glucose media but disappeared completely
during the 2" galactose exposure, which is when the HXT5
promoter was hyperactivated by transcriptional memory
(Figure 5D). Consistent with this, histone H4 acetylation
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Figure 4. Downregulation of the core promoter activity enhances cryptic transcription. (A) Deletion of various transcription elongation factors did not
affect STEI1 cryptic transcription in sef2 A cells that contained pYE-STE11. Northern blot analysis was conducted with the indicated cells as described
in Figure 1A. Two independent experiments showed the same results. (B) Of the 52 G1 group genes with highly active core promoters that bear Set2-
repressed internal cryptic promoters (Figure 1C), 47 had inducible cryptic promoters that were activated by galactose. The number of genes with inducible
or constitutively active cryptic promoters are shown. (C) KRSI and VTSI are examples of genes with strong core promoters and inducible Set2-repressed
internal cryptic promoters. The images show the microarray hybridization signals for the multiple probes arrayed along each gene (28) when ser2 A cells
were cultured with raffinose or shifted to galactose for 30 or 120 min. Transcription from the core promoter (red arrow) is shown on top while antisense
transcription from the cryptic promoter (blue arrow) is shown at the bottom. Increasing blue bars indicate more transcripts hybridizing to the array. The
red lines show the annotated start and stop of the mRNA. The white box arrows show the position of the ORF. When sez2 A cells were exposed to galactose,
KRS1/VTSI transcription from the core promoter and the cryptic promoter was decreased and increased, respectively. (D) Expression level of these two
genes at raffinose and galactose 120 min time point. (E) Boxplot showing that of the 47 genes with Set2-repressed galactose-inducible internal cryptic
promoters (see B), 42 were downregulated by 120 min of galactose exposure. ***P < 0.001 (two-tailed unpaired Student’s ¢ tests). (F-H) Downregulation
of highly transcribed genes in G1 groups in mutants for Spt6 or Sptl6. (F) Schematic representation of the microarray probe positions used to identify
the cryptic promoters. Probes 1 and 6 are markers for mRNA transcription and cryptic transcription, respectively from Cheung et al. (21). (G, H) The
microarray signals for cryptic transcripts (probe 6) were increased but the signals for mRNAs (probe 1) were decreased in sp76-1004 (G) and spt16-197 (H)
cells. **P < 0.01, and ***P < 0.001 (two-tailed unpaired Student’s ¢ tests).
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in set2A was increased during the glucose exposure but
not during the second galactose exposure (Figure 5E). A
converse case is the gene called YLR419W (28). It has at
least three cryptic promoters (Supplementary Figure S5A)
and, compared to HXT5, shows the opposite response to
the carbon source shifts. In both wild-type and sez2 A cells,
YLR419W mRNA was significantly upregulated by raffi-
nose and glucose but downregulated by galactose. By con-
trast, the cryptic transcripts accumulated in set2A during
the first and especially the second galactose exposures (Sup-
plementary Figure S5B). This suggests that the dynamics of
transcription from the core promoter directly affect internal
cryptic transcription.

Some cryptic promoters can be induced by environmental
changes in even wild-type cells (21,29). An example is SPB4,
which produces a cryptic transcript in set2 A cells when they
are cultured in rich media (YPD). This cryptic transcript
was also detected in wild-type cells when they were shifted
from YPD to minimal media (SC) for one hour. Con-
versely, this shift significantly downregulated SPB4 full-
length mRNA levels. When the cells were returned to YPD
for two hours, the original pattern was restored, upregula-
tion of mRNA and downregulation of cryptic transcripts
(Figure SF and G). Analysis of the histone modifications
in the latter experiment with SPB4 showed that the loss of
SET2 and nutritional shifting of wild-type cells both as-
sociated with slightly increased histone H3 acetylation at
the SPB4 internal cryptic promoter (Figure SH). Interest-
ingly, however, while the H3K4me3 levels at the SPB4 in-
ternal cryptic promoter were also highly increased in set2 A,
this was not observed in the wild-type cells after the nutri-
tional shift (Figure 5I). No increase of H3K4me3 was also
observed at internal cryptic promoters of two genes, CHS6
and FLOS producing cryptic transcripts upon environmen-
tal shifts (Supplementary Figure S5C and D). Thus, the
internal cryptic promoters that are transiently activated in
wild-type cells by environmental shifts and those of consti-
tutively active in mutants for transcription elongation fac-
tors may have distinct histone modification patterns.

DISCUSSION

Transcription elongation factors not only stimulate RNA
Pol II elongation, but they also play important roles in
the fidelity of transcription by repressing initiation from
the internal cryptic promoters within gene bodies (Figure
6A). Mutants for the Set2-Rpd3S HDAC pathway, Spt6,
and Spt16 have shown to activate large numbers of inter-
nal cryptic promoters (Figure 6B) (17,21,28,39). However,
the commonalities of the genes that produce these cryptic
transcripts have not been clearly defined. Here, we provided
several lines of evidence showing that the degree of core
promoter activity regulates the internal cryptic promoters
in the gene body. First, most of the genes producing cryp-
tic transcripts in mutants for the Set2-Rpd3S-HDAC path-
way, Spt6, and Sptl6 were infrequently transcribed (Fig-
ure 1B and C). Second, replacing the weak core promot-
ers of STEI1, PCAI and FLOS with the strong YEF3 pro-
moter directly blocked the transcription initiation from the
internal cryptic promoters in mutants for the Set2-Rpd3S
pathway and Spt6 (Figures 1 and 2). Third, if STEII was

transcribed from the YEF3 promoter rather than its orig-
inal promoter, the Set2-Rpd3S pathway and Spt6 mutants
failed to accumulate active histone marks, including H3 and
H4 acetylation and H3K4me3, at its internal cryptic pro-
moters (Figure 3). Lastly, when the core promoter activity
was downregulated by environmental changes or by mutat-
ing transcription elongation factors, initiation from the in-
ternal cryptic promoters increased (Figures 4 and 5). These
findings suggest that core promoter strength plays a criti-
cal role in the regulation of internal cryptic promoters and
that the two promoters may communicate with each other
to control their activities (Figure 6C and D).

An important question is, why does the internal cryptic
promoter become inactivated if the core promoter is hyper-
active? A simple explanation is transcriptional interference
that the enhanced transcription from the core promoter by
RNA Pol II blocks the formation of the preinitiation com-
plex at the internal cryptic promoter. Although Sua7 oc-
cupancy was increased at the STE/! cryptic promoter in
mutant for Set2, but this was not seen when the YEF3 pro-
moter was present (Supplementary Figures S3A and S3B).
This notion is further supported by previous studies show-
ing somewhat the reverse situation that noncoding RNA or
antisense RNA transcription can interfere with the binding
of the transcription machinery to core promoters, thereby
repressing mRNA transcription. For example, when yeast
cells are grown in rich medium, the core promoter of the
SER3 gene is transcribed, thus generating the non-protein-
coding RNA called SRGI. This transcription event directly
represses downstream SER3 expression from the promoter
by blocking the binding of activators (40). However, when
the SRGI TATA-box is mutated or positive regulators such
as SWI/SNF are deleted, SRGI transcription stops and the
repression on SER3 transcription is lifted (40,41). Similarly,
natural antisense transcription over coding gene promoters
has been shown to inhibit the transcription of many genes,
including quiescence-related genes, by hindering the associ-
ation of the pre-initiation complex with the core promoters
(42,43). Thus, hyperactive transcription from the core pro-
moter may prevent the transcription machinery from bind-
ing to the internal cryptic promoter, thereby inhibiting cryp-
tic transcription.

Although highly active genes tended in general to not
produce cryptic transcripts in transcription elongation fac-
tor mutants, nonetheless approximately 5% did (6.3% in
spt6-1004, 4.1% in spt16-197 and 7.7% in set2A) (Figure
1C). Interestingly, the majority of the highly transcribed
Set2 target genes had inducible cryptic promoters that were
activated by galactose exposure. It was notable that the
same conditions caused downregulation of the correspond-
ing mRNA promoters (Figure 4B-D) (28). Similarly, many
of the highly active genes that had Spt6- or Spt16-repressed
cryptic promoters showed concomitant mRNA downreg-
ulation (Figure 4F-H). These observations are supported
by a recent study showing that loss of Spt6 reduced tran-
scription from most of the core promoters but elevated tran-
scription at many intragenic promoters (39). Significantly,
we showed when the core promoter of a gene that produces
cryptic transcripts in the spz6-1006 mutant was replaced
with a strong core promoter, cryptic transcription was abol-
ished (Figure 2D). These findings together suggest that in-
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Figure 6. Models for regulation of internal cryptic promoters by core promoter activity. (A, B) In wild-type cells, transcription elongation factors such as the
Set2-Rpd3S pathway and Spt6 negatively regulate the transcription from internal cryptic promoters. Set2 methylates K36 of histone H3 and the resulting
methylation enhances Rpd3S HDAC-mediated histone deacetylation. Transcription elongation factors including Spt6 stimulate H3K 36 methylation by
Set2. When these factors are lost, the gene bodies acquire increased acetylation or abnormal chromatin structure, which activates the internal cryptic
promoters. These promoters then produce short sense or antisense transcripts. (C) However, internal cryptic promoters can be repressed even in the absence
of these transcription elongation factors if the core promoter is hyperactive. (D) The loss of transcription elongation factors, Spt6 and Spt16 downregulates
the core promoter activity resulting in activation of the internal cryptic promoter. Environmental shifts also can reduce the core promoter activity resulting
in transient activation of transcription from the internal cryptic promoter. The red and blue rectangles indicate the core promoter and the internal cryptic

promoter, respectively.

ternal cryptic promoters and core promoters may crosstalk
to repress each other’s activity (Figure 6C and D).
Another interesting question is, why are the cryptic
promoters in hyperactive genes generally insensitive to
chromatin-mediated repression, such as that imposed by
the Set2-Rpd3S pathway and Spt6? Nucleosome occupancy
generally correlates negatively with transcription frequency:
hyperactive genes have the lowest nucleosome occupancy in
their gene bodies due to the rapid, continuous elongation
by RNA Pol II. This suggests that the loss of transcription
elongation factors will change the nucleosome occupancy
of highly transcribed genes less profoundly than that of the
inactive genes: this change is then probably too small to acti-
vate the internal cryptic promoters in the highly transcribed

genes. This in turn suggests that the internal cryptic initi-
ation of hyperactive genes that have very low nucleosome
density is largely blocked by transcription interference. No-
tably, we unexpectedly observed that when the inactive core
promoter of a gene is replaced with a hyperactive core pro-
moter in Set2-Rpd3S pathway and Spt6 mutants, histone
acetylation but not H3K4me3 at the internal cryptic pro-
moter was slightly decreased (Figures 3 and SE). It is un-
clear why these two active marks show these opposite, tran-
scription frequency-dependent patterns. Nonetheless, it is
possible that the reduced acetylation could inactivate the
internal cryptic promoter. Indeed, we recently showed that
HdalC specifically deacetylates histone H4 at hyperactive
coding regions (44,45). It should be noted that the high H4
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acetylation levels in hdal A cells did not produce cryptic
transcripts from STEI if its core promoter was replaced
with the YEF3 core promoter (data not shown). However, it
remains possible that the increased H4 acetylation in hdal A
cells is simply not sufficient to activate internal cryptic pro-
moters because the H3 acetylation levels remain intact. This
is supported by our previous studies showing that although
loss of HdalC increased H4 acetylation in the coding re-
gions of the PCAI gene, it did not alter H3 acetylation and
therefore no cryptic transcripts were produced (44,45).

These findings thus suggest that HdaCl1 alone is not suf-
ficient to regulate the internal cryptic promoters of hyper-
active genes. Similarly, we were unable in the present study
to identify other factors that could help regulate these inter-
nal cryptic promoters: none of the factors we tested, includ-
ing Rtf1 and Spt2, affected the internal cryptic initiation of
STE11 when the core promoter was replaced with the YEF3
promoter (Supplementary Figure S4A). It will be interest-
ing to understand how the cryptic promoters within highly
transcribed genes are regulated.

We observed that activation of internal cryptic promot-
ers associated with potent accumulation of H3K4me3 at
the cryptic promoter (Figure 3). However, the function of
H3K4me3 in regulation of internal cryptic promoters re-
mains unclear. H3K4me3 acts as a binding site for vari-
ous factors that have distinct functions in transcription, in-
cluding multiple HATs and HDACs. However, this specific
role may not necessarily participate in H3K4me3-mediated
regulation of internal cryptic promoter: we showed recently
that while NuA3 HAT is required for the full activation of
inducible cryptic promoters that are repressed by the Set2-
Rpd3S HDAC pathway, this role does not require an inter-
action between its Yngl PHD finger and H3K4me3 (19).
Moreover, although H3K4me3 is believed to be an active hi-
stone mark, several studies suggest that it can also have a re-
pressive role. For example, the binding of the Rpd3L HDAC
to H3K4me3 via its Pho23 PHD finger plays an impor-
tant role in transcriptional repression memory, which medi-
ates the stronger and more rapid repression of unnecessary
genes upon environmental changes (38,46,47). These sug-
gest that H3K4me3 enriched at internal cryptic promoters
may also function to repress cryptic transcription. Another
interesting finding of this study was that while H3K4me3
accumulated at the constitutively active cryptic promoters
in transcription elongation factor mutants, this accumula-
tion was not seen at the internal cryptic promoters that were
transiently induced by environmental changes (Figure 51,
Supplementary Figure S5C and 5D). It will be interesting
to determine whether the latter reflects failure to deposit
H3K4me3 or its rapid removal by histone demethylase.

While cryptic transcripts were initially believed to be non-
coding RNAs, recent studies show that they can be trans-
lated into short proteins (21,26,48,49). Although their ex-
act functions remain to be determined, some may function
differently from their full-length counterparts. For example,
when yeast cells are subjected to replication stress, the ASE]
gene undergoes intragenic transcription that produces two
short Asel proteins. These proteins stabilize the spindle by
antagonizing the full-length protein (26). Another exam-
ple is the N-terminal truncated Notchl protein, which is
produced by transcription from the alternative promoter of

Notchl and isinvolved in T cell development and the patho-
genesis of T cell acute lymphoblastic leukemia (49). Further
unravelling of the roles of internal cryptic promoters and
their cryptic transcripts in protein diversity will be of great
interest to the field.
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