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ABSTRACT

Nonsense-mediated mRNA decay (NMD) couples protein synthesis to mRNA turnover. It eliminates
defective transcripts and controls the abundance of certain normal mRNAs. Our study establishes a
connection between NMD and the translation factor elF5A (eukaryotic initiation factor 5A) in human
cells. elF5A modulates the synthesis of groups of proteins (the elF5A regulon), and undergoes a
distinctive two-step post-translational modification (hypusination) catalyzed by deoxyhypusine
synthase and deoxyhypusine hydroxylase. We show that expression of NMD-susceptible constructs
was increased by depletion of the major elF5A isoform, elF5A1. NMD was also attenuated when
hypusination was inhibited by RNA interference with either of the two elF5A modifying enzymes, or
by treatment with the drugs ciclopirox or deferiprone which inhibit deoxyhypusine hydroxylase.
Transcriptome analysis by RNA-Seq identified human genes whose expression is coordinately
regulated by elF5AT1, its modifying enzymes, and the pivotal NMD factor, Upf1. Transcripts encoding
components of the translation system were highly represented, including some encoding ribosomal
proteins controlled by alternative splicing coupled to NMD (AS-NMD). Our findings extend and
strengthen the association of elF5A with NMD, previously inferred in yeast, and show that
hypusination is important for this function of human elF5A. In addition, they advance drug-
mediated NMD suppression as a therapeutic opportunity for nonsense-associated diseases. We
propose that regulation of mRNA stability contributes to elF5A’s role in selective gene expression.
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Introduction ) )
defects, thereby releasing stalled ribosomes from

the template.’
NMD was originally recognized as an error-sur-

Protein synthesis is regulated at multiple levels.'
Most translational control mechanisms do not
directly influence mRNA stability, but some couple

the translation of individual mRNAs to their desta-

veillance process, detecting and eliminating aberrant
mRNA templates that, if translated, could give rise

bilization, effectively sifting out defective or surplus
mRNAs. The most intensively studied of these
mechanisms is nonsense-mediated mRNA decay
(NMD). NMD deals with mRNAs that have a pre-
mature, in-frame, stop (termination or nonsense)
codon, whereas no-go decay and non-stop decay
dispose of mRNAs with elongation or termination

to C-terminally truncated proteins that are non-
functional or deleterious, possibly by acting as dom-
inant-negative inhibitors.>” Such NMD-susceptible
mRNAs may result from mutations or from errors
in transcription, RNA processing or RNA editing
that generate a premature termination codon (PTC).
PTCs can arise from an mRNA sequence change
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that directly creates a nonsense codon, or from an
insertion or deletion event that leads to a stop
codon. In addition, NMD can be triggered by alter-
native translation events, such as frameshifting or
failure to incorporate selenocysteine, that lead to
premature termination.

Beyond its protective role, geared to clearing the
mRNA pool of faulty transcripts, NMD regulates
gene expression through the programmed destabili-
zation of selected mRNA isoforms.** ' Generation
of one such class of substrates entails alternative
mRNA splicing, which produces an isoform that is
sensitive to NMD and is thereby eliminated, as well
as a functional isoform that is translated into protein
product. Examples include mRNA isoforms pro-
duced by exon inclusion or skipping, or containing
an extended exon resulting from the use of alterna-
tive 5" or 3’ splice sites. This regulatory mechanism
is termed alternative splicing coupled to NMD
(AS-NMD) or regulated unproductive splicing and
translation (RUST).!"!?

NMD participates in physiological processes such
as development and differentiation,*® and commands
clinical attention because of its role in a large set of
genetic diseases referred to as nonsense-associated dis-
eases (NADs)."*!> Well-known NADs include sub-
types of B-thalassemia, Duchenne muscular dystrophy
and cystic fibrosis; others, though often individually
rare, are numerous and prevalent in the population. It
has been estimated that PTCs are responsible for one-
third of genetic disorders and many types of cancer,'®
and that nonsense mutations account for ~11.5% of
human inherited disease.'” Of these single-nucleotide
mutations, the majority (~86%) were predicted to be
susceptible to NMD, which has led to ongoing efforts
to ameliorate disease by suppression therapy, allowing
read-through of nonsense codons, or other means.'>'®

Discriminating PTCs from authentic termination sig-
nals demands sophisticated biochemical machinery.
According to prevailing models, PTCs are distinguished
from authentic stop codons by mechanisms that
recognize features of the mRNA and of its splicing
history.>>”'*?° Three ‘up-frameshift’ factors, Upfl, Upf2
and Upf3 (Smg-2, —3 and —4 in Caenorhabditis elegans),
are conserved in evolution and play key roles in NMD. In
addition, proteins are involved that interact with the
mRNA, ribosomes, and one another, including transla-
tion termination and release factors, which interact with
the stop codon and the ribosome, and components of the

exon junction complex (EJC) that remains bound to
exon-exon boundaries after mRNA splicing and nucleo-
cytoplasmic transport. These interactions provide a bio-
chemical basis for the observation that NMD in
mammalian cells is frequently triggered by a nonsense
codon located >50-55 nucleotides (nt) upstream of a
splice junction.”! One model envisions that translating
ribosomes stall at the PTC, fail to displace downstream
EJCs, and then cooperate with them to recruit Upfl and
other constituents of the mRNA decay machinery leading
to accelerated turnover.’

elF5A is an abundant, highly conserved, and
essential protein in eukaryotes.”>** It was originally
characterized as a mammalian translation initiation
factor promoting the formation of the first peptide
bond.***> More recently, roles in polypeptide
chain elongation®®*” and termination***° have been
documented in yeast. Studies in yeast and human
cells indicate that eIF5A is involved in selective
gene expression.”’” > In mammalian cells eIF5A has
been associated with several biological processes
including apoptosis,’® cancer,”” cell differentiation”
and proliferation,® nucleocytoplasmic transport,>
transcription,*>*! and viral replication.**** In yeast,
elF5A has been implicated in RNA turnover,>"4>46
protein translocation,”” and maintenance of cell
architecture.*®*’

Two paralogous isoforms exist: the major isoform,
elF5A1, is present in most human cells and tissues,
whereas eIF5A2 is chiefly restricted to malignant cells.
Both isoforms are characterized by an apparently
unique posttranslational modification, hypusine.”>>"
Hypusine is generated in two enzymatic steps
(Fig. 1A).>* In the first step, deoxyhypusine synthase
(DHS) catalyzes the covalent attachment of a 4-ami-
nobutyl moiety from spermidine to the side chain of a
specific lysine residue in eIF5A. In the second step,
deoxyhypusine hydroxylase (DOHH) hydroxylates
the aminobutyl moiety using molecular oxygen.
DOHH is inhibited by the drugs ciclopirox (CPX) and
deferiprone (DEF), resulting in accumulation of deox-
yhypusine-modified eIF5A, which appears to be inac-
tive with respect to most eI[F5A functions.”* These
drugs and other DOHH inhibitors potently inhibit
HIV-1 replication in vitro, leading to the elimination
of HIV-infected cells from cell cultures and a reduc-
tion in viral load in vivo.********At the molecular
level, we showed that eIF5A is involved in gene
expression driven by the HIV-1 promoter. Specifically,
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Figure 1. (For figure legend, see page 4)

the initiation of transcription from the HIV-1 LTR is
inhibited by CPX or DEF, and by siRNA-mediated
interference with eIF5A1 levels or with hypusine for-
mation by DHS and DOHH.*

In pursuit of this transcriptional effect, we found
that hypusinated eIF5A is functionally associated with
NMD in human cells. The relationship was discovered
through analysis of reporter gene expression, and was
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confirmed using a chimeric transcript containing an
etiologic PTC that causes p-thalassemia. Transcrip-
tome sequencing identified a set of cellular mRNAs
that are coordinately regulated by eIF5A1, DHS,
DOHH and Upfl. Prominent in this set are gene tran-
scripts encoding ribosomal proteins, some of which
are regulated by AS-NMD. We conclude that eIF5A
and its hypusine modification are involved in regulat-
ing gene expression at both the protein and mRNA
levels, and are possible therapeutic targets in NADs.

Results
Effects of drugs on reporter gene expression

We previously reported that CPX and DEF, which
inhibit the second step in the eIF5A modification
pathway (Fig. 1A), reduce HIV-1 transcription by
~50% at clinically relevant concentrations.** Map-
ping experiments using molecular clones carrying
deletions of viral sequences located the drug-
responsive element in the viral long terminal repeat
(LTR) containing its transcriptional promoter.** In
particular, pLTR-FF, a minimal construct which
contains the LTR as the only HIV-derived element
driving expression of the firefly luciferase (FF)
reporter, was as sensitive to the drugs as the full-
length molecular clone.*” In contrast, the drugs eli-
cited little inhibition of firefly luciferase expression
in subsequent experiments that used another HIV-
1 reporter construct, pGL2TAR (Fig. 1B, C). RNA
analysis revealed that pGL2TAR generated only
~20% as much firefly luciferase transcript as
pLTR-FF in the absence of drugs (Fig. 1D). Because
the two constructs have the same promoter and

reporter gene, this observation implied a differen-
tial effect on RNA decay.

Structural differences between the two constructs
led us to postulate that pGL2TAR transcripts, but not
those of pLTR-FF, are sensitive to NMD, and that this
underlies their discrepant drug sensitivities. pGL2TAR
and pLTR-FF are based on the vectors pGL2 and
pGL3, respectively, which are related but differ in a
number of respects.”> A conspicuous difference lies in
their 3'UTRs, which include a polyadenylation signal
(PAS). pGL2 contains the SV40 early PAS which has
the small T intron sequence upstream, whereas pGL3
contains the late SV40 PAS which does not contain an
intron. Thus, pGL2TAR transcripts harbor an intron
between the luciferase coding sequence and the poly
(A) tail (Fig. 1B). Being separated by >50-55 nt from
the luciferase stop codon, the intron would be pre-
dicted to render pGL2TAR transcripts susceptible to
NMD.*" Transcripts of pLTR-FF lack the intron and
would be unaffected by NMD, consistent with the ~5-
fold higher level of firefly luciferase mRNA that it pro-
duced in comparison with pGL2TAR (Fig. 1D).

To test this premise, we generated two deletions in
the pGL2TAR construct, each predicted to eliminate
its potential for NMD. pGL2TARA1 lacks the small T
intron, while pGL2TARA2 has reduced spacing
between the firefly luciferase stop codon and the
intron (43 nt instead of 246 nt; Fig. 1B). Both deletions
increased firefly luciferase expression to levels similar
to that given by pLTR-FF (Fig. 1E), consistent with
the susceptibility of pGL2TAR to NMD. As an addi-
tional test, we transfected cells with a vector encoding
a dominant-negative form of Upfl that suppresses
NMD.>® Over-expression of the mutant increased

Figure 1. (see previous page) Effects of drugs and elF5A hypusination on reporter gene expression. (A) Pathway of hypusine formation.
The e-amino group of elF5A Lys-50 (in the human protein) is substituted by a spermidine-derived 4-aminobutyl moiety in a NAD*-
dependent reaction catalyzed by DHS. The aminobutyl portion of the deoxyhypusine residue is then hydroxylated by DOHH using O,.
DOHH is inhibited by the drugs ciclopirox (CPX) and deferiprone (DEF). (B) Diagrams of plasmids pLTR-FF and pGL2TAR and its deleted
derivatives, containing the HIV-1 LTR promoter (hatched), firefly luciferase (FF) coding sequence (brown), and 3’UTRs harboring different
SV40 polyadenylation signals (PAS) derived from the vectors pGL2 and pGL3. pLTR-FF contains the SV40 late PAS (blue, stippled) which
is devoid of an intron. pGL2TAR contains the SV40 early PAS (open) with a small T intron sequence (red) located 246 nt downstream of
the FF luciferase stop codon. In pGL2TARA1, the small T intron has been excised. In pGL2TARA2, the separation between the FF lucifer-
ase stop codon and small T intron sequence is reduced to 43 nt. Arrow: transcription direction. (C) Effect of CPX and DEF on reporter
gene expression in 293T cells transfected with pGL2TAR or pLTR-FF. FF activities were normalized to Renilla luciferase expression from
the co-transfected pCMV-Ren plasmid and are plotted relative to control cells not treated with drugs. (D) Firefly (FF) and Renilla (Ren)
luciferase RNA in 293T cells co-transfected with pGL2TAR or pLTR-FF and pCMV-Ren assayed by RNase protection. (E) Expression from
pGL2TAR, pGL2TARA1 (A1), pGL2TARA2 (A2), and pLTR-FF in 293T cells. Relative luciferase activity (FF/Ren) is plotted relative to
pGL2TAR. (F) Effect of wild-type (WT) or dominant-negative mutant (DN) forms of Upf1 on expression from pGL2TAR and pGL2TARA1 in
293T cells. Relative luciferase activity (FF/Ren) is plotted relative to controls transfected with empty vector (V) instead of Upf1 vector.
Inset: immunoblot probed for Upf1 protein.



firefly luciferase production from pGL2TAR but not
from pLTR-FF, whereas over-expression of wild-type
Upf£l had no effect on either of the reporter constructs
(Fig. 1F). We conclude that pGL2TAR transcripts are
sensitive to NMD, unlike those from pLTR-FF.

These findings suggest that CPX and DEF suppress
NMD, providing an explanation for the relative insen-
sitivity of pGL2TAR expression to the drugs com-
pared to pLTR-FF (Fig. 1C). We propose that the
drugs inhibit luciferase transcription from both vec-
tors, but for pGL2TAR the inhibition is counterbal-
anced by transcript stabilization due to suppression of
NMD. In essence, for this construct, drug-induced
relief from NMD largely masks the inhibition of tran-
scription from the HIV-1 promoter.

Hypusine-containing elF5A is involved
in mammalian NMD

Since CPX and DEF inhibit hypusination of eIF5A by
blocking DOHH, our observations pointed to a connec-
tion between human eIF5A and NMD. There is evi-
dence connecting elF5A to mRNA decay*>*® and
NMD"! in yeast, but to our knowledge the relationship
has not been studied in higher cells. We therefore exam-
ined the effect of inhibiting eIF5A production and mod-
ification on NMD in human cells. RNA interference
(RNAIi) was used to deplete HeLa cells for e[F5A1 (the
predominant isoform) or for DHS or DOHH (responsi-
ble for modifying eIF5A Lys-50 to deoxyhypusine and
then hypusine; Fig. 1A). Upfl, an RNA helicase essential
for NMD,® was silenced for comparison. Expression
was measured from pGL2TAR and from a vector encod-
ing a well-characterized NMD substrate, RLuc-Gl Ter,””
which contains a segment of the hemoglobin S-chain
harboring a PTC at codon 39 (CAG/glutamine —
UAG/stop). This PTC is responsible for a form of
B°-thalassemia that predominates in the western Medi-
terranean basin and peoples originating therefrom. The
B-globin segment is fused downstream of the Renilla
luciferase gene (Fig. 2A), conferring NMD-susceptibility
on the chimeric transcript.

As expected, depletion of Upfl increased reporter
activity from both NMD-sensitive vectors (Fig. 2B).
elF5A1 depletion also increased reporter activity
(Fig. 2B), albeit to a lesser extent. This difference may
reflect the exceptional abundance and stability of eIF5A
in Hela cells.”® Luciferase expression from the
pGL2TAR and RLuc-Gl Ter reporters was also increased
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when cells were depleted for DHS or DOHH (Fig. 2C).
Correspondingly, treatment with DEF and CPX also
increased expression from the chimeric NMD substrate
RLuc-Gl Ter (Fig. 2D). For both drugs, the concentration
dependence corresponded to that reported previously for
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Figure 2. Hypusinated elF5A participates in NMD in human cells. (A)
Structure of NMD-sensitive expression construct Rluc-Gl Ter contain-
ing the Renilla luciferase gene (RLuc, open rectangle) fused in frame
atits 3’ end to three exons of the human B-globin gene (Gl, filled rec-
tangles), the second of which harbors a PTC at position 39. (B, C):
Effect of siRNA directed against elF5A1 (5A), Upf1, DHS or DOHH on
expression from pGL2TAR (left) or Rluc-Gl Ter (right) in HeLa cells with
co-transfected pCMV-Ren and pCMV-FF, respectively. Relative lucifer-
ase activity (FF/Ren, left; Ren/FF, right) is plotted relative to expression
transfected with control siRNA (siC). (D) Effect of the drugs DEF and
CPX at concentrations indicated on expression from RLuc-Gl Ter. Rela-
tive luciferase activity (Ren/FF) is plotted relative to expression in the
absence of drug. (E) Effect of drugs on Renilla luciferase RNA mea-
sured in Northern blots. Data is mean of three independent experi-
ments presented as a ratio of expression from RLuc-Gl Ter (NMD
sensitive) relative to the normal construct, RLuc-Gl Norm. *, p < 0.05.
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inhibition of eIF5A modification®’; particularly notable is
the apparent threshold between 100 ©M and 200 uM
DEF, observed in a number of assay systems.***>>*
Increased luciferase activity was mirrored by increased
transcript levels (Fig. 2E). These results support the con-
clusion that eIF5A is associated with NMD in human

cells and indicate the importance of hypusine in this role.

Cellular gene regulation by hypusine-containing
elF5A

The preceding experiments were carried out with
model constructs carrying a reporter gene upstream of
either a viral intron or a PTC-containing mutant
human gene segment. As NMD regulates the expres-
sion of some normal genes, we set out to determine
whether eIF5A influences cellular transcript levels. To
identify cellular RNAs that are dependent on elF5A
and its hypusine modification, we used deep sequenc-
ing (RNA-Seq) to analyze polyA(+) RNA from HelLa
cells depleted for eIF5A1, DHS or DOHH (Fig. 3A
and Fig S1A). Transcripts dependent on Upfl were
analyzed in parallel. Knockdown was ~70-80% effec-
tive at the RNA level and was specific (Fig. S1B, C).
Knockdown of one component was not accompanied
by a reduction in the level of the others, indicating
that these genes are not coordinately regulated.
Cluster analysis revealed closely matching patterns
of changes in gene expression (Fig. 3B). Both increases
and decreases in gene expression were observed. Tak-
ing a conventional threshold criterion of significance
(fold change >1.2, Fisher’s exact test p < 0.001),
approximately twice as many gene transcripts
decreased as increased (~1.5- to 2.5-fold for individ-
ual knockdowns: Fig S2). Pairwise comparisons cor-
roborated the concordant effects of eIF5A, DHS and
DOHH knockdowns on the expression of individual
genes as illustrated in scatter plots with high correla-
tion coefficients (Pearson’s r values) ranging from
0.76 to 0.91 (Fig. 3C). The concordance is emphasized
by quantitation. For example, among the 469 genes
whose expression was up-regulated after eIF5Al
knockdown, almost half (~45%) were also signifi-
cantly up-regulated by DHS knockdown; only a few
(<1%) were down-regulated, and the remainder did
not change significantly. Conversely, among the 719
genes whose expression was down-regulated after
elF5A1 knockdown, ~64% were down-regulated by
DHS knockdown while <1% were up-regulated.

Similar response patterns were observed for each pair-
wise comparison (Fig. S3). Concordant changes out-
numbered discordant changes in gene expression by
~27:1 overall. These observations are as expected for
members of a singular pathway and are consistent
with the view that DHS and DOHH are dedicated to
elF5A modification.” If eIF5A1, DHS or DOHH
exerts distinct effects on cellular gene expression that
are not shared with other pathway members, evidence
for such effects was not obvious in this analysis.

Coordinate regulation by Upf1 and hypusinated
elF5A

We examined gene expression under conditions of
Upfl depletion to define the effects of impairing
NMD and allow comparison with the effects of
obstructing the eIF5A pathway. In accord with the
cluster analysis (Fig. 3B), Venn diagrams displayed
extensive overlaps among the effects of all four RNAi
knockdowns (Fig. 4A). In pairwise comparisons, Upfl
knockdown showed a marked tendency toward coor-
dinate effects on gene expression with knockdown of
elF5A1, DHS or DOHH. Scatter plots manifested a
high degree of correlation (r values 0.86 - 0.93;
Fig. 4B), which was confirmed by quantitation
(Fig. S4A). The individual correlations were highly
significant (p < 0.000005 for eIF5A1, DHS or DOHH
vs. Upfl), and the evidence was further strengthened
by consideration of transcripts that displayed uniform
behavior toward knockdown of all three eIF5A path-
way genes. Most (~73%) of the transcripts that
increased with knockdown of the eIF5A pathway also
increased when Upfl was depleted; similarly, most
(~77%) of the transcripts that decreased with knock-
down of the eIF5A pathway also decreased when Upfl
was depleted. Nearly all of the remainder did not dis-
play significant changes, and only one gene dis-
played divergent behavior (Fig. S4B, C). In sum,
transcripts that were up-regulated by Upfl deple-
tion were predominantly up-regulated by knock-
down of the eIF5A pathway; conversely, transcripts
that were down-regulated by Upfl depletion were
overwhelmingly down-regulated by knockdown of
the eIF5A pathway.

This coordinate response of individual gene tran-
scripts was supported by Gene Ontology (GO)
analysis, which indicated a functional relationship
between elF5A and NMD for classes of genes. GO
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terms that were most enriched with Upfl depletion
were also highly enriched with knockdown of the
elF5A pathway components (Table S1). This co-
regulation applied to GO terms that were predomi-
nantly up-regulated (Fig. 4C) and to those that
were predominantly down-regulated (Fig. S5).
Taken together, the data strongly support the infer-
ence that hypusinated eIF5A and Upfl serve related

roles, both positive and negative, in cellular gene
expression.

elF5A-dependent NMD targets in the human
transcriptome

Of the 15,634 nuclear gene transcripts identified, 709
(~4.5%) increased significantly in Upfl knockdown
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Figure 5. Up-regulation of cellular transcripts by depletion of Upf1 or elF5A pathway genes. (A) Gene transcripts significantly up-regu-
lated in RNA-Seq analysis by Upf1 knockdown (total 709) that were also up-regulated by knockdown of elF5A1, DHS or DOHH singly or
in combinations. (B) qPCR analysis showing up-regulation of 10 gene transcripts in cells depleted for elF5A1, DHS, DOHH or Upf1. Data
are normalized to siC-treated cells. Standard deviations are included but are too small to be readily visible; p-values were <0.01, and
mostly <0.001, except where marked #. The genes were selected on the basis of their up-regulation in RNA-Seq analysis (see text for

details).

cells relative to control siRNA-treated cells and are
therefore candidates for NMD. The majority of these,
494 (~70%), also increased significantly in cells
knocked down for eIF5A1 and/or its modifying
enzymes, and 86 (~12%) met the most stringent crite-
rion, being significantly increased in cells knocked
down for all four gene products (Upfl, eI[F5A1, DHS
and DOHH; Fig. 5A). These 86 gene transcripts are
listed in Table S2 and are considered candidates for
elF5A-associated NMD (5A-NMD).

Consistent with a mechanistic commonality, the
rank orders of the transcripts were largely coincident
based on fold change upon knockdown of Upfl,
elF5A, DHS and DOHH (not shown). Quantitative
PCR (qPCR) assays were conducted on 10 selected
genes (Table S2 and Fig. S6). Depletion of elF5A1,
DHS, DOHH or Upfl led to an increase in all RNAs
examined (Fig. 5B). In most cases, the largest stimula-
tion was seen with Upfl and the smallest with e[F5A1,
presumably reflecting its stability and abundance
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relative to the other three enzymes (cf. Fig. SIC).
These results validate the RNA-Seq data and support
the conclusion that the transcripts are regulated by
elF5A-associated NMD.

Regulation of translation system components
by elF5A and AS-NMD

The 5A-NMD set of up-regulated transcripts con-
tains representatives of many gene families, notably
including products involved in gene expression
(Table S2). The most prominent up-regulated terms
in the GO analysis of the knockdown data were
“translational elongation” in the Biological Process
category and ‘cytosolic ribosome’ in the Cellular
Component category (Table S1), with a high level of
significance (Fig. 4C). Other significantly up-regu-
lated terms included ‘translation’, ‘mRNA metabolic
process’, ‘cytosolic part’ and ‘ribonucleoprotein
complex’ (Fig. 4C and Table S1). Of the 86 up-regu-
lated 5A-NMD transcripts, 19 (~22%) encode com-
ponents of the protein synthesis machinery,
including 15 (~17%) cytoplasmic ribosomal pro-
teins (Table 1), corresponding to a >30-fold enrich-
ment compared to their frequency in the database
as a whole (~0.54%). Interestingly, mitochondrial
ribosomal protein transcripts were not up-regulated
even though they are also transcribed from the
nuclear genome.

For genes in the ‘cytosolic ribosome’ GO category,
scatter plots revealed an almost uniform up-regulation
(Fig. 6A). Among these, transcripts of the L3, L7a and
L12 genes (RPL3, RPL7a and RPL12) were significantly
up-regulated by knockdown of Upfl, eIF5A1, DHS and
DOHH (Table 1), while L10a narrowly missed the crite-
ria for inclusion (not shown). Previous studies found

Table 1. Up-regulated transcripts encoding components of the
translation system'

Initiation factor elF4A2*
Elongation factors eEF14, eEF2
Polyadenylation & translation ~ CPEB4"

factor

Ribosomal proteins, large L3, L6, L7a, L12, L13a, L22, L27a, L32,

subunit L36, P1
Ribosomal proteins, small S3, 57,59, 514, S15a
subunit
Note.

'Protein synthesis-related genes that were up-regulated in common by the
individual knockdown of Upf1, elF5A1, DHS and DOHH. Except for those
marked with an asterisk (*), all are reported to be TOP mRNAs (see Discussion
for details).

that these four cytoplasmic ribosomal proteins are regu-
lated by NMD in C. elegans,'” and that L3 and L12 are
NMD-regulated in human cells.”” In addition, mRNAs
encoding hnRNP L-like protein (HNRNPLL) and
spermidine/spermine N1-acetyltransferase-1 (SAT1 or
SSAT) were also up-regulated by knockdown of the
elF5A pathway and of Upfl (Table S2). HNRNPLL®
and SAT1% transcripts are regulated by NMD in human
and mouse cells, respectively, and both are functionally
connected to the protein biosynthetic pathway.

All of these RNAs are regulated by AS-NMD, in
which an alternative splicing event results in the
introduction of an NMD-determining PTC. This is
due to the inclusion of an intron-derived ‘poison
exon’ (in SATI1 and HNRPLL) or the extension of
an exon at its 5 end (in RPL3) or 3’ end (in
RPL12, RPL7a, and RPL10a) into
sequence. Examination of RNA-Seq reads for splice

intronic

pattern variations revealed changes in the propor-
tions of alternatively spliced mRNAs in several
genes that were up-regulated by knockdown of
Upfl and the eIF5A pathway. In the RPS3 and
elF4A2 genes, the knockdowns led to increased
accumulation of isoforms that are predicted to be
substrates for NMD, implying that RPS3 and
elF4A2 may be subject to regulation by AS-NMD.
The proportion of exon 5-skipped RPS3 transcripts
increased, and the resulting out-of-frame transla-
tion of canonical exon 6 would encounter a PTC
148 nt upstream of the mRNAs 3’-most splice
junction (Fig. 6B). Similarly, the increased accumu-
lation of an intron-included eIF4A2 gene transcript
results in a translational frameshift leading to a
PTC that is predicted to cause NMD (data not
shown). These findings indicate that hypusinated
elF5A has a role in regulation of gene expression
by AS-NMD.

Discussion

This study presents functional and bioinformatic
evidence indicating that hypusine-containing eIF5A
is important for NMD in human cells. NMD-sus-
ceptible transcripts were stabilized when the syn-
thesis or hypusination of eIF5A was compromised
by RNAi or drug treatment. Depletion of hypusi-
nated eIF5A stabilized NMD targets including a
model substrate with a virus-derived intron down-
stream of its normal stop codon, and a chimeric
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Figure 6. Alternative splicing-coupled NMD of ribosomal protein genes. (A) Scatter plot for genes in the “cytosolic ribosome” GO cate-
gory, displaying co-regulation of transcripts by knockdown of Upf1 and by knockdown of elF5A1, DHS or DOHH. Parameters are as in
Figure 3C (note log scale). (B) Evidence for AS-NMD in RPS3 transcripts. Isoform expression in control and knockdown samples was ana-
lyzed by the MISO method, where W represents the fraction of transcripts containing exon 5. Histograms show W value distributions
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95% confidence intervals (square brackets). Bayes factors were >10"%in all samples except for the elF5A1 knockdown (not shown). Dia-
grams below illustrate the alternatively spliced junctions detected (top) and corresponding RNA isoforms (bottom). Exons and introns
are depicted as boxes and lines, respectively; filled and open boxes depict translated and untranslated sequences, respectively.
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transcript containing a pathological PTC responsi-
ble for one form of S°-thalassemia. In the human
transcriptome, depletion stabilized eIF5A-depen-
dent NMD targets which were especially enriched
in components of the translation system and in
some cases regulated by alternative splicing. The
participation of eIF5A in NMD in human cells is
consistent with the broad role of this protein in
cell activities, and it may provide a basis for a
deeper understanding of its functions and for ther-
apeutic intervention in nonsense-associated genetic
diseases. In protein synthesis, its participation in
NMD comports with increasing recognition of
elF5A as a regulatory factor involved in several
aspects of translation.

Hypusinated elF5A is functionally associated
with NMID

elF5A and its modifying enzymes, DHS and DOHH,
like many components of the NMD machinery, are
highly conserved; our findings argue that the functional
relationship between them has also been conserved
through evolution. Earlier work implicated eIF5A in
mRNA decay and NMD in the yeast Saccharomyces
cerevisiae. In yeast, several RNAs were stabilized at the
non-permissive temperature by mutation of e[F5A,* a
finding that was confirmed with independent eIF5A
mutations.”® It is notable that one of the stabilized yeast
transcripts was a PTC-containing incompletely spliced
pre-mRNA that is an NMD target.*” In a subsequent
microarray analysis, several hundred RN As were found
to be up-regulated in yeast harboring mutant human
elF5A1.> Of these, ~60% were also up-regulated in
cells deficient for Upf genes, including many that
appeared to be NMD substrates. Substantial overlaps
were observed with the mRNA sets that were up-regu-
lated when other elements of the decay machinery,
decapping enzyme and exonuclease, were deleted.”'

In our experiments, inactivation of the eIF5A and
NMD pathways in human cells also led to increased
expression of many transcripts, and similar effects
were elicited by depletion of Upfl, eIF5A1, DHS and
DOHH. Conspicuous among the up-regulated tran-
scripts were mRNAs encoding components of the
translation system, especially cytoplasmic ribosomal
proteins (Table 1). This finding is consistent with pre-
vious observations documenting the regulation of spe-
cific ribosomal protein mRNAs by NMD.'>*® In a

recent study of EJC distribution on HeLa cell tran-
scripts, exons of ribosomal protein mRNAs were
found to be markedly deficient in EJC occupancy,®
leading us to speculate that degradation of at least
some ribosomal protein mRNAs (and possibly other
5A-NMD transcripts) may follow an EJC-independent
NMD pathway.>** Alternative explanations include
the possibility that ribosomal protein mRNAs bind
EJCs with a different composition than those exam-
ined® or are more rapidly degraded than other NMD
targets when associated with EJCs. Many of the up-
regulated transcripts (Table 1) are abundant, growth-
regulated TOP mRNAs. These mRNAs, which bear a
5 terminal oligopyrimidine (5" TOP) sequence, are
coordinately regulated at the translational level,5°%¢
and display limited EJC binding.*® Evidently, further
analysis will be required to determine the relationships
between 5" TOP sequences, EJC occupancy, elF5A,
and the susceptibility of mRNAs to NMD.

While the impact of hypusination on RNA decay
has not been evaluated in yeast, our data show that nei-
ther the lysine-containing nor the deoxyhypusine-con-
taining form of eIF5A is sufficient to substitute for the
mature hypusinated form of the factor in human cells.
This is in keeping with most of the reported functions
of human eIF5A, for which hypusine is essential.
Exceptionally, deoxyhypusyl-elF5A is believed to play a
role in apoptosis in mammalian cells,”® and it retains
some functionality in yeast and in vitro.”*’

Impairment of the e[F5A and NMD pathways also
led to decreased expression of some transcripts in
human cells, as observed to a lesser extent in yeast.31
The overlap between the two sets of down-regulated
transcripts was less pronounced in yeast than in
human cells. It remains to be seen whether these dif-
ferences are due to divergent mechanisms for tran-
script down-regulation or to technical differences
between the yeast and human experiments, but it is
noteworthy that the PPP and PPG motifs, a signature
of elF5A dependence, are found less frequently in
yeast than human proteins.®’”

Interplay between elF5A and NMD

The involvement of eIF5A in NMD suggests a regula-
tory and possibly proofreading role in translation.
While the biochemical basis for the eIF5A-NMD rela-
tionship is unknown, in human as well as yeast cells,
three general types of explanation can be considered.



The most straightforward would be a direct or indirect
physical interaction between components of the
elF5A and NMD pathways. eIF5A is exceptionally
abundant, even for a protein synthesis initiation fac-

68,69
tor

and it has been implicated in diverse cellular
processes. Accordingly, it is likely to interact with
many cellular proteins. On the other hand, NMD is a
complex and intricately regulated process entailing
many proteins. As well as Upfl-3, these include the
nuclear cap-binding proteins CBP80 and CBP20,
translation termination and release factors eRF1 and
eRF3, the nuclear poly(A)-binding protein N1, com-
ponents of the EJC, and Smg factors and protein phos-
phatase PP2A which regulate the phosphorylation
status and activity of Upfl. Possibly eIF5A interacts
with one or more of these NMD components although
preliminary co-immunoprecipitation experiments did
not reveal an interaction between Upfl and eIF5A (M.
Hoque, unpublished data). In view of eIF5A’s recently
demonstrated role in translation termination®®*” it is
particularly tempting to postulate a connection with
release factors. Additional potentially relevant inter-
actions are with select mRNAs’® and RNA sequence
motifs,”! with ribosomes,”?”? and with numerous cel-
lular proteins, especially ones involved in translation
and RNA metabolism and transport, and the cell
cycle.”* Conceivably eIF5A’s RNA- and/or protein-
binding capabilities could regulate mRNA export
from the nucleus in such a way as to influence the
‘pioneer round’ of translation that is a key feature of
NMD in some models.” Interestingly, hypusinated
elF5A participates in the hormone-induced degrada-
tion of the mRNA encoding the luteinizing hormone
receptor (LHR) in rat ovaries. LRBP interacts with
both eIF5A and LHR mRNA,” and RNA turnover
appears to be mediated by the LHR mRNA binding
protein (LRP) in response to a signaling cascade trig-
gered by human chorionic growth hormone.”®
Alternatively, the relationship between eIF5A and
NMD could be ascribed to an indirect effect, for exam-
ple, secondary to the function of eIF5A in translation.
Knockdown of eIF5A, or inhibition of its hypusina-
tion, would be expected to reduce the synthesis of
elF5A-dependant proteins. Although this class has
not been fully defined, one feature in yeast is the pres-
ence of oligoproline runs. Similar to its eubacterial
ortholog, EF-P, yeast eIF5A was shown to facilitate
the decoding of stretches containing PPP or PPG
sequences.”” Recent studies”®* have expanded the
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spectrum of eIF5A-dependant sequences considerably,
however, and the extent to which this specificity holds
for mammalian eIF5A remains to be established. In
human cells, a set of proteins has been characterized
as elF5A-dependant, many of which do not share the
oligoproline motifs.>>**%” In bacteria, EF-P may also
display a somewhat broader specificity.”> Possibly
elF5A is required for the synthesis of one or more of
the proteins involved in NMD. Conversely, the action
of Upfl on RNA stability might affect transcripts of
elF5A pathway genes. One observation that argues
against co-regulation of Upfl, eIlF5A1, DHS and
DOHH, at least in its simplest form, is that their tran-
scripts are not coordinately silenced (Fig. S1C).

A third general explanation takes note of observa-
tions that eIF5A affects higher-order functions such as
cell structure and behavior. For example, it is impli-
cated in control of cell shape, cell division, growth
and cytoskeletal architecture,***’
down-regulation of GO terms such as ‘cell cycle’ and
Golgi organization’ (Table S1 and Fig. S5). Although
there is a correlation between oligoproline motif con-
tent and actin cytoskeleton-associated function,®’ it is
uncertain whether these actions are themselves contin-
gent on alterations in gene expression. The abundance
of eIF5A lends support to the view that its function is
not restricted to protein synthesis, and it is not ruled
out that the association of eIF5A with AS-NMD is
due to an effect on splicing.

consistent with

NMD, elF5A and drugs

Discovery of hypusinated eIF5A’s participation in
NMD emerged from our analysis of the effects of
CPX and DEF on reporter gene expression in human
cells. DEF is a metal chelator used clinically to allevi-
ate transfusional iron overload arising in thalassemia,
and CPX is a topical antifungal that has recently been
administered orally.”” At clinically relevant concentra-
tions, both drugs block DOHH, the enzyme responsi-
ble for the second step in this highly specific post-
translational modification pathway. Of the transcripts
that were uniformly up-regulated by depletion of
Upfl, eIF5A, DHS and DOHH, about a third were
also up-regulated by the drugs (Fig. S6) and represen-
tatives of this subgroup were all confirmed to be up-
regulated (Fig. 5), solidifying the conclusion that
hypusine-containing eIF5A is implicated in NMD.
Remarkably, this subgroup did not include transcripts
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encoding cytoplasmic ribosomal proteins, even though
these were prominently up-regulated by knockdown
of Upfl or the eIF5A pathway. In fact, most cyto-
plasmic ribosomal protein transcripts were down-reg-
ulated by CPX and DEF (data not
Mitochondrial ribosomal protein transcripts, which
were generally unaffected by knockdown of Upfl and
the eIF5A pathway genes, were also mostly down-reg-
ulated by the drugs (data not shown). This may be

shown).

due to an over-riding negative control at the transcrip-
tional level, reflecting inhibition of cell growth and
division exerted by the drugs at the concentrations
used’” as indicated by GO data (Fig. S5).

The involvement of eIF5A in NMD opens a possi-
ble route toward treatment of NADs, especially those
due to a point mutation such as the B globin mutation
tested here (Fig. 2). These account for ~12% of
human genetic diseases and are frequently more
severe than those resulting from missense mutations
because they lead to the destruction of the aberrant
mRNA. One pharmacological strategy to combat
NADs would attain production of adequate amounts
of full-length protein by (1) suppression of the non-
sense mutation, allowing read-through of the PTC by
insertion of a functionally acceptable amino acid at
the premature stop site; and/or (2) stabilization of the
mRNA, by preventing or slowing its decay. Several
agents, including aminoglycosides and derivatives,
negamycin, and PTCI124 (ataluren, Translarna™)
have been discovered and developed that can cause
read-through.'>'® Some of these have progressed to
the clinic with modest but encouraging success. Less
attention has been paid to inhibitors of mRNA turn-
over, however. PI3K inhibitors such as caffeine and
wortmannin block Upfl phosphorylation by Smgl,
and NMDI-1 inhibits Upfl dephosphorylation by
blocking its interaction with Smg5.">'® Amlexanox
stabilizes several pathogenic nonsense-containing
mRNAs leading to production of full-length protein.”®
This drug is an anti-inflammatory, anti-allergic immu-
nomodulator, and inhibits G protein-coupled receptor
kinases such as GRK5.”” Although its mechanism of
action against RNA decay is not known, it appears to
differ from that of CPX and DEF in that it does not
stabilize normal cellular transcripts.

Combination of an mRNA stabilizing drug with a
read-through agent could be a potent therapeutic
strategy widely applicable to a large number of NADs.
Moreover, it is conceivable that elevation of mRNA

levels alone may be sufficient to achieve therapeutic
benefit in some diseases or individuals in the absence
of nonsense suppression therapy, or together with
other treatment modalities.

The elF5A regulon

To our knowledge, this report is the first to address the
global influence of eIF5A and its hypusine modifica-
tion on the human transcriptome. eIF5A controls the
expression of a suite of human genes, referred to as
the eIF5A regulon, through modulation of transcript
levels and mRNA translation.” In HeLa cells we
observed the regulation of different categories of genes
by CPX and DEF: Group 1 proteins (HSP27, NM23
and DJ-1) were down-regulated at the translational
level, whereas Group 2 proteins (TrpRS and PRDX2)
were up-regulated at the mRNA level. Presumably at
least some of the up-regulated transcripts observed
here will prove to be members of Group 2. Proteomic
analyses have defined large sets of gene products that
are increased or decreased in abundance at the protein
level. In pancreatic cancer cells, eIF5A1 depletion up-
regulated proteins involved in mRNA and protein
production and the stress response, and down-regu-
lated proteins in several GO categories including pro-
tein targeting and localization.”* In HeLa cells, there
was up-regulation of proteins in the cellular compo-
nent organization and protein folding categories, and
down-regulation in the metabolic processes category,
emphasizing effects on ER stress.”®> Despite striking
similarities, considerable divergence was also evident
among these analyses, presumably reflecting differen-
ces in cell types, analytical techniques, and other
experimental details. In view of the action of e[F5A on
both transcription and translation, a comprehensive
description of the eIF5A regulon will require coordi-
nate analysis of effects on both mRNA and protein
populations. The observation that e[F5A strongly reg-
ulates the expression of components of the translation
system suggests that the eI[F5A operon may act as a
switch or rheostat controlling cell growth.

Materials and methods

Cells, cell culture, immunoblotting and luciferase
assays

Cells from the American Type Culture Collection
were maintained as recommended and seeded one day



before treatment. CPX (Sigma-Aldrich) and DEF
(Calbiochem) were freshly dissolved in PBS and added
to the medium for 24 hr at 30 uM and 250 uM,
respectively, except where otherwise noted. Luciferase
assays and immunoblotting were conducted as
described previously.*® Duplicate luciferase assays
were repeated at least twice. The results were normal-
ized as stated in legends, and are displayed together
with standard deviations and Student’s t-test values
relative to respective controls indicated according to
the convention: *, p < 0.05; **, p < 0.01; ***, p < 0.001;
T p <0.0001.

Plasmids

The HIV-1 reporter plasmids, pGL2TAR and pLTR-
FF, and controls pCMV-FF and pCMV-Ren were
described  previously.**  Deletion  constructs
pGL2TARA1 and pGL2TARA2 were generated by
replacing the 3'UTR sequences of pGL2TAR with
PCR-amplified sequences lacking intron sequences or
203 nt at the 5 end, respectively. All sequences were
confirmed by sequencing. The plasmids FLAG-
UpfIWT, FLAG-UpfIDN (FLAG-UpfIR844C) and
empty vector,” and pRLuc-Gl Norm (GIn39) and
pRLuc-GI Ter (PTC at codon 39),”” were generously
provided by Dr. Lynne Maquat (University of
Rochester).

RNA interference

HeLa cells were transfected with 20 nM siRNA and
293 cells with 50 nM siRNA using Hiperfect (Qiagen).
Cells were harvested at 24 hr post-transfection unless
otherwise stated. e[F5A1 siRNA was as defined previ-
ously.”> DHS, DOHH and Upfl “ON-TARGET plus
SMART pool” siRNAs and non-targeting control
siRNA (siC) were from Dharmacon.

RNA analysis

RNase protection assays were conducted as
described.*® For northern analysis, HeLa cells trans-
fected with pRLuc-Gl Ter, pRLuc-Gl Norm and
pCMV-FF were treated with 30 uM CPX, 300 uM
DEF or no drug. Total RNA was isolated 24 h later,
blotted, and assayed using radiolabeled antisense
probes. RNA bands were quantitated with Image]J
1.43u software (NIH) and the Renilla luciferase RNA

signal was normalized to FF RNA. For qRT-PCR,
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total cellular RNA was treated with DNase I and
reverse transcribed using oligo(dT) primer. qRT-PCR
was carried out using the Maxima SYBR Green/Rox
qPCR Master Mix (Fermentas) with gene-specific pri-
mers targeting two different exons for forward and
reverse primers. PCR was conducted with an Applied
Biosystems 7500 apparatus. Relative gene expression
for individual genes was normalized to GAPDH.

Preparation and sequencing of RNA-Seq libraries

Total RNA extracted using the RNeasy kit (Qiagen)
was first checked for integrity on an Agilent Bioana-
lyzer 2100; samples with RNA integrity number (RIN)
>9.0 were used for subsequent processing. Total RNA
was subjected to two rounds of poly(A) selection using
oligo-(dT),s magnetic beads (New England Biolabs)
and poly(A)+ RNA was fragmented with NaHCO;
(pH 9.3) for 2 min at 94°C. A single-read (strand spe-
cific) cDNA library was prepared following the Illu-
mina TrueSeq small RNA protocol for strand-specific
RNA-Seq®™ with minor modifications. cDNA was
then amplified by PCR for 15 cycles with a universal
forward primer and a reverse primer with bar code.
The cDNA libraries were sequenced using an Illumina
GAIIx instrument. At least 10 million reads per sam-
ple were acquired using 70-bp single-end reads.

Bioinformatic and statistical analysis

HTSeq®' was used to convert reads mapped with
TopHat in SAM format to gene read counts. Reads
were converted to gene counts using the hgl9 genome
as reference. HTSeq-converted read counts were used
as an input for differential gene analysis in the R plat-
form. Read counts were filtered and normalized, and
differential gene expression was calculated using
edgeR as described in the RUVSeq manual. Sequenced
reads were mapped to the human reference genome
hgl9 using Bowtie 2.*> mRNA expression was mea-
sured as RPKM (reads per kilobase of transcript per
million reads mapped) at RefSeq transcript level using
reads mapped to coding regions, and then summa-
rized at the gene level using the median of measure-
ments by group. Hierarchical
conducted to classify genes and samples based on their

clustering was

expression pattern by Cluster 3.0 and Java TreeView
(http://bonsai.hgc.jp/~mdehoon/software/cluster/soft
ware.htm). Differential expression was assessed using
both fold change and t-test p-value, which were used


http://bonsai.hgc.jp/&sim;mdehoon/software/cluster/software.htm
http://bonsai.hgc.jp/&sim;mdehoon/software/cluster/software.htm
http://bonsai.hgc.jp/&sim;mdehoon/software/cluster/software.htm
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to consider both the degree and the significance of
regulation.

GO analysis

Biological pathways associated with significant genes
were analyzed by Gene Ontology (GO) analysis
(http://www.geneontology.org). Mapping between
genes and GO entries was obtained from the NCBI
Gene database (http://www.ncbi.nlm.nih.gov/gene).
The association of genes and pathways was assessed
using Fisher’s exact test. Redundant concepts in GO
results were removed by comparing overlapped por-
tions between genes related to GO entries.

Alternative splicing analysis

Alternative splicing events were detected by the MISO
method.**  Differentially
expressed isoforms were further identified according

(mixture of isoforms)
to Bayes factors calculated by MISO and filtering crite-
ria, Psi values (W) and confidence intervals, when
comparing the control and knockdown samples. In
comparison to the control, all alternative exons pre-
sented here changed with Bayes factor > 20.
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