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ABSTRACT

CF IB/Hrp1 is part of the cleavage and polyadenyla-
tion factor (CPF) and cleavage factor (CF) complex
(CPF-CF), which is responsible for 3’ cleavage and
maturation of pre-mRNAs. Although Hrp1 supports
this process, its presence is not essential for the
cleavage event. Here, we show that the main function
of Hrp1 in the CPF-CF complex is the nuclear mRNA
quality control of proper 3’ cleavage. As such, Hrp1
acts as a nuclear mRNA retention factor that hinders
transcripts from leaving the nucleus until processing
is completed. Only after proper 3’ cleavage, which
is sensed through contacting Rna14, Hrp1 recruits
the export receptor Mex67, allowing nuclear export.
Consequently, its absence results in the leakage of
elongated mRNAs into the cytoplasm. If cleavage is
defective, the presence of Hrp1 on the mRNA retains
these elongated transcripts until they are eliminated
by the nuclear exosome. Together, we identify Hrp1
as the key quality control factor for 3’ cleavage.
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INTRODUCTION

Eukaryotic transcripts are synthesized as precursor mR-
NAs by RNA polymerase II (RNAP II) and undergo dif-
ferent processing events, such as 5 capping, splicing and
3’-polyadenylation, before they are exported into the cyto-
plasm where they are translated as mature mRNAs (1). Pro-
cessing is monitored, and defective RNAs are eliminated
from cells to ensure highly efficient and correct gene ex-
pression. In Saccharomyces cerevisiae, mRNA surveillance
includes the four guard proteins Npl3, Gbp2, Hrbl and
Nab2, which retain transcripts in the nucleus until matu-
ration is completed (2). All guard proteins have in common
that (i) their overexpression is toxic and causes mRINA ex-
port defects, (ii) they interact with the mRNA export recep-
tor heterodimer Mex67-Mtr2 and (iii) they interact with the
nuclear gatekeeper Mlpl and with the RNA degradation
machinery (2-5). When overexpressed, these RNA-binding
proteins bind excessively to nuclear transcripts, causing
their nuclear retention. Consequently, the lack of any guard
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protein results in the leakage of faulty transcripts into the
cytoplasm (2,3). On correctly processed mRNAs, the guard
proteins recruit the export receptor heterodimer Mex67—
Mtr2 (TAP-p15 in human) (6). This enables transit through
the nuclear pore complex (NPC). Whether an mRNA can
indeed pass through the NPC is finally controlled by the
nuclear basket protein Mlpl. Mlpl supports a fast passage
of transcripts on which all guard proteins are properly cov-
ered with Mex67 and delays passage if the Mex67 cover-
age is less complete and the ribonucleoparticle differs from
the norm (2-4,7,8). This nuclear quality control system en-
sures the efficient elimination of faulty transcripts from the
cell by the 5’ to 3’ acting exonuclease complex Ratl-Rail,
and the nuclear Rrp6-containing exosome that degrades the
RNA from its 3’ end (9,10). The exosome is guided to faulty
RNAs by assisting complexes, such as the TRAMP (Trf4/5,
Airl /2, Mtr4 polyadenylation) complex that marks faulty
RNAs with a short oligo(A) tail (11-15).

The different guard proteins function at different stages
of pre-mRNA maturation. Npl3 is a quality control fac-
tor for proper 5’ capping (16). Its interaction with the cap-
binding complex (CBC) is the signal for correct 5’ capping
and a prerequisite for Mex67 recruitment, which in turn
promotes downstream processing events, such as splicing
(17). In cases where the 5" capping has failed and the CBC
is not attached, Npl3 recruits the Ratl-Rail complex in-
stead of Mex67, which initiates the 5’ to 3’ degradation of
the faulty mRNA (16).

Gbp2 and Hrbl are preferentially loaded onto tran-
scripts that undergo splicing and interact with the late
splicing machinery. Their deletion leads to the leakage of
intron-containing pre-mRNAs into the cytoplasm. There-
fore, a quality control function for Gbp2 and Hrbl has
been suggested for proper intron excision (2). Interestingly,
their quality control function continues in the cytoplasm
on spliced transcripts, where they participate in nonsense-
mediated decay (NMD) (18). Gbp2 and Hrbl connect the
ends of the transcript with the NMD factor Upf1 that stalls
the ribosome on a premature termination codon (PTC)
and support translational repression and recruitment of the
degradation machinery to the faulty transcript. At the 5
end they load the decapping factors Dcpl and Dcp2, and
at the 3’ end they recruit Ski2, which in turn captures the
exosome for degradation (18). In this way, Gbp2 and Hrbl
connect the nuclear quality control with the cytoplasmic
NMD and provide a comprehensive surveillance system for
mRNA splicing.

Nab2 binds to transcripts close to the polyadenylation
site (19) and has been shown to control the length and qual-
ity of 3’ tails (20). Furthermore, it interacts with Mex67,
Mipl and the nuclear exosome, which is characteristic for
nuclear surveillance factors (7,20). Most importantly, its
deletion leads to the leakage of faulty mRNAs into the cy-
toplasm (3).

Thus, a guard protein has been discovered for every pro-
cessing step, except for 3’ cleavage. One possible candidate
to fill in this gap is CF IB/Hrp1/Nab4. Its protein sequence
is remarkably similar to those of the guard proteins. It con-
tains two RNA recognition motifs (RRMs), important for
RNA binding, and a C-terminal arginine—glycine—glycine
(RGG) domain, important for protein—protein interactions
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and nucleo-cytoplasmic shuttling. In analogy to the other
guard proteins, Hrpl is loaded onto the mRNA in the nu-
cleus and shuttles with the transcript into the cytoplasm.
It is part of the multisubunit cleavage and polyadenyla-
tion factor (CPF) and cleavage factor (CF) complex im-
portant for 3’ end cleavage and release of the pre-mRNA
from RNAP I1(21,22). The CPF is composed of 15 proteins,
which include an endonuclease for RNA cleavage, a poly(A)
polymerase for tailing and phosphatases for transcription
and 3’ end processing regulation (23). The CF complex is
important for tethering the whole CPF—CF complex to the
mRNA via binding of the A-rich positioning element (PE)
and the UAUAUA -comprising efficiency element (EE) up-
stream of the cleavage site. The CF complex is divided into
CF IA, composed of Rnal$5 that binds the PE, its interact-
ing protein Rnal4 as well as Clpl and Pcfl1, and the CF
IB complex, which solely contains Hrpl that binds to the
EE (24-29). The interaction of Hrpl with Rnal4 has been
suggested to stabilize the CF I contact with the PE (30). Re-
markably, neither Hrp1, the EE nor the PE are essential for
cleavage in vitro (31,32), suggesting that Hrp1 is not a bona
fide cleavage factor. However, it supports the stabilization
of the complex, and thus cleavage at this particular site of
the RNA (32). Moreover, Hrpl is the only protein of the
CPF-CF complex that shuttles with the mRNA into the cy-
toplasm (25,33,34).

A second function for Hrpl has been reported in NMD.
It binds a degenerate downstream sequence element (DSE)
that is located 3’ of an mRNA PTC and activates NMD
through interaction with Upfl (35). Mutations in HRPI
have been shown to stabilize nonsense-containing tran-
scripts without affecting the wild-type construct. This re-
veals interesting similarities with Gbp2 and Hrbl, which
were shown to continue their guarding function in the cy-
toplasm on spliced transcripts in NMD (18). In this way,
Gbp2 and Hrbl link the nuclear and cytoplasmic quality
control and have led us to consider that Hrpl might also
function in nuclear quality control. Our experiments show
that Hrpl, analogous to the other guard proteins, contacts
Mex67 and Mlpl1 to support the export of correctly cleaved
transcripts. Its overexpression retains mRNAs in the nu-
cleus and its depletion from pre-mRNAs results in the leak-
age of improperly cleaved transcripts into the cytoplasm.
Recognition of correct cleavage occurs via interaction of
Hrpl with Rnal4, which ultimately results in the recruit-
ment of the export receptor Mex67-Mtr2. These findings
support a novel function for Hrpl as an mRNA guard pro-
tein for 3’ end cleavage.

MATERIALS AND METHODS
Yeast strains and plasmids

All yeast strains used in this study are included in Supple-
mentary Table S1. Yeast cells with metabolic auxotrophies
to certain amino acids (L-adenine, L-histidine, L-leucine,
L-lysine and L-tryptophan) or uracil were either grown in
YPD full medium or in selective medium, depending on
whether they contained a plasmid with the marker gene that
granted prototrophy for auxotrophic growth. To induce a
gene under the GALI promoter for overexpression, galac-
tose was added for 2-3 h. To repress gene expression under



8760 Nucleic Acids Research, 2023, Vol. 51, No. 16

the GALI promoter, galactose was replaced with glucose
for the indicated times. Cells were cultivated at 25°C, but,
in the case of temperature-sensitive mutants being used, all
strains were shifted to the restrictive temperature for the in-
dicated time. Cells were harvested at the logarithmic phase
(1-3 x 107 cells/ml). To create double or triple mutants,
parental haploid strains with opposite mating types were
crossed, and the diploid cells were sporulated in a medium
with a low nutrient level. Following tetrad dissection and
selective plate screening, polymerase chain reaction (PCR)
was carried out to confirm positive spores with genetic
markers and gene deletions. Supplementary Table S2 lists
all the plasmids used in this study. Plasmids were cloned via
either Gibson assembly or restriction-free cloning (36). The
lithium acetate method was used to transform yeast strains
with plasmids (37). Supplementary Tables S3, S4 and S5 list
all the oligonucleotides used for cloning, quantitative PCR
(qPCR) and analytical PCR in this study, respectively.

Yeast growth test

Overnight pre-cultures of yeast strains were diluted in sterile
H,0 and counted under a light microscope. For each strain,
10-fold serial dilutions of 107, 10°, 10°, 10* and 10° cells/ml
were made, and cells were spotted onto agar plates. Plates
were scanned after incubation at different temperatures (16,
25, 30, 35 and 37°C) for 2-3 days. The intensity and size
of yeast colonies on plates were compared to analyze the
growth of yeast cells; therefore, genetic interactions could
be determined.

Co-immunoprecipitation experiments

The co-immunoprecipitation (co-IP) experiments were car-
ried out as described earlier (3). Following harvest, cells
were lysed in PBSKMT buffer [Ix phosphate-buffered
saline (PBS) pH 7.5, 3 mM KCl, 2.5 mM MgCl,, 0.5% Tri-
ton X-100 and a protease inhibitor] with glass beads and
a FastPrep cell homogenizer (3 x 30 s, 5 min on ice in be-
tween). Green fluorescent protein (GFP)-trap or MYC-trap
beads were used to pull-down GFP-tagged or MYC-tagged
proteins. After washing, both lysates and eluates were mixed
with 2 x sodium dodecylsulfate (SDS) sample buffer and de-
natured at 95°C for 6-8 min. All samples were loaded onto
a 10% SDS—polyacrylamide gel and the target proteins were
analyzed via western blot with corresponding antibodies.

Combined irn vivo/in vitro binding study

For Figure 1H, in vivo and in vitro protein binding were
combined. The recombinant Mex67-Mtr2 was expressed
as described earlier (38), while MYC-tagged Hrpl was ex-
pressed from yeast in vivo and precipitated with MYC-trap
beads as described for the co-immunoprecipitation experi-
ments. Beads were washed five times with PBSKMT buffer
and a third of the beads were collected. The remaining
beads were incubated with in vitro lysis buffer [SO mM Tris—
HCI pH 7.5, 150 mM NacCl, 2 mM MgCl,, 5% (v/v) glyc-
erol, 1 mM dithiothreitol (DTT), 0.2% (v/v) NP-40 and a
protease inhibitor (Roche)] at 8°C for 20 min and afterwards
washed six times with in vitro lysis buffer. From the remain-
ing beads, half were again collected. Recombinant protein

was added to the residual beads and the samples were incu-
bated at 8°C for 1.5 h. Finally, the beads were washed six
times with in vitro lysis buffer and all samples were submit-
ted to SDS—polyacrylamide gel electrophoresis (PAGE) and
western blotting.

Western blot

All co-IP experiments that are shown in any one figure stem
from the same gel. Nitrocellulose membranes were cut hor-
izontally to be able to probe with different antibodies si-
multaneously, but were pieced back together before detec-
tion. An example of a full blot is shown in Supplementary
Fig. S1E. All primary antibodies used in this study are listed
in Supplementary Table S6. Secondary anti-mouse or anti-
rabbit IgG-horseradish peroxidase (HRP; Dianova) were
diluted 1:10 000 and detected with WesternBright Quan-
tum HRP Substrate (Advansta). Signals were detected with
the FUSION FX chemiluminescence detection system (Pe-
glab). Signal intensity was quantified using the BiolD soft-
ware (Peqlab).

RNA co-immunoprecipitation experiments

RNA co-IP (RIP) assays were performed to analyze the
RNA binding of target proteins as described earlier (3).
Cells were lysed in RIP buffer [25 mM Tris—HCI pH 7.5, 2
mM MgCl,, 150 mM NaCl, 0.5 mM DTT, 0.2% Triton X-
100, protease inhibitor, 0.2 mM phenylmethylsulfonyl fllu-
oride (PMSF) and 0.02 U/ml Ribolock] with glass beads
utilizing a FastPrep cell homogenizer. GFP-trap beads were
used to pull-down GFP- or MYC-tagged proteins. Samples
were split after washing. One part was loaded on an SDS gel
and checked for pulldown on a western blot, while the other
part was used for RNA isolation and RNA binding analyses
by qPCR. RNAs from both the lysate and the eluate were
extracted with Trizol and purified with phenol-chloroform.
cDNAs were synthesized with the FastGene Scriptase 11 Kit
(NIPPON Genetics) by using random hexamer primers.

Fluorescence in situ hybridization (FISH)

FISH experiments were performed as described earlier (3).
A Cy3-labeled oligo d(T)syp probe was used to detect mR-
NAs with a poly(A) tail in yeast cells. Following a shift to
the non-permissive temperature, cells were fixed by adding
37% formaldehyde to a final concentration of 4% for 45 min
and afterwards harvested. Cells were washed with P solu-
tion (1.2 M sorbitol, 0.1 M phosphate buffer pH 6.5) and
treated with DTT (10 mM) for 10 min. Subsequently, cells
were digested with zymolyase (10 mg/ml) for 10-30 min
and applied onto slides coated with poly-L-lysine for 30-60
min. To enable the probe to penetrate the nuclear envelope,
cells were treated with 0.5% Triton X-100 in P solution for
10 min. To reduce unspecific staining in the background,
the pre-hybridization buffer [50% deionized formamide,
5x SSC, 2.5 mM EDTA pH 8.0, 0.1% Tween-20, 5x
Denhardt’s, 50 pg/ml heparin and diethylpyrocarbonate-
treated water (DEPC H,0)] was added onto the slide in
a humidified chamber at 37°C for 30-60 min. The Cy3-
labeled oligo d(T)sy probe was diluted 1:200 in the pre-
hybridization buffer and applied to cells on the slide for



in situ hybridization overnight at 37°C. Cells were washed
with 2x SSC (0.3 mM NaCl, 30 mM sodium citrate, pH
7), 1x SSC and 0.5x SSC for 1 h, respectively, and incu-
bated with 4’,6-diamidino-2-phenylindole (DAPI; 1:10 000)
in PBS for nuclear staining. Following 3—5 washes with PBS,
the slide was dried, coated with mounting medium (2% n-
propyl gallate, 80% glycerol, 20% PBS pH 8) and sealed.
The DFC360 FX camera of the Leica DMI6000B fluores-
cence microscope was used to detect cell fluorescence. The
LAS AF1.6.2 software was used to capture pictures under
the microscope.

GFP microscopy

GFP microscopy was conducted as described earlier (16).
Cells were grown to log phase and shifted for 1 h at 37°C.
For nuclear staining, DAPI was used in a 1:5000 dilution in
Aby Wash 2.

Cell fractionation

The cell fractionation assay was carried out to examine
leakage of 3’-extended faulty mRNAs in the cytosol as de-
scribed earlier (39). Following harvest, the logarithmic cells
were washed with H,O and YPD/1 M sorbitol/2 mM DTT,
respectively, and then digested with zymolyase in YPD/1
M sorbitol/1 mM DTT for 10-30 min to obtain sphero-
plasts. After 30 min of recovery in YPD/1 M sorbitol at
25°C, cells were shifted to 37°C for 3 h to induce the mutant
phenotype. Then, cells were lysed and the cytosolic fraction
was obtained in the supernatant of the Ficoll density gra-
dient after centrifugation. Antibodies of the nuclear pro-
teins Nopl or Yral and the glycolytic enzyme Zwf1 were
used to confirm the successful separation of the cytoso-
lic fraction on the western blot. Total RNA was isolated
from both the lysate and the cytosolic fraction with the Nu-
cleoSpin RNA kit (MACHEREY-NAGEL). cDNAs were
synthesized with the FastGene Scriptase II Kit (NIPPON
Genetics) by using random hexamer primers. Leakage of
readthrough mRNAs was analyzed via gqPCR with primers
flanking the cleavage site.

RNA-sequencing

RNA samples obtained by cytoplasmic fractionation were
sequenced at the NGS-Integrative Genomics Core Unit,
University Medical Center Gottingen. RNA integrity and
subsequent library quality were determined using the Frag-
ment Analyzer. Sequencing was carried out with the No-
vaSeq6000 (PE 100 cycles; 30 Mio reads/sample). A mod-
ified TruSeq Stranded Total RNA Library Prep (Cat. No.
20020596) was used, starting with 200 ng of total RNA.
The resulting fastq files were mapped to the S. cerevisiae
genome sacCer3 with Hisat2 (40). Hisat2 was run twice to
generate strand-specific bam files for downstream applica-
tions, once skipping the reverse strand and once the forward
strand. Next, the fragment coverage of genomic regions was
calculated with deeptools2 and a bin size of 1 (41). Either
the stop codon (1) or the annotated transcript ends (2) of
Tudek et al. (42) were used as the reference point + 200 nu-
cleotides. For coding sequence (CDS) coverage, every CDS
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was scaled to 100 nucleotides (3). The mean of every posi-
tion between transcripts of (1) and (2) was calculated and
divided by the mean coverage of the CDS (3). Each posi-
tion was again normalized to the wild type and the graph
was plotted using GraphPad Prism.

mRNA isolation

Poly(A)* mRNAs were isolated from total RNAs using
the Dynabeads™ mRNA Purification Kit (Invitrogen). To-
tal RNAs were extracted with the NucleoSpin RNA kit
(MACHEREY-NAGEL).

qPCR analysis of 3'-extended mRNAs

Cells were harvested mid log phase after a shift to 37°C for
3 h. Cell pellets were lysed as described for the RIP experi-
ments. DNA was digested by treatment with rDNase for 1
h at 25°C. RNA extraction and qPCR analysis were con-
ducted in the same way as described for the RIP experi-
ments.

Quantification

All experiments shown in this work were carried out at least
three times independently. Error bars represent the standard
deviation (SD). The P-values that were determined by 7-test
(two tails, heteroscedastic type) of two unpaired arrays are
indicated as follows: ***P < 0.001, **P < 0.01, *P < 0.05.

RESULTS

Hrpl interacts with Mex67 and Mlp1, and can retain mRNAs
in the nucleus

So far, guard proteins have been identified to monitor ev-
ery mRNA processing step except 3’ cleavage (Figure 1A).
We suspected that Hrpl/CF IB might be responsible for the
quality control of this cleavage, as it is part of the 3’ CPF-
CF complex and shows high homology to the other guard
proteins (Figure 1B). We investigated whether Hrpl would
also behave like them. First, we overexpressed the protein
on a plasmid from a strong galactose promoter and visu-
alized the growth of a wild-type strain in the presence and
the absence of high copy HRPI. We found that the over-
expression of HRPI is indeed toxic to cells, as shown by
drop dilution assays (Figure 1C). Most importantly, the ex-
cess of Hrpl caused strong mRNA export defects visible
in FISH experiments with a Cy3-labeled oligo d(T)sy probe
(Figure 1D), suggesting that Hrp1 can retain mRNAs in the
nucleus. Since the export defect could not be detected in ev-
ery cell, we examined the expression of Hrpl via GFP mi-
croscopy (Supplementary Figure SIA) and could confirm
that the uneven retention is most probably due to an uneven
expression of HRPI.

In co-IP experiments, we found interactions of Hrpl with
both the export receptor Mex67 and the gatekeeper Mlpl
(Figure 1E, F; Supplementary Fig. SID). Both interactions
were RNase insensitive, suggesting that the proteins are in
the same complex. Furthermore, mutant srpl exhibited ge-
netic interactions with mutants of MEX67 and MLPI, since
the double mutants hrpl-1 mex67-5 and hrpl-1 mipl A had
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stronger growth defects at the indicated temperatures than
the single mutants (Figure 1G; Supplementary Fig. S1B,
C). To ensure that Hrpl is able to directly bind Mex67 and
does not simply interact with the export receptor due to be-
ing present in the same complex, we precipitated Hrpl ex-
pressed from yeast cells in vivo and analyzed the binding
of purified Mex67-Mtr2 expressed from Escherichia coli in
vitro (Figure 1H, I). Reassuringly, binding between Hrpl
and Mex67 was detected. However, this interaction was
strongly decreased upon the mutation of Hrpl, indicating
that hrpl-1, which had been identified earlier (32), has de-
fects either in binding to Mex67 or in an upstream process
that prevents Mex67 recruitment. Combined, these findings
show that Hrpl behaves very similarly to the other guard
proteins and indicates a potential involvement of this pro-
tein in the nuclear mRNA quality control pathway.

Mutant ArpI-1 has lost its RNA binding specificity

To analyze whether Hrp1 can actively retain faulty mRNAs
in the nucleus, we wanted to conduct a leakage assay that
we have developed earlier (2,3). In this assay, we use a mu-
tant of the nuclear exosome, rrp6 A, to visibly accumulate
mostly faulty mRNAs in the nucleus. In the presence of the
guard proteins, the defective RNA is retained in the nucleus
and awaits its degradation, which is slowed in rrp6 A, result-
ing in the visible nuclear accumulation of the mostly faulty
mRNAs. However, the simultaneous deletion of any guard
protein leads to the leakage of the faulty transcripts into the
cytoplasm (2,3). Therefore, we wanted to carry out a similar
experiment with Hrpl. For this purpose, we chose two ap-
proaches: First, we depleted Hrpl from cells through a reg-
ulable galactose-inducible promoter (‘conditional” hrpl A)
as reported earlier (43), and, secondly, we used a mutant
termed Arpl-1 that was identified as temperature sensitive
(32). It was shown that iirpl-1 grows well at 25°C but dies at
37°C; however, further characterization was lacking. There-
fore, we first sequenced the mutant and found it to contain
nine amino acid exchanges, four of which were clustered in
the RRMs, suggesting that the mutant protein might have
an altered RNA binding behavior if not degraded (Figure
2A). Hence, we first analyzed its stability on western blots
and found it not to be affected (Figure 2B). Subsequently,
we addressed whether it had lost its RNA binding activity.
For this purpose, we carried out RIP assays and could show
that this was not the case. On the contrary, mutant Arpl-1
bound almost four times more RNA than the wild-type pro-
tein (Figure 2C, D). Strikingly, however, further analysis of
this mutant revealed that the hrpl-1 protein exhibits an al-
tered RNA binding specificity. Known targets, which con-
tain the EE sequence UAUAUA (MRP2, MEX67, ACTI,
MRP2 and RAII) or one of its variants (4ADHI and CYCI)
to which this RNA-binding protein usually binds, show re-
duced binding in RIP assays, while the binding to targets
without the EE, such as rRNAs, was increased (Figure 2E).
Thus, phenotypically, the interaction of hrpl-1 with its tar-
get mRNAs appears to be reduced and the protein may fur-
ther be missing in the termination reaction. In this way, it
might have a very similar phenotype to the down-regulation
of the wild-type gene. Most importantly, both the condi-
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tional knockout that shows a protein depletion after 1-3 h
of incubation in glucose, and the Arpl-1 mutant that was
shifted to 37°C for 3 h, showed no mRNA accumulation in
the nucleus (Figure 2F, G). For these reasons, we were able
to carry out the leakage assay with both strains.

Hrpl retains cleavage-defective transcripts in the nucleus

The depletion of hrpl-1 from its natural EE-containing
mRNA targets allowed us to perform the leakage assay with
this mutant. Additionally, we investigated mRNA leakage
in the hrplA strain. If Hrpl would indeed function as
an mRNA surveillance factor, its absence should result in
the leakage of faulty mRNAs into the cytoplasm. For vi-
sualization of this potential loss of function, we crossed
Pg4r;-HRPI and the hrpl-1 mutant strain with the nuclear
exosome mutant strain rrp6 A, in which defective RNAs vis-
ibly accumulate in the nucleus, and analyzed the growth
of the double mutants. For hrpl A, growth on glucose-
containing plates was impossible at all tested temperatures
(Figure 3A), since HRP] is essential and its expression from
the GALI promoter is suppressed in the presence of glu-
cose. At 37°C, the growth of irpl A on galactose-containing
plates was also restricted, probably due to a stronger toxi-
city resulting from HRPI overexpression. This differs from
the experiment shown in Figure 1C, which was carried out
in the presence of the endogenous HRPI, while in Figure
3A the galactose-inducible HRPI is the only copy. Interest-
ingly, Pg4r;:HRPI rrp6 A exhibits a synthetic growth de-
fect which may be due to the fact that HRPI expression
appears to be lower in this strain (Figure 2F). In contrast,
while /rpl-1 grows well at 25°C, growth of the double mu-
tant hrpl-1 rrp6 A was slightly affected, which uncovers a
genetic interaction (Figure 3B). At 37°C, both strains, the
hrpl single mutant and the double mutant strain, are dead.
This growth defect was partially rescued by ectopically ex-
pressed wild-type HRPI. Importantly, FISH experiments
with a Cy3-labeled oligo d(T)sy probe, that clearly detected
a nuclear accumulation of the faulty mRNA in rrp6 A, re-
vealed leakage of these faulty transcripts into the cytoplasm
in rrp6 APg4p;: HRPI and in rrp6 A hrpl-1 double mutants
(Figure 3C). This effect was reversed through ectopically ex-
pressing wild-type HRPI, confirming that the effect is due
to non-functional Hrpl.

As Hrpl was identified to be part of the CPF-CF com-
plex, we suspected that it might monitor the 3’ end cleav-
age of pre-mRNAs that contain an EE. Thus, we used a
cleavage-defective mutant of a component of this complex,
¢ft2-1, crossed it either with the conditional hrpl A or with
the hrpl-1 strain and analyzed the growth of these strains.
The hrpl-1 cft2-1 double mutant shows a genetic interac-
tion (Figure 3D; Supplementary Fig. S2B). However, as
slow growth was possible, we repeated the leakage assay
for cleavage-defective transcripts. Due to the cleavage de-
fect, faulty mRNAs accumulate in the nuclei of ¢ft2-1 mu-
tants as shown in FISH experiments (Figure 3E). However,
when combined with hrpl A or hrpl-1, the nuclear reten-
tion of the faulty mRNA was released (Figure 3E). Because
the faulty mRNAs are rapidly degraded in ¢ft2-1, as this is
in the background of an intact quality control system, we
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Figure 2. Characterization of rpl-1 and the conditional knockout strain of HRPI. (A) Amino acid substitutions in the mutant srp/-1 cluster in the RRMs.
The red bars indicate the mutations in the RRMs and the blue bars show additional alterations in the open reading frame. (B) The hrpl-1 protein has no
decreased stability. Western blots show the hrpl-1 expression after a temperature shift to 37°C. Nopl served as a loading control; n = 4. (C) hrpl-1-GFP
is enriched after pulldown. An example western blot for GFP-tagged Hrpl or hrpl-1 pulldown is shown for the indicated strains. Protein amounts were
measured via Image J. Nopl served as a negative control; n = 6. (D) The mutated hrpl-1 protein shows an increased binding to RNA. Wild-type and
hrpl-1 cells were grown to log phase before they were shifted to 37°C for 3 h. Both GFP-tagged Hrpl and hrpl-1 were precipitated from the lysates, and
the co-precipitated RNA was purified and measured at OD»gp. The signal intensity of each pulldown (such as shown in C) was related to that of the no
tag control. Thereafter, the fold enrichment of the RNA precipitated by hrpl-1 was obtained via relating it to that of Hrpl; n = 6. (E) hrpl-1 has lost its
binding specificity. The RNAs obtained in the pulldown experiments (shown in C and D) were analyzed for the indicated specific mRNA targets and two
unspecific rRNA targets by qPCR; n > 6. (F) Hrpl is depleted in the conditional knockout strain P47 ;- HRPI upon addition of glucose. A western blot
analysis revealed that Hrpl expression is undetectable in PG4z ;- HRPI grown with glucose at 37°C in the indicated strains; n = 3. (G) Both Arpl-1 after
temperature shift and Pg4r;: HRPI under repressing conditions have no mRNA export defect. The indicated strains were grown to log phase and shifted

to 37°C for 3 h or 1 h. The poly(A)" RNA was detected with a Cy3-labeled oligo d(T)so probe. Nuclear retention of poly(A)™ RNA in mex67-5 served as
a positive control; n = 3.
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Figure 3. Mutations in HRPI result in the leakage of 3’-extended faulty mRNAs into the cytoplasm. (A) Glucose represses the growth of Pg 4z, HRPI.
Ten-fold serial dilutions of the indicated strains were spotted onto agar plates with either glucose or galactose, and incubated for 2 days; n = 3. (B) The
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out. A leakage assay is shown for the indicated strains after the temperature shift or after down-regulation of HRPI expressed from the galactose-inducible
promoter. The FISH experiment was carried out with a Cy3-labeled oligo (d)Tsy probe targeting mRNAs with a poly(A) tail. The nucleus was stained
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also generated a cft2-1 rrp6 A double mutant that, although
slow growing, was viable (Figure 3D). In the double mu-
tant rrp6 A ¢ft2-1, the nuclear accumulation of the cleavage-
defective pre-mRNAs was enhanced, as shown in in situ hy-
bridization experiments (Figure 3E). Most importantly, this
nuclear signal also disappeared when HRPI was mutated or
conditionally deleted (Figure 3E). Finally, in order to en-
sure that Hrp1 is indeed able to affect nuclear processing in
all strains, we investigated the localization of mutant and
wild-type Hrp1 utilizing GFP microscopy and could show
that the localization of the protein is primarily nuclear in all
backgrounds (Supplementary Fig. S2A). In order to ensure
that the decrease of nuclear signal in the FISH experiments
is not simply due to a more efficient degradation in Arpl-1,
we determined the mRNA levels in the rat8-2 mRNA export
mutant and a rat8-2 hrpl-1 double mutant, and could show
that the mRNA levels did not decrease in the absence of
Hrpl (Supplementary Fig. S2C). These results reveal that
the presence of intact Hrpl is necessary to visibly retain
faulty transcripts in the nucleus until they are degraded.

Elongated mRNAs escape nuclear decay in the absence of
Hrpl

To verify that faulty mRNAs generated in ¢fz2-1 are indeed
cleavage defective, we utilized primers to amplify potential
3’-extended forms (Figure 4A). The primers were designed
to flank the cleavage site and positioned upstream of pos-
sible NINS-binding sites. These elongated mRNAs are re-
leased from RNAP II downstream of the CPF-CF site, pos-
sibly through action of the NNS system, composed of Nrd1,
Nab3 and Senl, which acts as a fail-safe mechanism that di-
rects faulty mRNAs directly into degradation (44-46). NNS
sites downstream of the CPF-CF sites are present in ba-
sically all mRNAs. To identify how many transcripts were
elongated in relation to wild-type cells, we determined the
amounts of the elongated transcripts in ¢ft2-1, hrpl-1 and
the hrpl-1 cft2-1 double mutant for four randomly chosen
transcripts (ACT1, ADHI, MRP2 and MEX67). Both sin-
gle mutants ¢ft2-1 and hrpl-1 show an increase of faulty
transcripts, with an ~2.6-fold increase for irpl-1 and an
even higher amount detected in ¢ft2-1, ~5.2-fold on aver-
age (Figure 4B; Supplementary Fig. S3A) (32). Importantly,
in the double mutant hrpl-1 c¢ft2-1, we detected on average
more than an ~10.4-fold increase of the 3’-extended mR-
NAs (Figure 4B; Supplementary Fig. S3A), suggesting that
more of the faulty mRNAs generated in ¢ft2-1 might es-
cape the Hrpl-mediated nuclear surveillance and degrada-
tion in the nucleus. It is assumed that defective CPF-CF ter-
mination leads to the recognition of the downstream NNS-
mediated termination site and the subsequent elimination
of readthrough mRNAs by the nuclear exosome (44-46).
To verify this for our chosen transcripts, we first investi-
gated whether the 3’-extended mRNA would accumulate
in an NNS mutant, which was indeed the case (Figure 4C;
Supplementary Fig. S3B). Similar to the 4rp/ mutant in the
background of ¢ft2-1, in which many extended transcripts
are generated and escape nuclear elimination, the simulta-
neous mutation of NRDI in ¢ft2-1 also resulted in an ~12.1
-fold increase of the faulty transcripts (Figure 4C; Supple-

mentary Fig. S3B) in combination with severe growth de-
fects, visible in a drop dilution assay (Figure 4D). If the
degradation machinery is not able to eliminate increased
amounts of elongated mRNAs as present in nrdl-102 cft2-
1, this may imply that the cells are overwhelmed by the
presence of faulty transcripts, which leads to the observed
growth defect.

To finally bring the nuclear degradation of the faulty
transcripts into context with the cytoplasmic leakage, we
examined the accumulation of readthrough mRNAs in ¢f2-
1, hrpl-1 and the double mutant /rpl-1 cft2-1 in the back-
ground of r7p6 A. While rrp6 A showed only a slight increase,
asdid the irpl-1 rrp6 A double mutant, ¢ft2-1 rrp6 A showed
a >20-fold increase (Figure 4E; Supplementary Fig. S3C).
These findings show that only a few RNAs are 3’ cleavage
defective in rrp6 A and that this is similar in hrpl-1 rrp6 A.
This demonstrates that not many transcripts have defects in
cleavage under normal conditions and it furthermore sup-
ports the fact that Hrpl is not necessary for the cleavage
reaction itself. In ¢ft2-1, however, many transcripts are gen-
erated that await degradation in the absence of RRP6, as we
saw a >20-fold increase on average. Interestingly, the situa-
tion changes dramatically when HRP] is additionally mu-
tated. In the triple mutant hrpl-1 cft2-1 rrp6 A, we found a
reduction of the faulty transcripts by half, suggesting that
they escape nuclear retention and are instead captured, at
least partially, by the cytoplasmic quality control system
(Figure 4E; Supplementary Fig. S3C).

To be able to distinguish between their presence in
the nucleus and in the cytoplasm, we carried out nucleo-
cytoplasmic fractionation experiments (Figure 4F), in
which we were able to analyze the cytoplasmic aberrant
mRNA content in relation to the total faulty mRNAs in the
lysate. Subsequent qPCRs revealed that in the presence of
intact Hrpl, these elongated transcripts did not leak into
the cytoplasm (Figure 4G; Supplementary Fig. S3D). In
contrast, non-functional hrpl-1 led to the leakage of 3'-
readthrough mRNAs into the cytoplasm (Figure 4G; Sup-
plementary Fig. S3D). The more of them that were gener-
ated, such as in hrpl-1 cft2-1, the more were cytoplasmic.

To analyze the situation transcriptome wide, we repeated
the nucleo-cytoplasmic fractionation experiment with the
wild type and the irpl-1 mutant shifted for 3 h to the non-
permissive temperature, and found that more transcripts
with elongated 3’ ends reached the cytoplasm in the mutant
than in wild-type cells (Figure 4H-J). When comparing the
read coverage around transcript ends in the cytoplasm nor-
malized to the CDS, we could observe an increase in /irpl-1
over the wild type that is especially prominent downstream
of the annotated transcript ends (peak shift right from main
annotated transcript ends) (Figure 4I). A significant num-
ber of transcript ends showed a significant increase in the
ratio of downstream to upstream read coverage in hrpl-1
compared with the wild type (Figure 4J). On average, we
detected an ~2-fold increase of the elongated transcripts in
the cytoplasm of hrpl-1 which is contributed to by >60%
of all expressed transcripts (Figure 4K, L). These findings
confirm Hrpl as a novel mRNA quality control factor re-
sponsible for the retention of cleavage-defective mRNAs in
the nucleus.
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Mex67 is not recruited to cleavage-defective mRNAs

To finally show why the cleavage-defective pre-mRNAs are
not retained in the nucleus when Hrpl is missing, and to
get some insights into the underlying mechanism, we in-
vestigated the binding of the export receptor heterodimer
Mex67-Mtr2 to Hrpl in the cleavage-defective mutant cf2-
1. Since earlier studies have shown that mRNAs are rapidly
degraded in ¢ft2-1 when shifted to 37°C, we first tested
whether readthrough mRNAs generated at 30°C are more
stable in this mutant (47). For this purpose, wild-type and
¢ft2-1 cells were grown to log phase at 30°C. Equal amounts
of cells were lysed, and the total RNA as well as the
poly(A)" RNA content were determined to be almost equal
(Figure 5A). At this temperature, while an equal Mtr2 pull-
down resulted in equal amounts of Mex67 in both strains,
an interaction with Hrpl was only detected in wild-type
cells (Figure 5B). Thus, it seems that defects in the cleavage
reaction prevent binding between Hrpl and Mex67, which
would inhibit the nuclear export of the bound mRNA. We
repeated this pulldown experiment, but this time we used
the Hrpl-interacting protein Rnal4 as bait. Likewise, we
found that both Hrpl and Mex67 interact with Rnal4 in
wild-type cells but not in ¢ft2-1 (Figure 5C). These find-
ings support the idea that controlled Mex67 recruitment
by Hrpl determines nuclear export and that only Rnal4-
bound Hrpl can interact with the export receptor.

If this model would be true, one would expect that Hrpl
is still bound to cleavage-defective mRNAs. To investigate
the binding of Hrpl to its specific targets, we carried out
RIP experiments with Hrpl in wild-type and c¢f#2-1 cells
grown at 30°C. As expected, we found an ~2-fold increased
binding of Hrpl to its mRINA targets, indicating that these
RNAs remain bound to Hrpl for a longer time until the
faulty transcript is degraded (Figure 5D, E). In comparison,
Hrpl1 bound to the unspecific rRNA targets ETSI and ITS!
to a similar level as to the no tag control in both the wild
type and ¢ft2-1, supporting its function as a specific mRNA
quality control factor as no specific binding was identified
for the rRNA (Figure 5F). Interestingly, and in contrast to
Hrpl, when we performed a similar RIP experiment with
Rnal4, we found an over ~50% decrease in its associa-
tion with the target mRNAs (Figure 5G, H), supporting a
model in which Rnal4 binding to Hrp1 might be the trigger
of the Mex67 recruitment and suggesting Rnal4 to func-
tion as an indicator of correct cleavage. To finally address
whether Rnal4 is not only absent from the pre-mRNAs but
also from the CPF-CF complex itself, we carried out co-I1Ps
with two different proteins of the CPF-CF complex, Cftl
and Pfs2. We found that while the interaction between these
proteins and Rnal4 was detectable in wild-type cells, it was
significantly reduced in ¢fz2-1 mutants (Figure 51, J; Sup-
plementary Fig. S3E, F). These findings suggest that Rnal4
potentially associates at a final step of the termination reac-
tion. Importantly, it reveals that Rnal4 must be associated
with the complex for Hrpl to recruit Mex67.

Taken together, our data identify Hrpl as a novel guard
protein that monitors the CPF-CF-mediated 3’ cleavage of
pre-mRNAs. It is recruited to the EE, located at the 3’ end
of the transcript. Upon correct formation of the CPF-CF
complex and the contact of Hrpl with Rnal4, Hrpl re-

cruits the export receptor Mex67 for nuclear export of the
correctly matured mRNA (Figure 6). In case defects in the
CPF—CF-mediated cleavage occur, transcription contin-
ues until the next termination site. Fail-safe termination by
the NNS complex results in the recruitment of the TRAMP
complex and the exosome for degradation of the faulty tran-
script. Its nuclear export is prevented through the presence
of Hrp1, which in the absence of Rnal4 cannot bind Mex67
and then functions as a retention factor, as the absence of
Mex67 from Hrpl is detected by Mlpl at the NPC, and
transfer to the cytoplasm is prevented. The absence of Hrpl
results in the loss of the nuclear 3’ end cleavage surveillance
and in the leakage of elongated faulty transcripts into the
cytoplasm.

DISCUSSION

Originally, Hrpl was identified as a suppressor of
temperature-sensitive mutants of NPL3 (34). Its do-
main structure is very similar to that of Npl3 and the
other guard proteins Gbp2 and Hrbl (Figure 1B). Like
Npl3, it contains two RRMs and an SR/RGG domain
at its C-terminus. Interestingly, it not only has structural
similarities, but also shows functional analogies to these
guard proteins. It is, for example, loaded onto the pre-
mRNA in the nucleus and shuttles with the mRNA into
the cytoplasm (25,48). This is unique for a protein of
the CPF-CF complex, but similar to the guard proteins.
Additionally, we were able to show that Hrpl can act as
a retention factor for mRNAs. In high copy, it visibly
retains mRNAs in the nucleus, which leads to growth
defects (Figure 1C, D). This is likewise similar to the other
guard proteins. Furthermore, HRPI genetically interacts
with mutants of MEX67 and MLPI (Figure 1G). These
combined mutations are problematic because the coupling
of a defective 3’ end quality control with impaired mRNA
export or poor NPC surveillance is not tolerable. Addi-
tionally, Hrpl physically interacts with the export receptor
heterodimer Mex67-Mtr2 and the NPC gatekeeper Mlpl
(Figure 1E, F, H; Supplementary Fig. SID). The coverage
of the guard proteins with Mex67 is necessary to relieve the
nuclear retention of the mRNA, and the Mex67 coverage is
controlled by Mlpl at the NPC (3,8,49). Although so many
similarities exist between all guard proteins, there is one
interesting difference between Hrpl and the other guards.
While all guards show interactions with the degradation
machinery (2,5,16), we cannot confirm this for Hrpl. How-
ever, this might not be necessary for this specific guard,
because prevention of 3’ cleavage usually automatically
leads to a downstream-located NNS fail-safe site via which
the TRAMP complex and subsequently the exosome is
recruited to eliminate this RNA (50,51).

One of the two functions that has been reported for Hrpl
is the participation in NMD (35). This is interesting be-
cause the other guard proteins have not only nuclear but
also cytoplasmic surveillance functions. The splicing guard
proteins Gbp2 and Hrbl also support NMD (18), where
they repress translation and support the degradation of the
faulty mRNA. Npl3 remains bound to the mRNA until it
is translated by the ribosome (52), and is also required for
ribosomal subunit joining and thus efficient translation in
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Figure 5. The contact of Hrpl with Rnal4 represents a switch towards nuclear mRNA export. (A) mRNA generated in ¢f72-1 grown at 30°C is stable.
Equal amounts of cell pellets were harvested after reaching the logarithmic growth phase. The total RNA was isolated and measured at ODjgp. Equal
amounts of total RNA were further purified and the mRNA content was determined; n = 4. (B) The contact of Mex67-Mtr2 with Hrpl is impaired in
the termination-defective mutant cf#2-/. A western blot of the Mtr2-GFP-co-precipitated Mex67 and the MYC-tagged Hrpl is shown in wild-type and
cft2-1 cells; n = 4. (C) Rnal4 does not interact with Hrpl and Mex67 in termination-defective cells. A western blot of co-precipitated Hrpl and Mex67
with Rnal4 is shown from wild-type and c¢f12-1 cells. The asterisk indicates a band that is a result of a cross-reaction with the MYC antibody; n = 5. (D)
An example western blot of the Hrpl pulldown used in (E) is shown. Hem15 served as a negative control. (E and F) Defects in transcription termination
result in an increased association of Hrpl with its target mRNAs (E) but not with unspecific rRNAs (F). The RNA for the RIP experiment was isolated
and used in subsequent qPCRs; n = 5. (G) An example western blot of the Rnal4 pulldown used in (H) is shown. (H) Defects in transcription termination
result in a decreased precipitation of Hrpl target mRNAs with Rnal4. The RNA for the RIP experiment was isolated and used in subsequent qPCRs;
n > 4. (Iand J) Rnal4 is not incorporated into the CPF-CF complex in ¢ft2-1. Western blots of co-immunoprecipitated Rnal4-MYC with GFP-tagged

Cftl or Pfs2 are shown. All strains used in this figure were cultivated at 30°C before harvest and lysis. Hem15 served as a negative control; n = 3.
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the cytoplasm (53). Taking these published data and our
new experimental discoveries into account, the findings il-
lustrate striking similarities of Hrp1 to the other guard pro-
teins in surveillance of mRNAs from their emergence in the
nucleus until their translation in the cytoplasm.

Besides its cytosolic function in NMD, a second func-
tion for Hrp1 has been reported for the 3’-end processing of
pre-mRNAs in the nucleus. There, it seems to assist in the
cleavage site selection rather than in the RNA scission, as
cleavage is still feasible in its absence, but occurs at multiple
sites (32,54). Sequence recognition of the EE occurs via the
two RRMs in Hrpl (55). The PE is recognized through an
RRM in Rnal5, but only when it is in association with Hrp1
(56,57). Their interaction is mediated through the scaffold-
ing protein Rnal4 (27,58). This function of Hrpl in help-
ing to stabilize the whole CPF-CF complex on the cor-
rect termination site can already be interpreted as a qual-
ity control function that supports the production of cor-
rectly cleaved transcripts. Nevertheless, we found an ad-
ditional surveillance function by preventing the export of
elongated transcripts (Figures 3E and 4F). Furthermore,
Hrpl is special compared with the other factors of the CPF-
CF complex because its mutation or deletion does not lead
to an mRNA accumulation in the nucleus, in contrast to
mutations in RNAI4, RNAIS5, PCF11 and CLPI1, which re-
sult in the visible accumulation of mRNAs in the nucleus
(33,59,60) (Figure 3E). As a quality control factor, Hrpl
rather retains mRNA upon overexpression (Figure 1C, D).
Its absence leads to the opposite phenotype: mRNA leak-
age into the cytoplasm (Figures 3D, E and 4F-K). The ac-
cumulation of mRNAs in the other CPF-CF mutants, in
contrast, reflects that defective mRNAs are generated and
prevented from being exported into the cytoplasm. Interest-
ingly, a few elongated mRNAs are also produced naturally
in wild-type cells and in mutants of HRPI (Figure 4B), but
their nuclear retention is abrogated in the absence of intact
Hrpl (Figures 2G and 4F-K). Remarkably, we saw a down-
stream shift of transcript ends and detected an ~2-fold in-
crease of the elongated transcripts in the cytoplasm of hrpl-
1 which is influenced by >60% of all expressed transcripts
(Figure 41-L). This large number of elongated transcripts
that were detected in the cytoplasm of Arpl-1 (Figure 4K)
shows that Hrpl is required for the majority of the CPF-
CF-terminated transcripts, which reflects its prominent role
in quality control of the cleavage reaction. It furthermore
suggests that Hrpl is a 3’ end quality control factor that
can actively retain elongated transcripts in the nucleus. The
3’-elongated mRNAs that have failed the CPF-CF cleav-
age are terminated at downstream-situated NNS-binding
sites. This leads to the immediate degradation of the faulty
RNAs, as the NNS system is coupled to the TRAMP- and
exosome-mediated degradation of the transcripts (44-46).

When comparing the yeast and the mammalian tran-
scription termination mechanisms, some differences are ev-
ident. While the yeast CPF-CF complex and the mam-
malian cleavage and polyadenylation specificity factor
(CPSF)-CF complex show high similarities, the yeast NNS
complex as such has not been identified in mammals
(44,61). Rather, an altered CPSF-CF complex in associ-
ation with the CBC and ARS2 channels transcripts into
degradation by the nuclear exosome targeting (NEXT)
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complex and thus shows a conserved principle for the degra-
dation of unwanted transcript (44). Interestingly, senataxin,
the Senl homolog in human cells, has been shown to be in-
volved in mRNA termination, indicating that it has a con-
served function in unwinding and dissociating transcripts
from transcription sites (62). The export of matured tran-
scripts in mammals relies on the export receptor TAP—pl5,
which is highly homologous to Mex67-Mtr2 in yeast. TAP
also interacts with serine/arginine-rich (SR) proteins, that
are homologs to the guard proteins Npl3, Gbp2 and Hrbl.
Like the yeast guard proteins, some of the human SR pro-
teins shuttle in association with TAP-p15 to the cytoplasm
and some of them have been shown to interact with the nu-
clear RNA degradation machinery (4,63). It seems likely
that these proteins are also involved in the quality control
of the 3’ end maturation.

Why are these elongated pre-mRNAs generally undesir-
able for a cell? First, transcription of downstream-located
genes can be affected by the readthrough or interfer-
ence of the generation and degradation of cryptic unsta-
ble transcripts (CUTs). Transcription into the next open
reading frame reduces the production of this gene, which
might affect cell viability. Interference with the generation
of CUTs might also alter gene expression (44). In yeast,
the transcription units are closer together than in mam-
malian cells, which might necessitate tighter termination
control (44,61). However, also in human cells, transcrip-
tional readthrough has been shown to result in the produc-
tion of RNA chimeras, which are frequently detected in can-
cer cells (64).

A second reason why elongated transcripts can be harm-
ful to cells is that the elongated mR NAs themselves are most
probably less efficiently translated, (i) because on a longer
RNA it takes the ribosomes longer to circle on the tran-
script and (i) mRNAs with long 3’-untranslated regions are
more prone to be degraded by NMD, which ultimately re-
duces the amount of the gene product (65). Thus, the effi-
cient and immediate elimination of RNAs that cannot be
terminated by the CPF-CF system is an important part of
the surveillance and mRNA quality assurance mechanisms
in cells.

To date, many reports describe the negative impact of de-
ficient polyadenylation in Mammalia, but knowledge on the
effects of cleavage site readthrough is widely missing. In-
terestingly, a correlation between an increased transcription
readthrough and a lower survival rate of human cancer pa-
tients exists (64). In particular, transcriptional readthrough
and the altered expression of the BCL2 oncogene was de-
scribed for kidney cancer (clear cell renal cell carcinoma,
ccRCCQC) (64). Therefore, our study is an important step to-
wards understanding the quality control of eukaryotic tran-
scription termination. Identifying CF IB/Hrp1 as the 3’ end
quality control factor in yeast fills a gap in the knowledge of
the stepwise and complete surveillance of the mRNA mat-
uration process.
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