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ABSTRACT

Nuclear degradation of aberrant mRNAs in Sac-
charomyces cerevisiae is accomplished by the nu-
clear exosome and its cofactors TRAMP/CTEXT. Ev-
idence from this investigation establishes a univer-
sal role of the Nrd1p-Nab3p-Sen1p (NNS) complex
in the nuclear decay of all categories of aberrant
mRNAs. In agreement with this, both nrd1-1 and
nrd1-2 mutations impaired the decay of all classes
of aberrant messages. This phenotype is similar to
that displayed by GAL::RRP41 and rrp6-A mutant
yeast strains. Remarkably, however, nrd1A°"® mu-
tation (lacking the C-terminal domain required for
interaction of Nrd1p with RNAPII) only diminished
the decay of aberrant messages with defects oc-
curring during the early stage of mRNP biogenesis,
without affecting other messages with defects gener-
ated later in the process. Co-transcriptional recruit-
ment of Nrd1p on the aberrant mRNAs was vital for
their concomitant decay. Strikingly, this recruitment
on to mRNAs defective in the early phases of bio-
genesis is solely dependent upon RNAPIL. In con-
trast, Nrd1p recruitment onto export-defective tran-
scripts with defects occurring in the later stage of
biogenesis is independent of RNAPII and dependent
on the CF1A component, Pcf11p, which explains the
observed characteristic phenotype of nrd1A®P mu-
tation. Consistently, pcf11-2 mutation displayed a se-
lective impairment in the degradation of only the
export-defective messages.
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INTRODUCTION

Aberrant messages derived from the inaccurate mRNP bio-
genesis are eliminated by a broad spectrum of mRNA
surveillance and quality control mechanisms (1-4). In
Saccharomyces cerevisiae, the nuclear exosome and its
cofactors degrade a wide array of aberrant and nor-
mal mRNAs (1-2,5-8). Functionally, these cofactors
recognize specific RNA targets and recruit them fur-
ther to the core exosome (EXO11Pi3PHRDOPY 6 pro-
mote their degradation (9). TRAMP (TRf4p/5p-Airlp/2p-
Mtrdp-Polyadenylation) complex, the best-studied co-
factor in S. cerevisiae consists of DExH box RNA
helicase, Mtrdp (4,10,11), non-canonical poly(A) poly-
merase, Trf4p/Trf5p and Zn-knuckle RNA binding pro-
teins, Airlp/2p (4,10,11). In addition to TRAMP, two other
nuclear cofactors, CTEXT (Cbclp-Tif4631p-dependent
EXosomal Targeting) (previously termed as DRN) (12—
16) and NNS (Nrd1p-Nab3p and Senlp) complexes (17—
22), assist the exosome in targeting both aberrant/normal
mRNAs as well as a vast majority of ncRNAs (sno-/sn-
JCUTS, NUTs and SUTS). CTEXT consists of nuclear
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cap-binding protein Cbclp/2p (13,14), shuttling proteins
Tif4631p/Upf3p (16), and a DEAD-box RNA helicase,
Dbp2p (23), and degrades a distinct group of aberrant (12—
16) and normal mRNAs (24-26). The NNS complex, in
contrast, comprises Nrdlp and Nab3p as the two major
sequence-specific RNA binding proteins (18) and Senlp as
the major DNA-RNA helicase (27) (see below).

Aberrant mRNAs in the yeast nucleus were classified
into early, intermediate and late depending on the specific
phases of mRNP biogenesis events at which they are gen-
erated (Table 1). The transcription-elongation and splice-
defective messages were classified as the early, the aberrant
3’-end processing-defective transcripts were categorized as
the intermediate, and the export-defective messages were
classified as the late category (12). Remarkably, TRAMP
and the core exosome are required to degrade faulty mes-
sages derived in the early phase of mRNP biogenesis. In
contrast, CTEXT and the core exosome complex selectively
degrades the export-defective transcripts derived during the
late mRNP biogenesis phase (12). Strikingly, the degra-
dation of aberrantly long 3'-extended messages derived at
the intermediate stage of mRNP biogenesis requires both
the TRAMP and CTEXT along with the nuclear exosome
(12). However, the molecular basis of the mRNP-biogenesis
stage-specific participation of TRAMP and CTEXT onto
the distinct classes of aberrant messages is still unclear.

In S. cerevisiae, besides the canonical transcription ter-
mination pathway, an alternative transcription termina-
tion pathway operates, influencing the stability of a few
protein-coding transcripts (21,28). The RNA binding pro-
tein Nrdlp (29), complexed with its partners, Nab3p and
Senlp (a putative helicase) (29), dubbed NNS (Nrdlp-
Nab3p-Senlp) complex, plays a pivotal role in transcrip-
tion termination of pre-snRNAs, pre-snoRNAs, and Cryp-
tic Unstable Transcripts (CUTs) in this alternative mecha-
nism (17-19,22,30-32), thereby leading either to their matu-
ration or degradation by the exosome and TRAMP (20,33).
This trimeric complex was demonstrated to bind their RNA
targets via the interactions through the elongating RNA
Polymerase IT (RNAPII) and the nascent RNA (18). Typi-
cally, the serine 2 (Ser-2) and 5 (Ser-5) residues of the repet-
itive C-terminal domain of RNAPII predominantly un-
dergo reversible phosphorylation at various phases of tran-
scription elongation and thereby influence various events
of mRNP biogenesis via the recruitment of diverse protein
factors involved in these mRNA processing events (34-37).
Other than Ser-2 and 5, Tyr-1, Thr-4 and Ser-7 also con-
tribute to the co-transcriptional recruitment of the various
processing factors by undergoing reversible phosphoryla-
tion (21,38). In the early elongation phase, the Ser-5 and
Tyr-1 phosphorylation of the CTD of RNAPII predomi-
nates (up to about 100 nucleotides for the yeast genes). After
about 100 nucleotides, the phosphorylated ser-5 starts to de-
crease, and phosphorylated ser-2 starts to increase (38). Al-
though Nrd1 binding is reported to be favored by Ser-5 and
Tyr-1 phosphorylation (39,40), the role of Tyr-1 phosphory-
lation in this process is debatable since several studies have
demonstrated that Tyr-1 phosphorylation, which remains
very low near the transcription start site (TSS), strongly
antagonizes Nrd1p binding (21,38). Nevertheless, binding
of Nrdlp and Nab3p to the nascent mRNAs toward the
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TSS of the protein-coding mRNA (38) subsequently re-
cruits Senlp helicase, which promotes dissociation of the
RNAPII possibly by destabilizing the RNA-DNA hybrid
in the transcription bubble (27,39,41,42).

NNS complex directs the decay of antisense
mRNA /transcripts and several protein-coding mRNAs
(43-47) that include the NRDI (to control its expression)
(17,19), URAS, URA2, ADEI?2 (48,49) and FKS2 (50) mR-
NAs. Interestingly, the binding motif to which Nrd1 and its
binding partner Nab3p prefer to bind is poorly represented
in mRNAs and is highly enriched in sn- and snoRNAs
(22). However, Nrd1p and Nab3p were shown to bind to
the hundreds of protein-coding mRNAs (22,43-45,51,52),
the functional importance of which remained unclear.
Although a couple of studies demonstrated a correlation
between Nrd1p/Nab3p/Mtrdp binding to stress-responsive
messages during glucose starvation with their decay (43,51),
the exact nature of the functional role of NNS complex in
the decay of these mRNAs remained elusive.

In addition to the normal and functional mRNAs, the
NNS complex was also shown to direct the degradation
of bacterial Rho factor-induced aberrant transcripts that
involved the Nrd1p-dependent coordinated recruitment of
Rrp6p after being recruited by the RNAP II (46). Genome-
wide high-resolution landscapes of Rrp6p, Trf4p and
Nrd1p/Nab3p were utilized to show that Nrd1p/Nab3p ap-
peared to withdraw under normal conditions from mRNA
loci and sequester around the sno- and snRNA loci in the
genome. Upon activation of the Rho factor that induces
the formation of aberrant mRNPs, Nrd1p/Nab3p promptly
redistributes from the genomic loci producing non-coding
RNAs to the new loci harboring Rho-affected protein-
coding genes, thereby triggering their decay and elimina-
tion (47). Notably, these researchers did not address if the
Nrdlp complex targets all kinds of aberrant messages. Fur-
thermore, the mechanism of action of NNS in the nuclear
mRNA surveillance was not explored. In this investigation,
we present evidence that Nrd1p (and presumably the NNS
complex) plays a central role in the surveillance of all classes
of aberrant nuclear mRNAs, and the co-transcriptional re-
cruitment of Nrdlp on all kinds of faulty transcripts is
found to be crucial for their decay. Furthermore, Nrd1p-
recruitment on the export-defective mRNAs leads to the re-
cruitment of the exosome component Rrp6p. Our evidence
suggests that mode of recruitment of Nrdlp onto a given
aberrant message is also vital to govern if it would further
facilitate the TRAMP- or CTEXT-dependent degradation
of a distinct class of faulty messages.

MATERIALS AND METHODS
Nomenclature, strains, media and yeast genetics

Standard genetic nomenclature is used to designate wild-
type alleles (e.g. ACTI, CYCI, CYH2, LYS2, HPRI), re-
cessive mutant alleles (e.g. lys2-187, nupl16-A, nrdl-1, nrdl-
2, nrd1 A®™) and disruptants or deletions (e.g. chcl::TRPI,
chel-A, rrp6::TRPI, rrp6-A). An example of denoting a
protein encoded by a gene is as follows: Nrd1p encoded by
NRDI. The genotypes of S. cerevisiae strains used in this
study are listed in Supplementary Table S1. Standard YPD,
YPG, SC-Lys (lysine omission) and other omission media
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Table 1. Various types of aberrant mRNA substrates, generated progressively during mRNP biogenesis, the specificity of the decay apparatus to degrade

them and their representative model mRNAs used in this study.

Stages of mRNP Specificity of core Specificity ~ Specificity ~ yeast mutant strain Representative
mRNP biogenesis Nature of exosome of of background used for mRNAs
biogenesis events aberrant mRNAs  (EXO11Pis3p+Rrpop) TRAMP CTEXT this study evaluated
Early Transcription Transcription + + - hprl-A ACTI, CYCI
assembly
defective
Splicing Intron- + + - prp2-1 pre-ACTI,
containing splice pre-CYH?2
defective
Intermediate 3’-end Aberrant + + + rnal4-1 LYS2, CYCI
Processing transcription
termination
read-through
transcripts with
long 3’-Extension
Late Nuclear Export Defective + - + lys2-187 mRNA, lys2-187
Export Nucleus-retained Nucleus
mRNAs in nupl16-A retained
strain, ACTI and
Non-aberrant special CcYCl
mRNAs IMP3,
NCW2, SKSI
and GIC2

were used for testing and growth of yeast (53). Yeast genetic
analysis was carried out by standard procedures (53).

Plasmids and oligonucleotides

The plasmids were either procured from elsewhere or were
constructed in this laboratory using standard procedures.
All the oligonucleotides were obtained commercially from
Integrated DNA Technology (Coralville, IA, U.S.A.). The
plasmids and oligonucleotides used in this study are listed
in Supplementary Tables S2 and S3, respectively.

Plate assay for suppressibility of the /ys2-187 mutation

A series of 107! dilution of suspension of 10° cells per ml
were spotted on YPD, and lysine omission medium (SC-
Lys) and the plates were incubated at 30°C for either 3 (for
YPD) or 4-5 days (for Sc-Lys) medium followed by cap-
turing the image of the cell growth as described previously

(15).

Site-specific mutagenesis

A DNA fragment carrying full-length NCW2::MYC and
GIC2::M YC marked with a KANMX cassette was trans-
formed into a BY4671 strain background. DNA isolated
from this tagged strain was subjected to PCR using dif-
ferent forward and reverse mutagenic primers contain-
ing the desired mutations. Amplified PCR products were
then transformed into NRDI*, nrdl-1, nrdI-2, nrdl ACID
strains. Transformed cells were subsequently selected on
G418 plates. G418 resistant colonies were subjected to
DNA sequencing to confirm the presence of the par-
ticular mutation. The ncw2-1, gic2-1 mutant harbors
the following mutations respectively T57T (ACU—ACC),
V58L (GUA—CUA), and P361P (CCU—CCC), V362L
(GUA—CUA).

RNA analyses and determination of steady-state and decay
rate of mRNAs

Total RNA was isolated as described earlier (16) by har-
vesting appropriate yeast strains followed by extracting the
cell suspension in the presence of phenol-chloroform-IAA
(25:24:1) and glass bead. Following the extraction, the RNA
was recovered by precipitation with RNAase-free ethanol.
cDNA preparation was initiated by treating the total RNA
with DNase I at 37°C for 30 min (Fermentas Inc., Pitts-
burgh, PA, U.S.A.) to remove genomic DNA. The reac-
tion was stopped by adding 1l of EDTA and incubating
at 65°C for 10 min, followed by first-strand cDNA synthesis
using Superscript Reverse Transcriptase (Invitrogen Corpo-
ration, Waltham, MA, U.S.A.) using Random Primer (Bi-
oline Inc., Memphis, TN, U.S.A.) by incubating the reac-
tion mixture at 50°C for 30 min. Real-time qPCR analyses
were performed with 2-3 ng of cDNA samples for ACT1,
CYCl, LYS2, NCW2, SKSI, etc., and 30 ng for intron-
containing splice defective messages, ACTI and CYH?2 in
prp2-1 strains to determine the steady-state levels as de-
scribed previously (16). The decay rate of a specific mRNA
was determined by the inhibition of global transcription
with transcription inhibitor 1,10-phenanthroline (Sigma-
Aldrich India) at 25 or 37°C (as mentioned) and is described
previously (16). Briefly, the specific strain was grown at 25°C
till the mid-logarithmic phase (special messages), or an ad-
ditional step was added for temperature-sensitive mutant
strains (hpril-A, prp2-1, rnal4-1) of shifting the culture from
25 to 37°C for 2 h. This was followed by the addition of 1,
10-phenanthroline to the growing culture at a final concen-
tration of 100 wg/ml and withdrawal of 25 ml of aliquots
of culture at various times after transcription shut off. Mes-
senger RNA levels were quantified from cDNA by real-time
PCR analysis, and the signals associated with the specific
messages were normalized against SCRI signals. The decay
rates and half-lives of specific mRNAs were estimated with
the regression analysis program (Graphpad Prism version



7.04) using a single exponential decay formula (assuming
mRNA decay follows first-order kinetics), y = 100e~"* was
used.

Real-time PCR

Following the synthesis from total RNA samples, each
cDNA was first quantified using Qubit®ds DNA HS As-
say Kit (Invitrogen, Waltham, MA, U.S.A.) following the
manufacturer’s recommendation. Briefly, 2-3 ng of quanti-
fied cDNA was used to quantify the levels of specific mR-
NAs such as CYCI, ACTI, IMP3, NCW2 and LYS2 by
gPCR assays by using target-specific primers and standard
SYBR Green Technology using Power SYBR® Green PCR
Master Mix (Applied Biosystems, Waltham, MA, U.S.A.).
qPCR assays were run in triplicate and conducted using an
Applied Biosystems StepOne™ real-time PCR system fol-
lowed by the target quantification by the relative quantifi-
cation (by the AA~“" method) of individual target mR-
NAs normalized with respect to SCRI RNA. Note that
the abundance/steady-state levels of SCR/ did not change
across our experimental condition and various yeast strains
(Supplementary Figure S6).

End-point semi-quantitative PCR reaction

PCR was carried with 2-3 ng of quantified cDNA samples
using primer sets specific to either CYCI, ACTI, IMP3,
NCW?2 and LYS2 or 50 ng cDNA for splice-defective tar-
gets ACTI and CYH2 gene by Taq DNA polymerase
(Thermo Fisher Scientific Inc., Waltham, MA, U.S.A)).
The conditions for individual PCR reactions varied slightly
for individual messages. The PCR products were analyzed
on 1% agarose gel, and the signal intensities associated
with each band were quantified by ImageJ software (NIH,
Bethesda, MD, U.S.A.) from three independent biological
replicates.

Protein analyses by western blot

Total protein was isolated from specific yeast strains (WT
and nrdl A“'P) grown overnight at 30°C in YPD broth. Fol-
lowing centrifugation at 5000 rpm for 7 min, the cell pellets
were quickly frozen in liquid nitrogen and stored at —70°C.
Frozen pellets were thawed on ice and resuspended in 1 ml
of Buffer A (50 mM Tris—-HCI pH 7.5, 150 mM NacCl, 5
mM EDTA, 1 mM DTT, 1 mM PMSF) supplemented with
Protease Inhibitor Cocktail (Abcam ab201111, U.K.). The
cells were lysed by vortexing 10-15 times with glass beads
followed by clarification of the particulate fraction by cen-
trifugation at 11,000 rpm for 20 minutes. Supernatants were
collected and saved as the total soluble protein fraction for
further analysis. Protein concentration was determined by
the Bradford reagent assay kit (Bio-Rad Inc., Valencia, CA,
U.S.A.). For Western Analysis, 60 wg of total protein was re-
solved in 10% SDS polyacrylamide gel. The separated pro-
teins were transferred to the PVDF membrane at 50-100
mA O/N for immunoblotting. Blots were blocked with 5%
skimmed milk in Tris-buffered saline (10 mM Tris, 150 mM
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NaCl, 0.1% Tween 20) and incubated with primary antibod-
ies for specific proteins for 1 h at room temperature in fol-
lowing dilutions in 5% BSA: (i) Rabbit Polyclonal anti-Nrd1
(1:1000) and (i1) Mouse Monoclonal anti-Tubulin (1:2000).
Blots were further washed in 1x TBS with 0.1% Tween 20
(TBST) and incubated in HRP-conjugated secondary anti-
rabbit or anti-mouse antibody each diluted at 1:3000 in
wash buffer for one hour at room temperature. Immunore-
active bands were developed and detected by chemilumines-
cence (ECL imager kit, Abcam, U.K.), and the images were
either captured by X-ray film or by myECL Chemidoc Im-
ager (Thermo Scientific, Waltham, MA, U.S.A.).

Chromatin immunoprecipitation (ChIP) assay

Chromatin preparation was essentially performed follow-
ing the procedure described earlier (54). The NRDI* and
nrdl A€ strains or PCF11" and pcf11-2 strains in the dif-
ferent backgrounds were used for this study. Two-hundred
fifty milliliters of cells were grown till ODgy ~ 0.5 (=
107 cells/ml) and were fixed with 1% formaldehyde for 20
min. The reaction was stopped by adding glycine, and the
cells were washed and lysed with glass beads to isolate chro-
matin. The cross-linked chromatin was sheared by soni-
cation to reduce the average fragment size to ~ 500 bp.
Chromatin-IP was carried using the ChIP assay kit (EZ-
ChIP™; Cat#17-295) from Merck Millipore, India. Im-
munoprecipitation of 120 g Chromatin fractions (&
100 pl) from each strain was performed using anti-Nrd1p
antibody incubated overnight at 4°C. Incubation with Pro-
tein G agarose bead was followed by washing and chro-
matin elution. The eluted supernatants and the input con-
trols were incubated with Proteinase K for 1 h at 37°C
followed by 5 h at 65°C to reverse cross-link the precipi-
tated DNA from the complexes. DNA was purified using
the DNA-clean-up column provided with the kit. The im-
munoprecipitated DNAs (output) were quantified by real-
time PCR (as mentioned above) using three sets of primers
located along a specific genes coding sequence (5'-end, mid-
dle, and 3’-end) and normalized to a half dilution of in-
put DNA. Amplifications were done in duplicate for each
sample (technical replicate), averages and standard devia-
tions were calculated based on three independent experi-
ments (biological replicate).

Mining and analysis of the previously deposited PAR-CLIP
data

The processed wig files for the Nrd1 Arc Lamp Crosslink-
ing dataset were downloaded from Gene Expression Om-
nibus (55) found under series number GSE31764 (Origi-
nally deposited by Creamer et al. 2011) (56). The files were
loaded into Integrative Genomics Viewer (57) using which,
the Nrdl PAR-CLIP binding plots were obtained. To find
the sites of T — C transition, the raw reads were down-
loaded from SRA (58) and aligned to the Saccharomyces
cerevisiae reference genome version R64-1-1, downloaded
from https://asia.ensembl.org/ using RNA STAR (59), on
the European public server of the galaxy project (https:
/lusegalaxy.eu/) (60). The aligned reads were then investi-
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gated for T — C transitions using Integrative Genomics
Viewer (57).

RESULTS

We begin this investigation by interrogating if the NNS
complex plays a universal functional role to promote
the degradation of every class of aberrant nuclear tran-
scripts and further unraveling the functional relationship
of NNS with the nuclear exosome/TRAMP/CTEXT. Con-
sequently, we analyzed if mutations in NNS components
affect the nuclear decay of the arbitrarily selected repre-
sentative mRNAs from every class of aberrant messages
(Table 1). The analysis was carried out by comparing the
steady-state levels and stability of these representative mR-
NAs from different aberrant classes in isogenic series of
yeast strains (Experimental strategy presented in Figure
1A). These isogenic series consist of (1) a parent strain defec-
tive in a given type of mRNP biogenesis and (ii) its isogenic
derivatives, which additionally harbor various mutations in
the NRDI gene (Supplementary Table S1 and Figure 1A).
The stability analysis was then followed by the systematic
investigations of co-transcriptional recruitment profiles of
Nrdlp and Rrp6p onto representative model aberrant mes-
sages. The recruitment profiles will help us gain insight into
how the Nrd1p is recruited to specific types of aberrant mes-
sages and what further impact this recruitment has on the
downstream fate of these faulty transcripts.

Nrdlp participates in the degradation of transcription
elongation-defective mRNAs produced in the THO mutant
hprI-A yeast strain

During transcription elongation of the protein-coding
genes in eukaryotes, a complex of Hprlp, Tho2p, Mftlp,
Thp2 (dubbed THO complex) is deposited on to transcrib-
ing messages, which leads to its subsequent association with
the splicing/export factors Sub2p/Yralp to promote their
mRNP maturation and export (61-63). Mutation in any
THO components (a Apri-A or mftl-A strain) led to the
destabilization of several transcripts (61,63,64). Destabi-
lization of these messages was rescued by the inactivation
of the nuclear exosome component Rrp6p (rrp6-A muta-
tion), and TRAMP component Trf4p (zrf4-A mutation)
and Mtrdp (mtr4-1 mutation), but not by the inactivation
of CTEXT component Cbclp (chcl-A mutation) (12). The
possible role of Nrdlp (and possibly of NNS) in the decay
of the transcription assembly-defective mRNAs was evalu-
ated by determining the steady-state levels of Transcription
Assembly-Defective (-Tad) forms of two arbitrarily chosen
ACTI and CYCI mRNAs in THO complex-deficient Apri-
A yeast isogenic strain series at a non-permissive tempera-
ture of 37°C either by qRT-PCR or by end-point PCR us-
ing gene-specific primer sets (Primer information provided
in Supplementary Table S4) (12). As mentioned above, this
isogenic series consists of a wild-type parent strain (HPRI™)
relative to the strain defective in transcription elongation
(hpri-A) and derivatives of this defective strain with various
mutations in the NRDI gene as indicated in Supplementary
Table S1. We used three different mutations in the NRDI

gene (Figure 1B), the first two, nrdl-1 and nrdl-2, harbor
pre-mature non-sense mutations leading to the formation of
two truncated versions of Nrdlp. The last one, nrdl AP,
carries a deletion in its CID (RNAPII CTD Interacting
Domain) that abolishes its ability to interact with RNAPII
(20,33) (Figure 1B).

The relative steady-state levels of two representative
ACTI-Tad and CYCI-Tad RNA species determined by
qRT-PCR are presented in Figure ID-E, and G-H as the
histograms on the top of each panel, whereas the gel pan-
els at the bottom depict their relative levels as evaluated
by end-point PCR (Figure 1D-E and G-H). Remarkably,
both the representative ACTI-Tud, and CYCI-Tad mRNAs
displayed a robust stabilization of approximately 7- to 9-
(13- to 18-) fold in hpri-A nrdl-1, hprl-A nrdl-2 and hpri-
A nrdl A®'P strains at the non-permissive temperature of
37°C estimated by qRT-PCR (histograms in Figure 1E and
H). Consistently, the pattern of the steady-state levels of
these assembly-defective RNAs determined by end-point
PCR indeed supports this finding (gel panels in Figure 1E
and H). As noted before (12), both ACTI-Tad and CYCI-
Tad transcripts displayed a similar stabilization when exo-
some component Rrp6p was deleted, but they did not ex-
hibit any stabilization at 37°C when CTEXT component
Cbclp was deleted (Figure 1E and H). Furthermore, no sig-
nificant alteration in the steady-state levels of these faulty
messages was observed in any of these isogenic yeast strain
series at a permissive temperature of 25°C (Figure 1D and
G). Together, these observations are consistent with the idea
that the steady-state levels of these RNAs displayed a dra-
matic enhancement caused by their diminished decay in
hprl-A nrdl mutant strains. The collective findings support
the conclusion that Nrd1p facilitates the rapid degradation
of the transcription assembly-defective forms of these mR-
NAs generated in THO-deficient /iprl-A strain at the non-
permissive temperature of 37°C.

Nrd1p facilitates the degradation of intron-containing pre-
mRNAs produced in the splice defective prp2-1 yeast strain
at the non-permissive temperature of 37°C

A mutation in the PRP2 gene (prp2-1 allele) encoding an
essential splicing factor (65) results in the accumulation
of splice-defective pre-mRNAs in the nucleus at a non-
permissive temperature of 37°C, which were rapidly de-
graded by the nuclear exosome (66) and TRAMP com-
plex (12,67) but not by CTEXT complex (12). We evalu-
ated the role of Nrd1p in the decay of the intron-containing
pre-mRNAs generated in the prp2-1 strain at the non-
permissive temperature of 37°C by determining the steady-
state levels of two randomly selected intron-containing
pre-ACTI and pre-CYH2 mRNAs produced in wild-type
(PRP2%), prp2-1 strain and their nrdl isogenic derivative se-
ries at permissive and non-permissive temperature by qRT-
PCR (12). To selectively and precisely detect the precursor
forms of these mRNAs, we used a primer set that preferen-
tially amplifies the intron-containing precursor forms and
not their mature forms (amplicon location shown in blue
line in Figure 2A and C, Supplementary Table S4). Indeed,
both the representative pre-4ACT1 and pre-CYH?2 precur-
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Figure 1. Nrdlp participates in the degradation of aberrant mRNPs generated in transcription-elongation-defective ipri-A yeast strain. (A) Outline of the
experimental procedure used in this investigation. (B) Schematic diagram showing the domain organization of full-length Nrd1p (redrawn from reference
number (29)): the RNAPII CTD binding domain (CID, aa 1-140), RNA Recognition Motif (RRM, aa 340-410), RE/RS (arginine-, serine- and glutamate-
rich region, aa 245-265); and P/Q (proline-, glutamine-rich region, aa 500-575) regions. The specific structures for the nrd/ mutants are shown below. (C-H)
Relative abundance of transcription assembly-defective (Tad) version of ACT1, ACTI-Tad (panels C-E) and CYCI, CYCI-Tad (panels F-H) mRNAs at
permissive (25°C) and non-permissive temperature (37°C) in the HPRI™, hpri-A, and its various isogenic derivative strains as determined by qRT-PCR
using either a primer set P 4¢77.72¢R1R2 or Peyer.7,4R1R2 indicated in blue on top and at the right side of the histogram. The mean normalized levels of
each target mRNA estimated in the HPRI" sample were set to 1. P-value was estimated with respect to the steady-state levels of the transcript in the Aipri-A
yeast strain. The gel panels below each graph depict a representative gel showing the relative levels of the nearly full-length messages as determined by the
end-point PCR carried out using either primer set P4c7;.72sE1E2 or Peyer.7uqE1E2 (indicated in red on top and at the right side of the gel). Positions of
the relevant size standards are shown on the left side of each gel panel. Three independent samples of random-primed cDNA (from biological replicates,
N = 3) were prepared from indicated strains, pre-grown at 25°C followed by a 2-h shift at 37°C before being subjected to either qRT-PCR or end-point PCR
analysis. Transcript copy numbers/3 ng cDNA were normalized to SCRI/ RNA signals obtained from respective samples and are shown as means + SE.
P values were estimated from the Student’s two-tailed 7-test for a given pair of test strains for each message and are presented with the following symbols,
*P < 0.05, ¥xP < 0.005 and *#xP < 0.001, NS, not significant.
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Figure 2. Nrdlp facilitates the degradation of aberrant mR NPs generated in splice-defective (prp2-1) yeast strains. (A-D) Relative abundance of two intron-
containing precursor pre-ACT (B) and pre-CYH2 (D) mRNAs at permissive (25°C) and non-permissive (37°C) temperature in the PRP2*, prp2-1 and
their isogenic derivative strains as determined by qRT-PCR using a primer set encompassing the blue amplicons located within the intronic regions of each
gene (indicated in top cartoons). The normalized value of each pre-mRNA signal from PRP2" strains was set to 1. P-value was estimated with respect
to the steady-state levels of the transcript in the prp2-1 strain at each temperature. Three independent samples of random-primed cDNA (from biological
replicates, N = 3) were prepared from indicated strains, pre-grown at 25°C followed by a 3-h shift of the yeast strains at 37°C before being subjected to
gRT-PCR. Transcript copy numbers/50 ng cDNA for prp2-1 strains were normalized to SCRI/ RNA signals obtained from respective samples and are
shown as means & SE. P-values were estimated from the Student’s two-tailed #-test for a given pair of test strains for each message and are presented with
the following symbols, xP < 0.05, xxP < 0.005 and *xxP < 0.001, NS, not significant. (E-H) Relative steady-state levels of precursor and mature forms
of ACTI and CYH2 mRNAs at 25°C and 37°C temperature in the PRP2", prp2-1, and their isogenic derivative strains. Representative gel showing the
relative levels of the precursor as well as mature pre-ACT! (F) and pre-CYH2 mRNA (H) in these strains as determined by the semi-quantitative end-point
PCR reactions carried out using the primer sets locating within the exonl and exon2 of each gene encompassing the red amplicons (indicated on top of
each graph). Positions of the relevant size standards are shown on the right side of each gel panel. Note that the primer sets used in the experiments could
detect both the pre-mRNAs and their mature forms and thus enabled us to specifically and precisely estimate both the precursor and mature forms of these
mRNAs. (I and J) Quantification of the semi-quantitative PCR data from (F) and (H) showing the relative levels of the pre-mRNAs and mRNAs of ACT/
and CYH2 mRNAs presented in the ratio of precursor to mature form of each RNA at 25 and 37°C. The steady-state intensity for each of the mature and
precursor forms of each RNA was derived from three independently prepared gels normalized to the intensity of SCRI mRNAs (not shown). The ratio
of precursor to mature species was determined and presented as mean P/M ratio + SE. P-values were estimated from the Student’s two-tailed 7-test for a
given pair of test strains for P/M values for each RNA and are presented with the following symbols, xP < 0.05, #P < 0.005 and s*xP < 0.001, NS, not
significant.



sor mRNAs showed a dramatic steady-state enhancement
of approximately three folds in prp2-1 nrdi-1, prp2-1 nrdl-
2 and prp2-1 nrdl A°™ strains at the non-permissive tem-
perature of 37°C (Figure 2B and D, bottom histograms).
This finding thus strongly indicates that Nrd1p promotes
the degradation of the intron-containing precursor forms
of these RNAs in prp2-1 strain at the non-permissive tem-
perature of 37°C. Despite being produced in extremely low
abundance at permissive temperature of 25°C in all of these
isogenic strains, we did not observe any substantial al-
teration in the steady-state levels of these precursor tran-
scripts in these strains at 25°C (Figure 2B and D, top his-
tograms). Furthermore, as before, both pre-4CT1 and pre-
CYH?2 RNA transcripts displayed a comparable stabiliza-
tion in prp2-1 rrp6-A strain to that exhibited in nrd! mutant
strains while not exhibiting any stabilization in prp2-1 cbcl-
A strain at 37°C (Figure 2B and D, bottom histograms).

To further corroborate our finding, we repeated the same
experiment with an alternative approach by performing the
end-point PCR with a different set of primer specific for
ACTI and CYH?2 gene sequences in which the sense and
antisense primers are located on exons 1 and 2, respectively
(Figure 2E and G, Supplementary Table S4). An end-point
PCR using these primer sets specific for ACTI and CYH?2
exons followed by the analysis of the PCR product by the
gel electrophoresis yielded two bands — one each for the pre-
cursor (P) and mature (M) messages (Figure 2F and H).
Analysis of steady-state profiles of the precursor and ma-
ture messages of ACT1 and CYH2 RNA from these strains
at 25 and 37°C revealed that the pre-4CT1 and pre-CYH?2
mRNAs generated at 25°C in all the isogenic strains were
barely detectable relative to their mature forms (Figure 2F
and H, top panels). In contrast, the precursor messages for
both the RNAs at 37°C were fairly strong in prp2-1 and
its isogenic exosome and nrd! deficient strains (Figure 2F
and H, bottom panels). Consistent with the data observed
from the experiments presented in Figure 2A-D, the pre-
mRNA species of both the ACTI and CYH?2 genes dis-
played more intense bands in prp2-1 nrdl-1, prp2-1 nrdl-2,
nrdl AP and prp2-1 rrp6- A strains relative to prp2-1 strain
at 37°C (Figure 2F and H, bottom panels). As observed be-
fore, the prp2-1 cbcl-A strain did not exhibit any enhance-
ment in the intensity of the precursor RNA species (Fig-
ure 2F and H, bottom panels) (12). Further quantification
of these observed bands of precursor and mature species
of the ACTI and CYH2 RNA yielded a low ratio of pre-
cursor to mature species (P/M ratio) for all the strains at
the permissive temperature of 25°C (Figure 2I and J, top
histograms). In contrast, the P/M ratio for both the RNA
species in prp2-1 rrp6-A, prp2-1 nrdl-1, prp2-1 nrdl-2 and
prp2-1 nrdl A°'P strains was found to be approximately 12-
fold higher relative to the value observed in prp2-1 and prp2-
1 ¢bcl-A strains at the non-permissive temperature of 37°C
(Figure 2I and J, bottom histograms). Together, these data
strongly support the conclusion that the mutations in the
NRDI gene dramatically stabilized the steady-state levels of
both the representative intron-containing precursor RNA
species, thereby signifying that Nrdlp (and perhaps NNS
complex) facilitates rapid exosomal degradation of these
representative splice defective RNAs.
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Nrdlp plays a vital role in the degradation of aberrantly long
3’-extended mRNAs produced in the ‘3’-end processing defec-
tive’ rnal4-1 yeast strain

In the conditionally lethal 3’-end processing-defective
rnal4-1/rnal5-2 strains, faulty transcripts are produced
globally at the restrictive temperature of 37°C that har-
bor aberrantly long 3’-extended read-through termini (68—
71). The nuclear exosome was found to processes these
defective transcripts to their natural length (61,72). Con-
sequently, they are stabilized by the mutations in the
components of either the nuclear exosome, TRAMP or
CTEXT (12). These data collectively suggest that aber-
rantly long transcripts with 3’-extended read-through ter-
mini in rnal4-1 strains undergo massive degradation in
an exosome/ TRAMP/CTEXT-dependent manner. Having
demonstrated that Nrd1p promotes the decay of aberrant
transcription-assembly defective and splice-defective mes-
sages, we went ahead to evaluate the role of Nrdlp in the
decay of the aberrantly long 3’-end-extended transcripts.
We examined if the decay of aberrantly long 3’-extended
read-through forms of two arbitrarily chosen model mR-
NAs, LYS2 and CYCI (12), were affected by the nrdl mu-
tations. These two transcripts were selected based on differ-
ences in their length—mature LYS2 mRNA being 4.18 kb
and mature CYCI mRNA being 0.63 kb long. Transcripts
of such diverse ranges were chosen to evaluate if the impact
of the Nrd1p (and NNS complex) is similar and compara-
ble on long and short messages (12). Moreover, in address-
ing the impact of NNS complex on these aberrant 3’-end
processing defective RNAs, we deliberately selected qRT-
PCR as a method of choice over northern blot analysis for
the following reason. A typical northern blot using the to-
tal RNA samples extracted from rnal4-1 strain at 37°C,
when probed against a specific transcript, yields a signal
consisting of really long smear trailing behind the partic-
ular band of the mature length of that RNA (instead of a
sharp band at the mature position). The smear results from
differential migration of the heterogeneous population of
messages with variable extensions at the 3'-termini during
the initial fractionation by gel electrophoresis (61,72). Con-
sequently, the abundance of these transcripts is impossible
to quantify precisely from the northern blot using the stan-
dard image analysis tools. In contrast, the use of qRT-PCR
using a primer set spanning defined regions downstream of
LYS2 and CYCI genes (see cartoon in Figure 3G and H
and Supplementary Table S4) would lead to the precise de-
termination of the abundance of a specific aberrant read-
through transcript (LYS2 or CYCI) of a defined length in
a selective fashion from the heterogeneous population of
the extended species. The goal mentioned above would thus
be achieved by using two primer sets defining the ampli-
cons Cgxq (CYCl-extended) and Lgxq (LYS2 —extended),
respectively, for the qRT-PCR assay (Primer information
given in Supplementary Table S4). These amplicons span
the further downstream region from the polyadenylation
sites (3200 nt for LYS2 and 1861 nt for CYCI from re-
spective translation termination codons) (Figure 3G and
H, shown by blue lines). In addition, the use of alternative
primer sets spanning within the mature/coding regions of
these genes defining the amplicons Cymq and Lyq respec-
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Figure 3. Nrdlp promotes the degradation of aberrant mRNPs produced in the 3’-end processing-defective (rnal4-1) yeast strains (A and B). Cartoons
showing the coding and downstream regions of the LYS2 and CYCI gene and the position of the primer-sets and amplicons used in the experiments
presented in panels (C-F). Relative abundance of two mature (and 3'-extended forms, if any), LYS2-M (C-D) and CYCI-M (E and F) forms of these RNAs
at permissive (25°C) and non-permissive (37°C) temperature in the RNAI4", rnal4-1 and their indicated isogenic derivative strains. In each panel, the top
histograms depict the levels of mature (and extended, if any) species of these RNAs quantified by qRT-PCR, and the bottom gels show their levels detected
by end-point PCR. Note that the primer sets used in these qRT- and end-point PCR reactions are located within the coding region of each gene (shown in
blue and red lines respectively for amplicons used in qRT- and end-point PCR in A and B). Three independent samples of random-primed cDNA (from
biological replicates, N = 3) were prepared from indicated strains, pre-grown at 25°C followed by a 3-h shift of the yeast strains at 37°C before being
subjected to either qRT-PCR or end-point PCR analysis. Transcript copy numbers/3 ng for RNA14, rnal4-1, and their derivative strains were normalized
to SCRI RNA signals obtained from respective samples and are shown as means 4 SE. The normalized value of a specific RNA signal from the RNAI4*
sample was set to 1. P-values were estimated from the Student’s two-tailed 7-test for a given pair of test strains for each message and are presented with the
following symbols, * P < 0.05, *+P < 0.005 and %P < 0.001, NS, not significant. P-value was estimated with respect to the normalized steady-state levels
of the transcript in the rnal4-1 strains at each temperature. (G and H). Cartoons showing the coding and downstream regions of the LYS2 and CYC/
gene and the position of the primer-sets and amplicons used in the experiments presented in panels (I-L). (I-L) Relative abundance of 3’-extended forms
of LYS2 (I and J) and CYC! (K-L) RNAs determined either by the qRT-PCR (top histogram) or by end-point PCR (bottom gels). These reactions were
carried out using primer sets that encompass either specifically the 3’-extended region (blue amplicons in G and H) or both the coding and downstream
region (red amplicons in G and H) of each gene. These primer sets will specifically amplify the 3'-extended read-through transcripts and thus enable us to
specifically and precisely estimate only their 3’-extended forms. Except for the use of primer sets, all other experimental parameters and procedures were
kept the same as that described for experiments depicted in panels E and F.



tively (Figure 3A and B, shown by blue lines, Supplemen-
tary Table S4) would amplify only the mature transcript at
both the permissive and the non-permissive temperature in
RNAI4" strain. In contrast, they would amplify only ma-
ture transcripts at permissive temperature and a pool of ma-
ture and extended transcripts at a non-permissive tempera-
ture in rnal4-1 strain.

To ensure that the selected primer sets yield products
according to our expectations, we first evaluate the rela-
tive levels of mature (using Lyg and Cygq) and the ex-
tended transcripts (using Lgxq and Cgxq), of the LY'S2 and
CYCI RNAs in RNAI4* and rnal4-1 strains. As shown
in Supplementary Figure S1A,B, at the permissive temper-
ature of 25°C, the levels of extended transcripts for both
LYS2 and CYCI RNA species are much lower than the ma-
ture species in both RNAI4% and rnal4-1 strains (~10%
of the mature species). Similar profiles of mature and ex-
tended species of both the RNA species were also ob-
served in RNAI4" strain at the non-permissive tempera-
ture of 37°C. This distribution of the mature and extended
species was in perfect agreement with the expectation, since
at 25°C in both strains and at 37°C in RNAI4* strain the
amount of the extended species would be negligibly small
(Supplementary Figure SIA,B). In contrast, in the rnal4-
1 strain at 37°C the abundance of the extended species
is very high relative to the other conditions (Supplemen-
tary Figure SIA,B). Although the predicted levels of ma-
ture species of both the LYS2 and CYCI RNAs in the
rnal4-1 strain were relatively low at 37°C, the transcripts for
both the RNAs were substantially high due to the cumula-
tive amplification of mature and extended species together.
These data corroborated our assumption and justified us-
ing the amplicons, Cmq/Cexq, and Lyg/Lexq to determine
the abundance of the 3'-extended read-through transcripts
of these model RNAs in rnal4-1 (and its nrdl derivative
strains).

Next, we estimated both the mature/‘mature + extended’
and the extended read-through transcripts of LYS2 and
CYCI RNAs in the RNAI4*, rnal4-1 and its nrdI-1, nrdl-
2, and nrdl1 AP derivative strains at both the permissive
and non-permissive temperature of 25°C and 37°C using
both the primer sets defining the amplicons Lyq/Lexq and
Cwmq/Cexq. The results are presented in Figure 3C-F (us-
ing amplicons Ly and Cygq) and Figure 3I-L (using am-
plicons Lgxq and Cgxg). As expected, the abundance of
these mRNAs was very similar in all the strains at 25°C us-
ing both sets of amplicons (Figure 3C-E, [-K). The simi-
larity in their levels at 25°C presumably resulted from the
predominant production of mature species only, using both
of these primer sets that are not affected by the presence or
absence of functional Nrdlp. Predictably, when using am-
plicons Lyig and Cyq in RNAI4" and rnal4-1 strains at
37°C, the abundance of both the LYS2 and CYC] is similar
and comparable (Figure 3D-F, first two histogram bars).
In contrast, the Lgxq and Cgxq amplicons revealed higher
levels of the extended read-through versions of the LYS2
and CYCI RNAs in rnal4-1 strains at 37°C (Figure 3J-L,
first two histogram bars). Most significantly, regardless of
the amplicons used, the steady-state levels of both the ‘ma-
ture + extended’ (with Ly and Cygq) and extended (with
Lexq and Cgxq) forms of LYS2 and CYCI mRNAs were
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found to be substantially enhanced in the yeast strains har-
boring mutant alleles of NRDI (Figure 3D-F and J-L). As
noted before (12), these extended RNA species were also
stabilized by rrp6-A and cbcl-A alleles. Notably, a compar-
ison of RNA stabilizations between that found with ampli-
cons Lyg and Cyq (Figure 3D-F) and that obtained with
amplicons Lgxq and Cgxq (Figure 3J-L) in rnal4-1 nrdl
mutants relative to rnal4-1 revealed that stabilizations ob-
tained with amplicons Lyq and Cyq are more robust and
dramatic. These data suggest that the greater extent of stabi-
lizations in rnal4-1 nrdl strains found with Lgxq and Cgxg
is due to selective enrichment of only the extended read-
through transcripts of these RNAs. In contrast, their rela-
tively lower abundance in rnal4-1 nrdl strains with Ly and
Cwmq resulted from contamination of their mature species in
the population of extended forms. We further corroborated
this observation by repeating the experiments with a dif-
ferent set of primers defining the amplicons Lyg/Cyg and
Lexe/Cexe (Figure 3G and H) using end-point PCR reac-
tion (see Supplementary Table S4), which revealed a similar
extent of enhancement of steady-state levels of the aberrant
read-through transcripts in rnal4-1 nrdl-1, rnal4-1 nrdl-
2 and rnal4-1 nrdl1 A“'P strains at 37°C (gel panels at the
bottom of each histogram in Figure 3D-F and J-L) but not
at 25°C (gel panels at the bottom of each histogram in Fig-
ure 3C-E and I-K). These findings support the conclusion
that Nrdlp (and NNS complex) promotes the nuclear de-
cay of the abnormally long 3'-extended version of the model
LYS2 and CYCI mRNAs generated in the rnal4-1 strain at
37°C.

Steady-state enhancement of the model test mRNAs is di-
rectly associated with their diminished decay in hpri-Anrdl,
prp2-1 nrdl and rnal4-1 nrdl strains relative to hprl-A, prp2-
1 and rnal4-1 strains

To further corroborate if the enhancement of the steady-
state levels of these transcripts in various nrdl mutant
strains is linked to their decay, the decay rates of these faulty
messages were determined in wild-type and different nrdl
strain backgrounds. The decay rates of these selected mR-
NAs were determined post 2 to 3 h of the shift from 25 to
37°C of the growing yeast cultures followed by the block of
RNAPII transcription by 1,10-phenanthroline. Subsequent
determination of steady-state levels of these faulty tran-
scripts at different times by qRT-PCR was carried out us-
ing the same sets of primers as in the previous experiments.
As shown in Figure 4, decay rates of all of the aberrant
forms of transcription elongation-defective ACTI-Tad and
CYCI-Tad mRNAs (Figure 4A and B), precursor forms of
the splice defective pre-CYH2 mRNA (Figure 4C), and the
faulty read-through transcripts of LYS2-Ex and CYCI-Ex
mRNAs (Figure 4D and E) were significantly diminished in
nrdl-1, nrdl-2 and nrdl AC'P strains in comparison to that
in the corresponding wild-type strains with the concomitant
increase in their half-life values (Table 2). These findings are
consistent with the conclusion that all the tested represen-
tative transcription-elongation/assembly-defective, splice-
defective, and aberrantly long read-through transcripts with
3’-extensions are subject to nuclear degradation dependent
on Nrdlp.
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Figure 4. Decay kinetics of representative transcription-elongation-
defective ACTI-Tad and CYCI- Tad (A and B), splice-defective pre-CYH?2
(C), aberrantly long 3’-end processing-defective LYS2-Ex and CYCI-Ex
(D and E) mRNAs at 37°C in the wild-type (orange line) and yeast
strains harboring nrdl-1 (blue line), nrdl-2 (pink line), and nrdl ACP
(green line) mutations. Decay rates were determined by qRT-PCR anal-
ysis from three independent samples of 3 ng cDNA (50 ng for pre-ACT1
and pre-CYH2 mRNAs) (biological replicates, N = 3) extracted from yeast
strains harvested at various times following the treatment of the cells with
transcription-inhibitor 100 wg/ml 1, 10-phenanthroline. qRT-PCR signals
were normalized to SCRI/ RNA signals obtained from the same cDNA
samples, and the normalized signals (mean values + SD from three bio-
logical replicates, N = 3) from each time point were presented as the frac-
tion of remaining RNA (with respect to normalized signals at 0 min, which
was set to 1) as a function of time of incubation in the presence of 1,10-
phenanthroline.

nrdl mutations do not cause any steady-state enhancement
of any model test mRNAs in any of the HPRI*, PRP2* and
RNAI4*, nor do they cause any alterations in the cellular
levels of the nuclear exosome, TRAMP and CTEXT com-
ponents

An alternative explanation for our findings would be that
Nrdl defects specifically increase the levels of the nor-
mal forms of our test mRNAs. This possibility is ruled
out by the fact that the levels of these transcripts (ACT1,
CYCI, CYH2 and LYS2) are unchanged in the rrp6-A,
chel-A, and all of the nrdl mutant strains in the HPRI™,
PRP2* and RNAI4*backgrounds (Supplementary Figure
S1C-E). Likewise, we ruled out the possibility that the sta-
bilization of various aberrant mRNAs by nrd! mutations is
an indirect effect of down-regulation of the components of
the nuclear exosome, TRAMP or CTEXT. Measurements
of the levels of mRNAs encoding these components (Sup-
plementary Figure S2A—C) and their protein levels (Supple-
mentary Figure S2D) show no changes in the nrdl mutants
compared to wild-type. The results of these control exper-
iments support our conclusion that Nrd1 directly destabi-
lizes the aberrant forms of these transcripts.

Stabilization of export-defective messages requires Nrd1p but
not its C-terminal domain

In yeast, a variety of nucleus-retained, export deficient
mRNAs are generated during the terminal phase of the
mRNP biogenesis and are classified into three different cat-
egories: (1) those that are generated due to cis-acting mu-
tations in their transcript body (i.e. /ys2-187 mRNA) (15),
(ii) global poly(A)* messages retained in the nucleus of the
temperature-sensitive nupl16-A mutant yeast strain (14) at
the restrictive condition of 37°C due to a complete block
of nuclear export (73) and (iii) naturally occurring nucleus-
retained export-deficient non-aberrant messages (dubbed
special messages) (24) (Table 1). Our previous work estab-
lished that all of these messages undergo active nuclear
degradation by the exosome and its cofactor CTEXT with-
out any participation of TRAMP (12). An assessment of the
functional role of the Nrd1p in the decay of export-deficient
messages revealed that they were stabilized in nrdl-1 and
nrdl-2 strain backgrounds (Figures 5 and 6). The destabi-
lization of Iys2-187 mRNA at 25°C (Figure 5B), nucleus-
arrested ACT1 and CYCI mRNAs in nupl16-A strains at
37°C (Figure 5E and G) and four export-incompetent spe-
cial mMRNAs IMP3, SKSI, NCW2 and GIC2 at 25°C (Fig-
ure 6C-F) were all rescued in rrp6-A, cbcl-A, nrdl-1 and
nrdl-2 mutant isogenic yeast strains. As expected, normal
export-efficient CYCI mRNA at 25°C (Figure 5A), ACT1
and CYCI mRNA in nupl16-A strains at 25°C (Figure SD
and F), and CYCI and ACT! in the normal background
(Figure 6A and B) were unaffected by the nrdl mutations.
Surprisingly and remarkably, none of the export-defective
test messages displayed any steady-state enhancement in
nrd] A" mutant isogenic strain (Figures 5 and 6). Like-
wise, the nrdl A'® mutation did not suppress the mRNA
accumulation defect caused by the /ys2-187 mutation, in
contrast to suppression of the defect by the nrdl-1 and nrdI-
2 mutations (Figure 5C). Consistent with this finding, nrd1-
1 and nrdl-2 mutations suppressed the rapid decay of the
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Table 2. Half-life values of various aberrant mRNAs in different yeast strains carrying various mutant alleles in NRD/ gene in the backgrounds of
transcription-elongation-defect (hpri-A), splicing-defect (prp2-1) and 3’-end formation (rnal4-1) defect.

Half-life (in minutes) of specific target messages in various nrd/ mutant

strains

Yeast strain defective in Target aberrant message Wild-type nrdl-1 nrdl-2 nrdl AP
Transcription-elongation (ipri-A) ACTI 10.37 20.6 20.15 29.19
CYCI 10.22 29.94 19.77 29.96,
Splicing (prp2-1) pre-CYH?2 9.925 20.15 20.09 19.85
3’-end Processing (rnal4-1) LYS2 10.24 20.06 19.75 19.86
CYCI 10.37 20.06 20.15 29.19
None NCW2 10.11 19.82 19.87 9.952

NCW?2 message, while the nrdl A™® mutation had no effect
(Table 2 and Supplementary Figure S3A). The fact that the
nrd] A" mutation does not suppress the rapid degrada-
tion of NCW2 mRNA and other export defective messages
in general suggests that Nrd1p does not require its CID do-
main for targeting export-deficient mRNAs for nuclear de-
cay (Figures 5B,E,G, 6C-F).

Next, we established genetic epistasis between the Rrp6p,
Cbclp, and Nrdlp to confirm that the core exosome,
CTEXT, and NNS complex collectively act as a part of the
same pathway. Findings from this experiment revealed that
steady-state levels of the two special messages, NCW2 and
SKS1 observed in the single mutant rrp6-A, chcl-A and
nrdl-2 strains, were not changed in the double mutant rrp6-
A nrdl-2, cbel-A nrdl-2 strains (Figure 7B and C). Finally,
we verified that all components of the NNS complex partic-
ipate in the degradation of export-defective transcripts by
demonstrating that their steady-state levels were dramati-
cally stabilized in the yeast strains carrying nab3-10 (Fig-
ure 7D-QG) and seni-1 (Figure 7H-K) mutations relative
to wild-type strain. The normal CYCI mRNA, in contrast,
neither displayed any destabilization nor stabilization in any
of these strains (Figure 7A, D, H). These data are thus con-
sistent with the conclusion that Nrdlp-Nab3p-Senlp to-
gether plays a crucial functional role in the decay of export
defective special messages. Collectively, the findings from
the experiments presented in this section strongly suggest
that the Nrd1p-Nab3p-Senlp complex plays a pivotal role
in the nuclear degradation of representative aberrant nu-
clear mRNAs, which belong to diverse faulty messages (Ta-
ble 3).

Strikingly, the nrdl A°™® mutation, unlike the nrdl-1 and
nrdl-2 mutations, caused differential specificity towards
the aberrant nuclear transcripts. While a dramatic effect
of the nrdl A®™® mutant was observed in stabilizing the
transcription/assembly-, splice- and 3’-processing-defective
mRNAs (Figures 1-4), no stabilizing influence of this mu-
tant was noted in case of export defective messages (Fig-
ures 5 and 6) (Table 3). This observation suggests that
Nrdlp CID is required for targeting the aberrant messages
produced in the early and intermediate stages of mRNP
biogenesis but is unnecessary to promote the rapid de-
cay of the export-incompetent messages. Since the interac-
tion of Nrd1p-RNAPII in the nrdl A“'P strain is abolished
(18,20,30,33,74), the findings described above suggest that
the degradation of aberrant mRNAs generated during the
early and intermediate mR NP biogenesis stage requires the
Nrdlp complex to be recruited co-transcriptionally onto

these transcripts via RNAPII-CTD. In contrast, the CID
domain appears dispensable for the rapid degradation of
export-defective messages, leading to the conclusion that
Nrdlp supports the nuclear decay of the aberrant export-
incompetent messages in an RNAPII-CTD independent
manner.

RNAPII-dependent co-transcriptional recruitment of Nrd1p
is vital for the exosome/TRAMP-dependent decay of the
aberrant mRINAs derived during the early and intermediate
stages of mRINA biogenesis

The observed requirement for the Nrdl CID to target
early and intermediate stage aberrant mRNAs for decay
prompted us to test the hypothesis that Nrdlp is recruited
co-transcriptionally on various kinds of aberrant tran-
scripts. Consequently, the co-transcriptional recruitment
profiles of Nrdlp on various messages were analyzed us-
ing the chromatin immunoprecipitation (ChIP) technique.
Although the ChIP technique was thought to crosslink
chromatin/DNA with the DNA-binding proteins, a vast
majority of RNA binding proteins also crosslink to tran-
scribing messenger RNAs, which remain physically asso-
ciated with the chromatin. RNA-ChIP, adapted from the
classical DNA-ChIP, is now widely used to study and
analyze the binding profile of transcription, splicing, ex-
port and mRNA decay factors, which are recruited co-
transcriptionally and remained strongly associated with
the transcribing/maturing nascent mRNAs (75,76). Be-
fore carrying out the actual comparison of Nrdlp occu-
pancy profile by RNA-ChIP, we first determined that the
ChIP signal generated from our assay procedure is highly
specific (Supplementary Figure S3B-E), which yields an
Nrdlp occupancy profile that is consistent with previous
reports (Supplementary Figure S7). Consequently, the co-
transcriptional recruitment profiles of Nrd1p were deter-
mined on the ACTI and CYCI messages in hprl-A mu-
tant strains at 37°C were found to be dramatically higher
than those estimated at 25°C (Figure 8 A and B). Similarly,
the Nrdlp occupancy of the export-incompetent NCW2
mRNA was significantly higher than the typical export-
efficient message CYC! (Figure 8C). These results support
the hypothesis that Nrd1p (and NNS complex) is selectively
recruited onto faulty and other target RNAs (such as spe-
cial messages) in a co-transcriptional manner.

Next, we determined the Nrd1p recruitment profile onto
the two representative model mRNAs from every class of
aberrant messages in isogenic yeast strains carrying either



11524 Nucleic Acids Research, 2021, Vol. 49, No. 20

- N
[3,] o

-
o

Relative mRNA/SCR1 Level >
o
3]

o
=)

cyYc1

NS

o -
4] (=]

Relative mRNA/SCR1 Level 00
o
o

lys2-187

lys2-187 rrp6-A
lys2-187cbc1-A
lys2-187 nrd1-1
lys2-187 nrd1-2
lys2-187 nrd1A°"®

LYS2*

lys2-187

lys2-187 rrp6-A
lys2-187¢cbc1-A
lys2-187 nrd1-1
lys2-187 nrd1-2
lys2-187 nrd1A°"®

Figure 5. Rapid nuclear decay of export-defective messages is rescued by nrdi-1 and nrdI-2 mutations, but not by nrdl A°'® mutation. (A and B) Relative
steady-state levels of export efficient normal CYC/ (negative control) (A) and normal LYS2 and export-defective /ys2-187 (B) mRNAs at 25°C in the
indicated isogenic yeast strains. The normalized value of the CYCI and LYS?2 transcripts from the LYS2* sample was set to 1. P-value was estimated with
respect to the steady-state levels of the respective transcripts in the [ys2-187 yeast strain (A and B). (C) Growth profile of LYS2* and the isogenic lys2-187
mutant strains on YPD and SC-Lys medium at 25°C. A series of progressively diluted (1/10th) suspensions from the stock (concentration 10° /cells per ml)
of each strain were made, followed by spotting (10 1) on YPD and lysine omission medium (SC-Lys). The plates were incubated at 25°C for 3-4 days before
capturing the images. (D-G) Relative steady-state levels of nucleus-retained ACT1 (D-E) and CYCI (F and G) at permissive (25°C) and non-permissive
(37°C) in the nup116-A mutant and its various indicated isogenic strains. The normalized value of these transcripts from the nup116-A sample was set to 1.
Transcript copy numbers/3 ng cDNA for lys2-187 strains, copy numbers/2 ng cDNA of other strain backgrounds were normalized to SCRI RNA levels
in respective samples and are shown as means & SE. P-values estimated from the Student’s two-tailed #-test for a given pair of test strains for each message

Relative mRNA/SCR1 Level

m

Relative mMRNA/SCR1 Level

-

Relative mMRNA/SCR1 Level

Relative mRNA/SCR1 Level (0]

ACT1, 25°C

2.0

éélgﬁﬁﬂ

Q & (‘,0 (\‘ &

ACT1, 37°C

e % *k
-

3.0+

2.01

1.01 =

N Q
&> >R

3.0 * *

are presented with the following symbols, P < 0.05, P < 0.005 and #*xP < 0.001, NS, not significant.



Nucleic Acids Research, 2021, Vol. 49, No. 20 11525

A cYC1 B ACT1
= ; NS — ;
% 1.5 % 1.5
-l |
z - 1 z o]
S 1.0 + | S 1.0
< =<
2 o2
£ 0.51 e 0.51
2 2
Kt s
Cooll L1 11 11 11 11, S 0.0 . .
S v N © v N ®
SEFLTE IS S EFFTE IS
RN AR
<o A\
C IMP3 D SKS1
©12.0- T>>12_0.
[+ [+
—10.0- =10.0- *xk
o & ==
8 8.0+ * S 8.0-
§ 6.0+ * § 6.0
m m *dkk
E 4.0 e * § 4.0- * o
2 oL S
E 2.0+ NS E 2.0 NS
Yy N T € ool LI ILIIID
SV N N
& b,V '\,V ,\3\ ,\:\' S § o NN ,\f\' g
A P RS & &
<o <o
E NCW2 F GIC2
S 12.04 2 5.0
= 10.04 « T 3
E ) . % g 4.0 1 % * :
8.0 -
2 2 30- l
E 6.04 *k E .
€ 4.01 € 2.07
s 4.0 s NS
£ 2.0 NS £ 199 ﬁl
€ 0.0 o I 8 O O cooll 11 11 11 11 11
$ @“’v &7 5 S £ @"’v &7 S
N IR e

Figure 6. nrdl-1 and nrdl-2, but not nrdl AP mutation rescue the rapid nuclear degradation of export-inefficient nucleus-retained special messages. (A-D)
Relative steady-state levels of two export efficient mRNAs CYCI (A) and ACTI (B) and four export-inefficient special mRNAs, IMP3 (C), SKSI (D),
NCW?2 (E) and GIC2 (F) at 25°C in a wild-type, rp6-A, chcl-A, nrdl-1, nrdl-2 and nrdl AC™P strains. The normalized value of each specific mRNAs from
the wild-type sample was set to 1. Three independent samples of random-primed cDNA (biological replicates, N = 3) samples were prepared from the
indicated isogenic strains grown at 25°C before subjecting them to real-time qPCR analysis using primer sets specific for each mature mRNA. Transcript
copy numbers/3 ng cDNA were normalized to SCRI RNA levels in respective samples and are shown as means + SE. P-values estimated from the Student’s
two-tailed #-test for a given pair of test strains for each message are presented with the following symbols, P < 0.05, xxP < 0.005 and ##xP < 0.001, NS,
not significant.



11526 Nucleic Acids Research, 2021, Vol. 49, No.

>

Relative mMRNA/SCR1 Level

O

Relative mMRNA/SCR1 Level

m

Relative mMRNA/SCR1 Level

Figure 7. All the components of the NNS complex act together with the core nuclear exosome and CTEXT complex to facilitate the decay of the export
defective special mRNAs. A-C. Relative steady-state levels of export efficient CYCI/ mRNA (A) and two export-inefficient special messages, NCW2 (B)
and SKS! (C) mRNAs at 25°C in an isogenic wild-type, rrp6-A, cbcl-A, nrdl-2, rrp6-A nrdl-2 and cbel-A nrdl-2 strains. The normalized value of each
specific mRNAs from the wild-type sample was set to 1. (D-K) Relative steady-state levels of normal export-efficient CYC! (D and H) and three export-
inefficient special mRNAs, IMP3 (E and 1), NCW2 (F and J) and SKS! (G and K) at 25°C in the indicated nab3 (D-G) and senl (H-K) isogenic yeast
strain series. Normalized values of the transcript in the wild-type samples were set to 1. The RNA extraction and steady-state level of the specific mRNAs
were determined as described in the legend of Figure 1. P-values were estimated from the Student’s two-tailed r-test for a given pair of test strains for each

cyYc1
1.5
NS
..
1.04 | l
FAREAR
0.5+
0-0 T T T T T T
& & N 4 A L]
N SIS
b.v %
& &
cYC1 E
2.0 10
NS % 8
1.5 - 2
S
« 6
1.0 <
€ 4
(]
>
0.5 z 5,
T
14
0'0 T T T T o
Avg Avd Q
© NV N
«“‘@ s
|
2.0 5
NS g
15 {_ 24
3
n 3
1.0 g
X 2
0.5 2
£ 1
&
0.0 T T r 0

&

>
&
&

&
®

A

o
6@

*%

SKS1
I_I_it

20
B NCW2 C
_ 5 * _ 51
[
% sk *.*.* kk 13 5
-1 4 -I- _J._. i 4 44
E '_t' Fkk E
QS
3 3 W 3 3
< <
14 2 ['4 24
£ £
o [
= 2
51 5 !
[} [
4 4
0 L] | L] L] L] 0
>
o O TN T2
& N\ (,06\ & & &
o o \
> AV
& N
& ¢
IMP3 F NCW2
*
10
A E i: *
3 8 .
&
* " 8 6
* <
%
= 4
[}
2
5 2
©
7 :
T T T T o T 1 T T
& o A A & o> A A
S F N NPT
& & ¥ & & &
J
* 5
[
* S 4 **
T -~ *
. & 5,
@ 3
[ <
i
£ 2
[}
2
5 1
T T T T (B T T T
& oV AV WA N WV N
o L\ N (3] N N
$¢Q & S < & L

>
& A WV A W
& & &S
[OSEEE\ R R
>
o N
& ¢
G SKS1
10
©
>
aJ 8 *
-
S *
26
<
z
g 4 ¥ .
[
2
EZ
[
172
oml T T
& o7 a7 0
&P F
K
5
°©
>
J .
x *
Q
o 3 ¥
<
¥
£ 2
[}
2
§1ﬂ
Q
o
0| T T
& > > DN
& £ NN
(‘Q(;Ooe"'o

message and are presented with the following symbols, *P < 0.05, *xP < 0.005 and **xP < 0.001, NS, not significant.



Nucleic Acids Research, 2021, Vol. 49, No. 20 11527

Table 3. Specificity of Nrd1p in the decay of various aberrant nuclear mRNA targets examined in this study and the effect of various nrd/ mutants in their

stabilization.

Effects of different nrdl mutations in
the stabilization of

Stages of nuclear mRNP biogenesis Involvement of

mRNP biogenesis event Nature of aberrant mRNAs Nrdlp nrdl-1 nrdl-2 nrdl ACP

Early Transcription Transcription-elongation defective + + + +

splicing Splicing defective + + + +

Intron-containing

Intermediate 3’-end processing Aberrant transcription termination + + + +
read-through transcripts with long
3’-Extension

Late Nuclear export Export Defective + + + -

an NRDI" or nrdl A°'P allele (Figure 8D-G). Our findings
revealed that the representative transcription-elongation
defective, splice defective and 3’-end processing-defective
transcripts display a significantly higher occupancy of
Nrd1p relative to that estimated in corresponding nrdl AP
isogenic strains at the restrictive temperature of 37°C (Fig-
ure 8D-F). Furthermore, we also found that the low recruit-
ment of Nrd1p observed in these nrdl AP strains was not
associated with its low expression level, as shown by compa-
rable Nrd1p expression levels in both NRDI1* and nrdl A
yeast strains (Figure §D-F). This observation indicated that
Nrdlp occupancy on to the test mRNAs in an nrdl AP
yeast strain is significantly lower because of its lower co-
transcriptional recruitment, owing to the lack of associa-
tion of N-terminally truncated nrd1 A®™Pp protein with the
RNAPII-CTD. These findings support the view that Nrd1p
recruitment to aberrant messages derived in the early and
intermediate phase of mRNP biogenesis requires Nrd1p in-
teraction with the RNAPII-CTD.

Nuclear degradation of export-defective aberrant mRNAs
generated in the late phase of mRNP biogenesis requires
Pcf11p-dependent recruitment of Nrd1p, which precedes the
recruitment of the Rrp6p/nuclear exosome

Finally, we found that Nrdlp occupancy on two repre-
sentative export-defective special messages, NCW2 and
SKSI mRNAs in the wild type and nrdl A°'® mutant yeast
strains at 25°C, was very similar (Figure 8G). This ob-
servation strongly supports the view that Nrdlp recruit-
ment on export-defective messages remains unaltered in
an nrdl AC™P strain relative to wild type and is indepen-
dent of the RNAPII. These collective findings from exper-
iments described in previous and current sections suggest
that Nrd1p (and NNS complex) participates in the nuclear
degradation of all kinds of aberrant mRNA targets de-
rived at various phases of mRNP biogenesis and its recruit-
ment onto these aberrant messages is vital for their nuclear
decay.

However, while the co-transcriptional recruitment of
Nrdlp in the early/intermediate phase is strongly dictated
by its interaction with RNAPII (via the interaction of the
RNAPIT CTD-Nrd1pCID domain), its recruitment onto
the export-defective messages generated at the terminal
phase of mRNP biogenesis is independent of RNAPII. To
find out the cellular recruiter of Nrdlp onto the export-

inefficient messages, we scrutinized the literature in search
of an ideal factor, which should be characterized by its abil-
ity (i) to support only the decay of export-defective mes-
sages but not the decay of other aberrant classes, (ii) to se-
lectively promote the recruitment of Nrd1p on the model-
export defective messages only and (iii) to physically inter-
act with Nrdl1p.

Pcfllp, a key component of cleavage factor 1A
(CF1A) involved in the transcription termination and
cleavage/polyadenylation of poly(A)* RNAs, fits these
criteria. Importantly, Pcf11p also possesses a CID (CTD-
interacting domain) like Nrdlp, and it interacts with
RNAPII and many nascent mRNAs after being recruited
by RNAPII via its CID (77-81). Interestingly, Nrd1p and
Pcf11p interact physically by affinity capture RNA method
(44) and genetically by dosage rescue (82). Our initial
effort to test the Pcf11p as the possible recruiter of Nrdlp
revealed that a mutant yeast strain harboring a pcf77-2
allele (77) did not enhance the steady-state levels of two
representative transcription-elongation/assembly-defective
messages in THO mutant isogenic strain background
(Figure 9A). In contrast, the pcf11-2 allele stabilized the
two export-defective special messages, NCW2 and SKSI
mRNAs (Figure 9B), thereby strongly supporting our
prediction. Consistent with this finding, a comparison
of the Nrdlp occupancy profiles on the same group of
representative messages revealed that, while recruitment
profile on the transcription-clongation assembly defective
ACTI-Tad and CYCI-Tad messages remained unaltered
in pcfl1-2 mutant yeast strain, it is significantly reduced
on the NCW2 and SKSI mRNAs in the same pcfii-2
strain (Figure 9C and D). This finding is thus consistent
with the conclusion that Pcfllp plays a vital functional
role in the co-transcriptional recruitment of Nrd1lp onto
the export-defective messages, thereby promoting their
nuclear degradation by the nuclear exosome. Notably,
Pcfl1p is part of cleavage factor-1A (CF1A), a hexameric
protein composed of two copies of each of Rnal4p and
Rnal5p and one copy of each of Pcfl1p and Clplp (83).
Interestingly, a mutation in any CF1A components led to
the defect of the entire complex in the 3’-end cleavage and
polyadenylation function, thereby supporting the argument
that all of the four components of CF1A function collec-
tively (80,84). Earlier evidence suggests that Pcfl1p does
not act independently of the CFIA complex (80,84). The
involvement of Pcfllp in the nuclear decay processes of
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Figure 8. The co-transcriptional recruitment of Nrd1p lacking the CID domain is drastically impaired on transcription assembly-defective, splice-defective
and 3'-extended aberrant messages compared to full-length Nrd1p but remains unaltered on export-defective special messages. (A-C) Nrd1p occupancy
profiles of the transcription-assembly-defective ACT1-Tad (A) and CYCI- Tad (B) in an hprl-A strain at 25 and 37°C, and a normal export efficient, CYC/
and special NCW2 mRNAs (C) in a wild-type yeast strain at 25°C. (D-G) Occupancy profile of full-length Nrd1p and Nrd1p lacking its C/D domain on the
(D) transcription assembly-defective ACT1-Tad and CYCI-Tad mRNAs at 37°C in isogenic /ipri-A and hprl-A nrdl ACID strains, (E) intron-containing
pre-ACTI and pre-CYH?2 at 37°C in isogeneic prp2-1 and prp2-1 nrdl ACID strains, (F) 3’-extended read-through CYCI-Ex and LYS2-Ex transcripts at
37°C in rnal4-1 and rnal4-1 nrdl ACID strains and (G) nucleus-arrested special messages NCW?2 and SKS1 at 25°C in wild-type (NRDI") and nrd1 ACID
strains. Note that the quantification of the CYC1-Ex and LYS2 Ex messages by qRT-PCR at the final stage of the procedure was carried out using the
primer-sets located in the 3’-extended region of these genes as described in Figure 3G—H. Panels at the bottom of each graph depict the expression levels of
Nrdlp (both full-length and CID-deleted version) and tubulin as determined by western blot using anti-Nrd1p and anti-tubulin antibodies in each of the
isogenic yeast strain series harboring either an NRDI™ or a nrdl AC'P allele. Each lane contained an equal amount of quantified protein extracts from the
indicated strains. A 70 and a 55 kDa band were detected in the extracts from the NRDI + and nrdl AC'P strains, respectively, with no non-specific band.
For ChIP assays, fragmented and cross-liked chromatin preparation was conducted from indicated strains at a specific temperature from three independent
biological replicates (N = 3) followed by the immunoprecipitation of the chromatin samples using a specific Nrd1p antibody. Immunoprecipitated DNA
was recovered as mentioned in Materials and Methods section before qPCR analyses using the primer sets specific for the middle region of ORF (excluding
Figure 8F) of each target mRNA. Mean normalized qPCR signals & SD from the immunoprecipitated (output) DNA to the mean qPCR signal obtained
from the total chromatin (input) DNA of each sample obtained from three experiments are presented Nrd1p ChIP Signal/Input. P-values estimated from
Student’s two-tailed #-tests for a given pair of test strains for each message are presented with the following symbols, *P < 0.05, **P < 0.005 and ***P <
0.001, NS, not significant.



Nucleic Acids Research, 2021, Vol. 49, No. 20 11529

A " B ] : C Trancription D Export-Defective E Rrp6p
Téf;‘:é;‘:ﬂ,onn Expaﬁclil)::esctlve Elongat_ion Nuclgus occupancy
Defective Retained Defective Retained
_  ACT1-Tad _ NCW2 ACT1-Tad NCW2 NCW2
o8 * 216 - 2.0 1.5 1.5 NS
3 3 T . - » ..
- - ] 2 2 2 J_
&6 & 12 £1.5 NS = + s |
(%) 7] © -+ E 1.0 = E 1.0 1
< < 5 x [*] 2 5
2 g o 210 2 R
€ E < £0.5 S05 o
g 2 NS NS g 4 * ;05 ; *kk 86_ ﬁ |
k- =e k- s z = & -
§0r-] |"'|r‘1 §ofm’mr 0.0 : 0.0 : 0.0l 1L
A & A W & & A D > WA &\ Nt S
& ‘(Qb o '\" N (Q ‘o"\ O V'\ AV W §\&\ S v
o @ L\ O Q < L & & o
AV A > < N 9 9
RN o0 Q
AR ‘\Q N
N
— CYC1-Tad _ SKS1 CYC1-Tad SKS1 SKS1
% 8 %16 2.0 15 1.5 NS
= - H H H T
X6 &12 £15 NS £ £
3 % E T 310 T1.0 ]
< 2 § | . ! 5 g
Z : 210 ) (1] 2 R
E E | S 505 505 Kk pis
2 2 NS 2 4 %05 ; *kk ‘g_ N
r“‘1 [ 2 ﬁ W : - -
® oLl [1 & ol 0.0 : 0.0- 0.0 LAl 1L
oV D 51' 51' %4 £ S N
6 '\ A’ A "\ ¢ ¢ A N
’\' »\' > Q Q
N

Figure 9. Pcfl1p actively contributes to the rapid nuclear decay of export-defective special messages via recruitment of the Nrd1p, which further coordinates
the Rrp6p recruitment on to them. (A and B) Relative steady-state levels of (A) two transcription assembly-defective ACT/-Tad and CYCI-Tad mRNAs in
the indicated isogenic Aprl-A strain series and (B) two export-inefficient special mRNAs, NCW2 and SKS! in isogenic pcf11-2 strain series. In both cases,
the normalized values of every target mRNA from the wild-type samples was set to 1. As described above, normalized qRT-PCR signals (Mean + SE)
from three independent biological replicates are presented as scatter plots. (C and D) co-transcriptional recruitment profiles of Nrd1p on (C) transcription
assembly-defective ACTI-Tad and CYCI-Tad messages at 37°C in isogenic hprl-A and hprl-A pcfl1-2 strains, and (D) two export-incompetent special
messages in NCW2 and SKSI at 37°C in an isogenic wild-type and pcf11-2 strains. (E) Occupancy profiles of Rrp6p on the two special mRNAs NCW?2
and SKST at 25°C in the indicated isogenic wild-type (NRDI"), nrdl-1, nrdl-2 and nrdl AC'P yeast strains. All immunoprecipitations using specific Nrd1p
or Rrp6p antibody followed by the recovery of the precipitated DNA and qPCR analyses were performed exactly as described in materials and methods
and the legend of Figure 8. P-values estimated from Student’s two-tailed #-tests for a given pair of test strains for each message are presented with the
following symbols; *P < 0.05, **P < 0.005 and ***P < 0.001, NS, not significant.

the export-defective messages thus prompted us to evaluate
whether Pcf11p participates in the decay of export-defective
mRNAs independently of the CF1A complex. Thus, we
determined the steady-state levels of two export-defective,
IMP3, and NCW2, and one typical message, ACTI, in
wild-type and temperature-sensitive rnal4-1, rnal5-2 and
clpl1-769-5 mutant strains at both 25 and 37°C. The data
revealed no stabilization of any export-defective mRNAs
in any of these mutant strains at 37°C (Supplementary
Figure S4A-C). Consistently, no difference in the de-
cay rates of any of these special mRNAs in wild-type
and rnal4-1, rnal5-2 and clpl-769-5 mutant strains was

observed (Supplementary Figure S4D). To corroborate
this finding, we further verified the co-transcriptional
recruitment profiles of Nrdlp on one typical (4ACT1) and
two special nRNAs (IMP3 and NCW?2) in the yeast strains
carrying the mutant alleles of three CF1A components,
rnal4-1, rnal5-2 and clpl-769-5 (Supplementary Figure
S5). The Nrd1p recruitment profiles unveiled no significant
difference between the rnal4-1, rnal5-2, clpl-769-5 yeast
strains and their corresponding wild-type background.
Collectively, these findings strongly argue that Pcfllp
participates independently from the CF1A complex in the
recruitment of Nrdlp onto the export-defective messages
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to promote their exosome/CTEXT-dependent nuclear
degradation.

Next, we demonstrated that Rrp6p occupancy profiles
on the two special mnRNAs, NCW?2 and SKS1, is very high
in both the NRDI" and nrdl AP mutant strains, whereas
it is significantly low in nrdl-1 and nrdI-2 strains (Figure
9E). These data suggest that the Nrd1p recruitment on the
aberrant export defective mRNAs leads to the further re-
cruitment of the exosome component Rrp6p on to export-
incompetent messages. This finding strongly supports our
conclusion that co-transcriptional recruitment of Nrdlp
onto the export-defective aberrant messages (mediated by
Pcfl1p) is followed by the subsequent recruitment of the
nuclear exosome, thereby stimulating their rapid nuclear de-
cay. Thus, our collective experimental findings are consis-
tent with the conclusion that in S. cerevisiae, the trimeric
Nrdlp-Nab3p-Senlp complex participates universally in
the nuclear decay of representative mRNAs from all aber-
rant categories and that its co-transcriptional recruitment is
crucial for the nuclear degradation of every class of aberrant
messages.

Several export-incompetent, nucleus-retained mRNAs natu-
rally harbor the Nrd1p RNA-binding motif in their coding re-
gions and have been demonstrated to bind Nrd1p under nor-
mal conditions

Previous analysis of the Nrdlp PAR-CLIP data revealed
that Nrd1p binds to the UGUAG motif (56,85,86), which
is overrepresented in the 3’-end of the non-coding RNA
genes and is generally lacking in the mRNAs except those
whose expression is regulated by Nrd1p. The susceptibil-
ity of the export-defective, special mRNAs to the ‘Nrd1p-
Senlp-Nab3p’ under normal conditions in wild-type strains
prompted us to determine if binding of Nrdlp to any
of these mRNAs is a strict requirement of their Nrdlp-
dependent degradation. To address this issue systemati-
cally, we first evaluated if any of the export incompe-
tent special mRNAs harbor any Nrd1p-binding site(s) and
bind Nrdlp in vivo. Accordingly, we analyzed the pro-
cessed wig and FASTA files associated with the published
Nrdlp PAR-CLIP dataset GSE31764 Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE31764) (56). Three of the four experimentally
tested special mRNAs, /M P3 (data not shown), NCW2 and
GIC2, displayed strong Nrdlp cross-linked sites in their
coding region (Figure 10C and D). Moreover, the Nrd1p-
motif perfectly overlaps with the sites of T—C transi-
tion caused by Nrdlp crosslinking to the mRNA by PAR-
CLIP, thereby bolstering the notion that Nrdlp binds to
the GUAG motif in vivo for both of these mRNAs (Fig-
ure 10C and D). In contrast, our analysis found no Nrdlp
binding sites in the coding regions of two typical mRNAs,
ACTI and CYCI (Figure 10A and B). Notably, we did not
expect to find strong mRNA binding motifs in the cod-
ing regions of any of the model representative mRNAs, as
Nrdlp does not target them under permissive conditions
or in wild-type strains. We believe that the nature of co-
transcriptional recruitment/binding of Nrdlp onto these
messages under the conditional temperature of 37°C is dif-
ferent from its binding to the specific Nrdl target messages

(such as NRDI, PCFl1, NCW2 and IMP3 mRNAs; see
Discussion section).

To further evaluate whether Nrd1p binds to NCW2 and
GIC2 mRNAs in vivo, we destroyed the tetrameric Nrd1p
binding sites of these two RNAs by altering two nucleotides
simultaneously in each of NCW2 and GIC2 messages and
determine if this change leads to the enhancement of their
steady-state levels due to diminished decay. To impose a
minimal perturbation in the corresponding mutant pro-
teins, we altered the nucleotide residues in NCW?2 and GIC2
so that only one amino acid underwent substitution from
valine to leucine in both cases (Figure 10E and F). Com-
parison of the steady-state levels of the mutant ncw2-1 and
gic2-1 mRNAs relative to their wild-type versions revealed a
significant (24- to 5-fold) enhancement (Figure 10G and I).
Furthermore, analysis of their steady-state levels in various
nrdl mutant yeast strains showed no significant stabiliza-
tion relative to the NRDI™ strain. These findings strongly
suggest that the physical binding of Nrdlp to its cognate
binding sites on the NCW?2 and GIC2 transcripts is a strict
requirement for Nrd1p-dependent degradation of these spe-
cial mRNAs.

Thus, the experimental evidence presented above collec-
tively supports the conclusion that the Nrd1p-Nab3p-Senlp
complex constitutes a pivotal component of the nuclear
surveillance mechanism in S. cerevisiae and Nrd1p bind-
ing to target aberrant messages is crucial for their nuclear
decay. The findings further support the conclusion that,
at least for the aberrant export defective messages, the co-
transcriptional recruitment of this complex promotes the
subsequent recruitment of the nuclear exosome to facilitat-
ing their degradation. Thus, the Nrd1p-Nab3p-Senlp com-
plex appears to serve as an exosome-specificity factor that
co-transcriptionally recognizes aberrant mRNAs very early
in the transcription and mRNP biogenesis.

DISCUSSION

Despite previous findings supporting a differential distribu-
tion of duty among the two exosomal cofactors, TRAMP
and CTEXT, and their stage-specific participation in the
degradation of aberrant mRNAs (12), the mechanism of
stage-specific recognition of distinct aberrant transcripts re-
mained obscure. Further, although the existence of an ‘Ex-
osome Specificity Factor’ (ESF) was theoretically hypothe-
sized (4,33), its existence and functionality remained elusive.
Recently, Nrd1p was demonstrated to facilitate the exoso-
mal degradation of Rho-induced transcription-elongation
processing defective (87) mRNPs in S. cerevisiae (46,47).
Notwithstanding unraveling a key role of Nrdlp in the
degradation of these faulty messages, NNS was not demon-
strated as the primary recruiter of Rrp6p. Furthermore, its
contribution to the degradation of the faulty nuclear mR-
NAs belonging to every possible aberrant class was not pre-
viously addressed.

Physical interaction between Nrd1p and the cap-binding
component Cbclp (a key component of CTEXT) and
exosome component Rrp6p (33) inspired us to address
the functional role of the NNS complex in the nuclear
mRNA decay. This inspiration was further bolstered when
the TRAMP4 component Trf4p was reported to inter-
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Figure 10. NCW?2 and GIC2 RNAs harbor functional Nrd1p and Nab3p binding sites. (A-D) In vivo Nrd1p and Nab3p cross-linking sites on NCW2
and GIC2 special mRNAs. Cross-linking and binding profiles of Nrd1p from (A) a 2000 nucleotide genomic region of chromosome VI harboring ACTI;
(B) 800-nucleotide region of chromosome X harboring CYCI; (C) 1200-nucleotide region of chromosome XII harboring NCW2 and (D) 1500 nucleotide
region of chromosome IV harboring GIC2 gene. A higher-resolution map of cross-linked reads to the NCW2 and GIC2 coding region is shown at the
bottom of the original reads. The number of reads per 107 reads is indicated on the y-axis. Sequences of the major cross-linked regions are presented at the
bottom of the figure. The upwards arrows correspond to the Nrd1 (blue) or Nab3 (red) cross-linking motifs, and the downward purple arrows indicate the
sites most frequently underwent T— C transitions in both Nrd1 and Nab3p data sets. (E and F) Schematic representations of the sequences of the relevant
RNA segments (around the Nrd1p/Nab3p binding sites) of NCW2 and ncw2-1 (E), and GIC2 and gic2-1 alleles (F). The new2-1 and gic2-1 alleles were
created by site-directed mutagenesis as described in Materials and Methods section. The specific changes made in the nucleotides to destroy the Nrd1lp
binding site in each RNA are indicated by black arrowheads. Corresponding alterations in the amino acid residues in each case are indicated in green letters
below the RNA sequence. The specific codons were also indicated by vertical black lines. (G and J) Relative steady-state levels of NCW?2 and its variant
new2-1 (G), and GIC2 and its variant gic2-1 (I) mRNAs, and one export-efficient typical mRNA, CYC! (H-J), at 25°C in the indicated wild-type, nrdl-1,
nrdl-2 and nrdl AC™P yeast strains. The normalized value of each specific mRNAs from the wild-type sample was set to 1. Three independent samples of
random-primed cDNA (biological replicates, N = 3) were prepared from the indicated isogenic strains grown at 25°C before subjecting them to real-time
qPCR analysis using primer sets specific for each mature mRNA. Transcript copy numbers/3 ng cDNA were normalized to SCRI RNA levels in respective
samples and are shown as means £ SE. P-values estimated from the Student’s two-tailed 7-test for a given pair of test strains for each message are presented
with the following symbols, P < 0.05, xP < 0.005 and **+P < 0.001, NS, not significant.
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Table 4. Recruitment profiles of Nrd1p on various aberrant nuclear mRNA targets.
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Figure 11. Model elucidating the Nrd1p-dependent recognition and degradation of transcription-assembly-defective (A), splice-defective (B), 3’-end pro-
cessing defective (C) and export-defective (D) messages in Baker’s yeast. During transcription initiation, elongation, and termination steps, each message
is monitored for the existence of aberrancies, probably by RNAP II. Nrdlp is recruited either directly (A and B) on to the transcription-assembly- and
splice-defective messages during the initial stages of transcription/mRNP biogenesis (RNAPII-CTD predominantly consists of Ser-5 marks) leading to
the recruitment of the TRAMP/exosome, or indirectly via Pcfl1p (D) on to the export-defective messages during the late stage of mRNP biogenesis
(RNAPII-CTD predominantly consists of Ser-2 marks) leading to the recruitment of CTEXT /exosome. During the intermediate phase of mRNP bio-
genesis (RNAPII-CTD primarily carries Ser-5-2 marks), Nrd1p is recruited both directly by RNAPII-CTD as well as indirectly by Pcf11p, leading to the
recruitment of TRAMP/CTEXT /exosome. In every case, the recruitment of the exosome on to the aberrant messages leads to their nuclear degradation.
In (B), the tiny blue boxes depict the introns.

act with Nrdlp (88). As presented above, our results re-
vealed that Nrdlp (and possibly NNS complex) partici-
pates in the degradation of a variety of faulty mRNPs
produced at different phases of mRNP maturation and
the recruitment of Nrdlp (and possibly NNS) to spe-
cific messages is essential for their decay. While RNAPII
plays an active role in the co-transcriptional recruitment
of Nrdlp during transcription elongation, splicing, and 3'-
end processing events via the RNAPII-CTD-Ser5-Nrd1p-
CID interaction, its recruitment on to the export ineffi-

cient message is mediated by Pcfl1p, via RNAPII-CTD-
Ser2—Pcf11p-CID interaction (Table 4, Figures 8, 9 and
11A,B). This finding implied that in the terminal phase of
mRNP biogenesis, Nrd1p-RNAPII is displaced by Pcf11p-
RNAPII once the RNAPII is phosphorylated at Ser2 (Fig-
ure 11). Substitution at the RNAPII-CTD is followed by
the Nrd1p (NNS complex) recruitment on the aberrant mR-
NAs by Pcfl1p (Figure 11D). Alternatively, Pcf11p may di-
rectly recruit Nrd1p post-transcriptionally onto the export-
defective messages without any involvement of RNAPIIL.



It is not clear why Pcfllp is required for the recruit-
ment of Nrdlp onto the export-defective messages. Per-
haps these messages may not have a strong association
with RNAPII after the cleavage/polyadenylation reaction.
They might lose their association with RNAPII at this
stage while remaining attached to the transcription foci.
This loose association would necessitate the involvement
of Pcf11p for their identification as aberrant RNA via the
recruitment of Nrdlp. Future work is necessary to un-
ravel this apparent mystery. Notably, Pcfllp was previ-
ously demonstrated to participate and co-ordinate mRNA
cleavage/polyadenylation as a part of the CF1A complex
(80,84). Remarkably, unlike 3’-end maturation, the Pcf11p-
dependent co-ordination of Nrd1p recruitment does not re-
quire the involvement of other CF1A members (Rnal4p,
Rnal5p and Clplp) (Supplementary Figures S4 and S5)
suggesting a CF1A-independent function.

Nevertheless, our findings hint at the exciting possibil-
ity that by acting as an ESF, the NNS complex coordi-
nates the recruitment of either TRAMP or CTEXT dif-
ferentially onto distinct subsets of faulty messages (Fig-
ures 7, 8 and 10). Although the underlying mechanism is
still elusive, Nrd1p recruitment via RNAPII-Ser5-CTD-
Nrd1p-CID interaction appears critical for the selective re-
cruitment of TRAMP to target transcription elongation
splice-defective messages. In contrast, its recruitment via
RNAPII-Ser2-CTD-Pcf11p-CID interaction seems vital
for further recruiting CTEXT to target export defective
messages for decay (Figure 11). Indeed, this conclusion ex-
plains our finding that the nuclear decay of the aberrantly
long 3’-extended read-through transcripts requires the com-
bined activity of TRAMP and CTEXT. Notably, these 3'-
extended transcripts are produced during the intermedi-
ate mRNP biogenesis phase when the predominant pop-
ulation of RNAPII-CTD remains hyperphosphorylated,
consisting of both Ser5/Ser2 marks (89-91). Since both
Nrdlp and Pcfl1p may remain associated with the hyper-
phosphorylated RNAPII-CTD having both Ser5-P/Ser2-
P marks (78,92-94), this situation subsequently recruits
both TRAMP (by Nrdlp) and CTEXT (by Pcfl1p) onto
these read-through transcripts presumably in the long 3'-
extended segments (Figure 11C). Our observation is consis-
tent with the finding that recruitment of NrdIp onto these
read-through messages in nrdl AP strain was not as low
(approximately 40-50% compared to NRDI™ strain, Figure
8F) as those found in the cases of transcription elongation-
defective and splice-defective messages (approximately 5—
20% compared to NRDI™ strain, Figure 8D and E). These
data strongly imply that in the nrdl A°'™P yeast strain, the
remaining 40-50% of the Nrdlp recruited on to these 3'-
extended faulty messages was carried out via Pcf11p depen-
dent manner.

Mining and re-analysis of genome-wide Nrdlp and
Nab3p binding maps obtained from PAR-CLIP (22,56,85)
revealed that the yeast mRNAome generally lacks the
Nrdlp and Nab3p sites, except several mRNAs, such as
NRDI, URA2, URAS, PCFI11, FKS2 that are enriched
with these sites (16,18, 47-49). Susceptibility of the export-
defective, special messages, SKSI, IMP3, NCW2 and GIC2
to the Nrd1p-Nab3p-Senlp complex under normal con-
ditions in wild-type cells prompted us to test if any of
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these mRNAs display any Nrd1p/Nab3p binding in vivo. As
shown in Figure 10, analysis of the PAR-CLIP data revealed
that NCW?2 and GIC2 messages harbor Nrd1p/Nab3p mo-
tifs and display Nrd1p/Nab3p binding in vivo demonstrated
by an overlapping T— C transitions (Figure 10C and D).
Mutating specific nucleotide residues within these poten-
tial Nrd1p-binding sites in NCW2 and GIC2 mRNAs led
to their significant stabilization in the NRDI* strain. Fur-
thermore, the steady-state levels displayed by these mutant
messages in all the nrdl mutant strains did not show any
further enhancement (Figure 10G-I), thereby suggesting
that Nrd1p binding to these special messages is a strict re-
quirement for their decay. Destroying the Nrdlp binding
site (cis-element) on these messages by site-specific alter-
ation of the nucleotides or inactivating/depleting the Nrd1p
(trans-acting factor) resulted in the abolition of their nu-
clear decay. Thus, the evidence presented in Figure 9A-
E strongly supports the idea that Nrd1p/Nab3p binds to
these mRNA targets and recruits the exosome/Rrp6p to fa-
cilitate their degradation. Interestingly, a thorough search
for the putative Nrd1p/Nab3p binding motifs in the model
transcription-elongation-defective (ACTI-Tad and CYCI-
Tad), splice-defective (pre-ACTI and pre-CYH?2), and 3'-
end processing defective (LYS2-Ex and CYCI-Ex) mR-
NAs did not yield any well-defined motif (Figure 10A
and B). However, the co-transcriptional recruitment pro-
files of some of these mRNAs strongly suggest that, indeed,
Nrdlp preferentially binds to them when they are derived
as aberrant/faulty messages. Thus, we favor the view that
the nature of the Nrdlp/Nab3p binding to the global or
specific aberrant mRNAs is fundamentally different from
their binding to the sites harboring the defined motif such as
snoRNAs, snRNAs, CUTs and the Nrd1p-target messages
(NRDI, URA2, URAS, etc.). This view is supported by the
finding that triggering the transcriptome-wide expression of
aberrant mRNAs via induction of Rho protein led to the re-
distribution of the majority of the cellular Nrd1/Nab3p to
the loci of protein-coding genes from snRNA /snoRNA loci
(47). Notably, most of these protein-coding mRNAs do not
harbor any defined Nrd1p/Nab3p motif. Future research
directed to determine the binding sites on these aberrant
messages produced under the conditional temperature of
37°C would resolve this issue.

Our data imply that the NNS complex qualifies well as a
universal ESF by virtue of (i) exhibiting a uniform affinity
to all categories of aberrant nuclear messages and (ii) hav-
ing an ability to identify and delineate a distinct set of aber-
rant messages from a massive pool of cellular mRNAs via
its increased occupancy on these messages. This conclusion
is strongly supported by the increased co-transcriptional re-
cruitment observed onto the aberrant mRNA targets gen-
erated in THO mutant strains (e.g., mRNAs from /pri-
A at 37°C compared to 25°C, see Figure 8A and B) or
onto the special messages (NCW2 versus CYCI, see Figure
8C). Even though the molecular basis of the distinction be-
tween the normal/functional and aberrant/faulty messages
is not clear at this point, it appears from this work that
this difference may be accomplished co-transcriptionally
by the presence of Nrdlp, which is selectively recruited to
the aberrant messages (Figure 8A—C). It is reasonable to
assume that during transcription elongation, a competi-
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tion exists between the binding of the mRNP biogenesis
factors (such as THO/splicing/export factors) and the as-
sociation of NNS with the transcribing messages. In the
case of a normal message, the mRNP biogenesis factors
are promptly deposited on the maturing message, excluding
the binding of the Nrd1p. During the transcription elonga-
tion of the aberrant messages, in contrast, binding of pro-
cessing factors becomes impaired, leading to retardation of
the speed of transcription, allowing more time for NNS to
bind co-transcriptionally to these aberrant messages. How-
ever, it is currently unknown whether RNAPII actively co-
ordinates the selective recruitment of Nrd1lp onto specific
types of aberrant messages during various phases of tran-
scription elongation and mRNP maturation events. Alter-
natively, targeted Nrdlp recruitment on to aberrant mes-
sages may also result from the competition between the
mRNP biogenesis and NNS complex, as described above.
Nevertheless, this mystery provides us with an opportunity
to investigate further the distinguishing feature(s) of aber-
rant messages that lead to the subsequent recruitment of
Nrdl1p (possibly NNS complex) to facilitate their degrada-
tion.
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