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Abstract
During amino acid limitation, the protein kinase Gcn2 phosphorylates the α subunit of eIF2, thereby regulating mRNA trans-
lation. In yeast Saccharomyces cerevisiae and mammals, eIF2α phosphorylation regulates translation of related transcription 
factors Gcn4 and Atf4 through upstream open reading frames (uORFs) to activate transcription genome wide. However, 
mammals encode three more eIF2α kinases activated by distinct stimuli. Did the translational control system involving eIF2α 
phosphorylation evolve from so simple (as found in yeast S. cerevisiae) to complex (as found in humans)? Recent genome-
wide translational profiling studies of amino acid starvation response in the fission yeast Schizosaccharomyces pombe provide 
an unexpected answer to this question.
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Introduction

In response to diverse cellular stresses, ribosomes repro-
gram global protein synthesis to optimize the utilization of 
nutrients and energy and reconfigure the proteome to miti-
gate stress damage (Asano 2013; Dever 2002). For exam-
ple, during amino acid limitation, the protein kinase Gcn2 
(Eif2ak4 in mammals) is activated by uncharged tRNAs that 
accumulate due to the amino acid undersupply. The acti-
vated Gcn2 then phosphorylates the α subunit of eukaryotic 
initiation factor 2 (eIF2), thereby reducing delivery of ini-
tiator tRNAs to ribosomes which results in the inhibition 
of global protein synthesis. Concurrently, phosphorylation 
of eIF2α (eIF2α-P) enhances translation of select mRNAs, 
such as Saccharomyces cerevisiae GCN4 and mammalian 

atf4, which direct gene expression for stress adaptation (Hin-
nebusch et al. 2007; Vattem and Wek 2004) in both normal 
and cancer cells (Wek and Staschke 2010; Ye et al. 2010). 
In mammals, however, other diverse stress stimuli activate 
three more eIF2α kinases, Hri (Eif2ak1), Pkr (Eif2ak2), and 
Perk (Eif2ak3), thereby deploying a similar transcriptional 
response (Young and Wek 2016). How is translation regu-
lated differentially by eIF2α phosphorylation? Of the four 
eIF2α kinases, the role of Hri in stress response remains a 
mystery in particular. How are these distinct kinases utilized 
to integrate the various stress stimuli? How did this transla-
tional control system evolve?

A critical cis-acting regulator for control by eIF2α-P 
is upstream ORFs (uORFs) present in the 5′-leaders of 
mRNAs. uORFs are suggested to be present in over 50% of 
mammalian and 10% of yeast mRNAs (Asano 2013). The 
prototypical example of uORF-dependent translational con-
trol is found for yeast GCN4 encoding a basic leucine-zipper 
transcription factor (bZIP) (Hinnebusch 1997). This system 
takes advantage of the scanning mechanism, which normally 
allows a mRNA to produce only a single protein (Asano 
2014; Hinnebusch et al. 2007). In eukaryotes, ribosomes 
associated with eIF2 and its bound initiator tRNA are loaded 
to the 5′-cap of mRNAs and then processively scanned 5′ 
to 3′ in search of an initiation codon. Often uORFs are 
bypassed due to the poor context of its AUG start codon or, 
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when translated, inhibit downstream initiation of the main 
coding sequence (CDS).

In the case of GCN4, however, the first of its four uORFs 
(uORF1) is fully translated, but allows ribosomes to reini-
tiate translation of another ORF located downstream; the 
ribosome remains linked to the mRNA after translation 
termination and resumes scanning for subsequent transla-
tion initiation (Grant and Hinnebusch 1994) (Fig. 1a). In the 
absence of the stress, the ribosome re-initiates at one of the 
three other uORFs, typically uORF4, and hence no transla-
tion of the main CDS (Fig. 1a, panel 1). Upon stress and 
eIF2α-P induced by Gcn2, however, delayed translation re-
initiation allows for ribosomes to scan through the inhibitory 
uORFs, and instead initiates translation at the CDS. In this 

way, the GCN4 is well translated only during cellular stress 
and induced eIF2 α-P (Fig. 1a, panel 2). Gcn4 is the mas-
ter regulator of yeast general amino acid control (GAAC) 
response, driving transcription of the majority (50–60%) 
of the genome (Natarajan et al. 2001). A mere deletion of 
uORFs of this gene completely abolishes the yeast’s ability 
to induce this response, emphasizing the crucial role played 
by this mechanism at the translational level (Mueller and 
Hinnebusch 1986).

Humans have a similar system targeting a homologous 
bZIP transcription factor Atf4 (Vattem and Wek 2004). 
Thus, the leader region of atf4 mRNA carries two uORFs: 
uORF1 serving as the positive element allowing downstream 
re-initiation and uORF2 serving as the negative element 
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Fig. 1  Translational control by paired uORFs. a Model of GCN4 
translational control. The schematics on the top describe the struc-
ture of GCN4 mRNA with boxes indicating uORFs. Table below 
describes the uORF-dependent delayed re-initiation model for 
GCN4 translation in unstressed cells (panel 1) and in stressed cells 
(panel 2). Gray ovals in the schematics represent ribosomes with 
40S (smaller oval) and 60S (larger oval) subunits or the subunit 
alone. Black straight arrows indicate 40S ribosome scanning. Brown 
rounded arrows indicate ribosome dissociation. See text for details. 
b–d uORFs found in the leader regions of GCN4/atf4/cpc1 homologs 

(b), S. pombe fil1 and gcn5 (c), and fungal hri (d). See Fig. 2 for the 
classification of species shown. Boxes indicate uORFs (yellow, posi-
tive or blue, negative element, respectively) or the main CDS (gray). 
For dipeptide-coding uORFs, the amino acid sequences (MC, MM, 
and MI) of dipeptides originating from the uORFs are shown below. 
Overlapping uORF has been considered characteristic of the nega-
tive element, as found with Homo sapiens atf1 uORF2. However, this 
does not appear to be the case in diverse fungi including S. cerevisiae 
bearing GCN4 uORF4
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inhibiting translation of the main CDS in the absence of 
the stress (Fig. 1b). During amino acid starvation, Gcn2 
(EIF2AK4) is fully responsible for expressing a set of genes 
including those encoding amino acid synthesis enzymes. 
However, various other stress stimuli—for example, heme 
depletion during erythrocyte development, oxidative stress 
(Hri), RNA virus infection (Pkr), and endoplasmic reticulum 
(ER) stress (Perk)—can similarly lead to eIF2α phosphoryla-
tion, thereby expressing a common set of genes termed the 
integrated stress response (ISR) through translational activa-
tion of atf4 mRNA (Ron and Harding 2007).

Did the translational control system involving eIF2α 
phosphorylation evolve from so simple (as found in yeast 
S. cerevisiae) to complex (as found in humans)? Recent 
genome-wide translational profiling studies of starvation 
response in the fission yeast Schizosaccharomyces pombe 
provide an unexpected answer to this question (Chikashige 
et al. 2020; Duncan et al. 2018).

Origin and diversity of translational control 
by eIF2α‑P: an overview

As shown in Fig. 2, the budding yeast S. cerevisiae belongs 
to one of the two major fungal phyla termed Ascomycota 
(most yeasts and filamentous fungi). Similar to S. cerevi-
siae and other members of the subphylum Saccharomyco-
tina, Gcn2 is the sole eIF2α kinase and a Gcn4 homolog 
is its effector in the other major phylum Basidiomycota 
(mushrooms). However, some filamentous fungi encode 
both Hri and Gcn2, along with Gcn4 homologs (Fig. 2, row 
8), so do primitive groups of fungi termed Mucoromycota 
and Taphrinomycotina, although Gcn4 homolog is found 
in only a subset of its members (Fig. 2, rows 2–5). Impor-
tantly, the mRNAs coding for the Gcn4 homologs in this 
kingdom have uORFs similar to those found in GCN4 or atf4 
mRNAs (Fig. 1b). Thus, the common ancestor of this king-
dom (hence that of Metazoa and Fungi) had an intermediate 
level of complexity with two eIF2α kinases, Gcn2 and Hri, 
as well as a Gcn4 homolog with uORFs as their effector in 
a primitive “integrated” response.

The glimpse of fungal diversity as shown in Fig. 2 locates 
the fission yeast S. pombe near the root of fungal evolution 

As
co

m
yc

ot
a

Gcn4/
Cpc1/
Atf4

Coprinopsis cinerea +

Gcn2

-

Hri

+

5MP

+

Aspergillus nidulans

Saccharomyces cerevisiae

Neurospora crassa

Schizosaccharomyces pombe

Pezizomycotina
Filamentous fungi

Neolecta irregularis

Saitoella complicata

+

+

+

+

+

+

+

-

-

+

-

+

-

-

-

-

-

+

+

+

+

-

+

+

Saccharomycotina

Taphrinomycotina

1 2 3 4

Lobosporangium transversaleMucoromycota + + + +

Fungi
M

eta-
zoaHomo sapiensChordata + + + +

Basidiomycota

350 My

400 My

1.6 By

600 My

Fig. 2  Conservation and diversity of translational control in fungi. 
Left diagram depicts a simplified fungal tree of life with a branch 
on top representing Metazoa. Divergence time is indicated at branch 
points (Hoffman et  al. 2015; Taylor and Berbee 2006; Wang et  al. 
1999); My, million years ago; By, billion years ago. Columns 1–4 
indicate the presence ( +) or absence ( −) of eIF2α kinases, Gcn2 and 
Hri, 5MP, or Gcn4/Atf4/Cpc1 homolog. ± , Gcn4 homolog is found 

in L. transversale, but only a handful of members belonging to the 
phylum Mucoromycota have this homolog. Partially adapted from 
Fig.  7A of Chikashige et  al. (2020). Identity of the proteins pre-
sent in the indicated species is described in the legends of this fig-
ure, except for L. transversale proteins (Gcn2, XP_021880655; Hri, 
XP_021881008; 5MP, XP_021884142; and Gcn4, XP_021881329)
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as the member of the subphylum Taphrinomycotina. The 
antiquity of the members of this group was recently under-
scored by the discovery that its member, Saitoella compli-
cata, encodes 5MP (Riley et al. 2016) (highlighted in red 
in Fig. 3). This is the sole 5MP identified in the phylum 
Ascomycota so far (Fig. 3) (Hiraishi et al. 2014). 5MP (also 
known as BZW or eIF5C) is an ancient translational regula-
tor capable of interacting with eIF2 and other eIFs, thereby 
inhibiting translation (Singh et al. 2011). By physically 
inhibiting interactions involving eIF2, 5MP can delay re-
initiation and thereby induce Atf4 translation in mammalian 
cells (Kozel et al. 2016). By binding the ribosome through 
its eIF partners, 5MP can also increase the accuracy of trans-
lation initiation (Tang et al. 2017). Thus, in the last eukary-
otic common ancestor, translation was controlled by eIF2α 
kinases, Gcn2 and Hri, and the eIF2-binding regulator, 5MP.

How do some primitive fungal species accommodate 
the lack of Gcn4, the major control unit in the starvation 
response? Is translational control of specific mRNAs still 
important in these organisms? Despite the lack of Gcn4, S. 
pombe deploys a starvation response similar to the GAAC 
response in S. cerevisiae (Nemoto et al. 2010; Udagawa 
et al. 2008). Thus, the study on this yeast not only provides 
insights into cross-talk between the distinct eIF2α kinases, 

Gcn2 and Hri (Zhan et al. 2002, 2004), but also into the plas-
ticity of regulatory networks that may operate at the level of 
transcription as well as translation.

Polysome profiling versus ribosome profiling

There are two fundamentally distinct methods of genome-
wide translational profiling, polysome profiling and ribo-
some profiling (Ingolia et al. 2009; Piccirillo et al. 2014) 
(Fig. 4). In polysome profiling, cell lysates containing 
poly-ribosomes (polysomes) are fractionated by density 
gradient-velocity sedimentation, typically using a sucrose 
gradient and ultracentrifugation. Polysome fractions are 
collected, and the abundance of mRNA in each fraction 
is measured by DNA microarray hybridization or RNA 
sequencing (RNAseq) (Fig. 4a). Translational control is 
determined by the change in the number of ribosomes 
loaded per mRNA that is defined as translation efficiency 
(TE) of the mRNA (Chikashige et al. 2020).

In ribosome profiling, cell lysates are treated with 
RNases, and the ribosome-protected fragments (RPF) 
are collected for RNAseq after ribosome purification fol-
lowed by the release and gel purification of the fragments 
(Fig. 4b). The read sequences are computationally mapped 
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Fig. 3  5MP phylogenetic tree from diverse eukaryotes. The tree 
was generated by MAFFT version 7, with 100 bootstrap replicates 
on (https ://mafft .cbrc.jp/) using sequences obtained from Genbank. 
Boxes to the right indicate the kingdoms to which the organisms of 

interest belong to. Bars indicate their subphyla and, for fungi, their 
classes. Red box, the sole Ascomycota homolog. Bootstrap values are 
indicated at the nodes.  Adapted from Fig. S10B of Chikashige et al. 
(2020)
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onto the transcriptome to determine the occupancy of 
ribosome in every transcript at a single nucleotide resolu-
tion. To determine TE, RNAseq of total RNA samples is 
additionally required. TE is then defined by the ratio of 
RPF sequencing reads to total RNAseq reads that were 
mapped to the gene of interest. The strong merit of this 
method is its ability to determine the precise location of 
coding regions through RPF distribution patterns (Fig. 4b, 
bottom).

Ribosome profiling of fission yeast reveals a new 
transcription factor regulated through uORFs

Duncan et al. employed ribosome profiling to study trans-
lational control of fission yeast during amino acid star-
vation (Duncan et al. 2018). By analyzing genes whose 
RPF distribution is changed upon the stress, they identi-
fied a noncanonical transcription factor of GATA zinc-
finger type regulated depending on gcn2+. Subsequent 
knock-out studies indicate that the gene they named fil1 
(for gcn Four-Induction Like) was shown to be responsi-
ble for at least a part of the GAAC response in S. pombe; 
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Fig. 4  Translational profiling methods. a Polysome profiling. Top 
indicates a typical  A254 profile of polysomes. Bars indicate bounda-
ries of fractions taken with their numbers indicated in-between. Num-
bers below the graph indicate the number of translating ribosomes 
bound to mRNAs in each fraction. Schematics below depict mRNA 
(brown line) loaded with different numbers of ribosomes (depicted 
as ovals as in Fig. 1a) found in each fraction. RNA from each frac-
tion is quantified with DNA microarray (Microarray) or sequenced 
(RNAseq). The graph below shows the simulated ribosome mass 
in each fraction using the ribosome numbers as assigned above and 
mRNA abundance values obtained by microarray hybridization. b 

Ribosome profiling. The flowchart depicts the method of generation 
and sequencing of ribosome-protected mRNA fragments (RPF, short 
brown lines) from polysomes (the schematics on top, depicted as in 
panel A). Bottom graph presents an example of RPF read mapping 
and shows the protection patters in the 5′ half of fil1 mRNA adapted 
from Fig. S6A of Chikashige et al. (2020). Plots are color-coded by 
three reading frames presented on bottom. Schematics in the middle 
represent uORF structures, and the main CDS also color-coded simi-
larly. Asterisk, the green peak located before uORF1 represents a pos-
sible additional uORF initiated by a CUG codon (Duncan et al. 2018)
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fil1 deletion reduced expression of 15% of the starvation-
induced genes including those encoding amino acid bio-
synthesis enzymes. Consistently, chromatin immunopre-
cipitation sequencing (Chip seq) analyses showed that Fil1 
binds 10% of the starvation-induced genes. Importantly, 
significant amounts of RPF reads were mapped onto its 5′ 
leader region, in support of translation of four of its five 
uORFs (Fig. 1c, 4b, bottom). Starvation did not decrease 
the ribosome protection (hence translation) of uORF1, but 
decreased that of uORF4, and instead increased that of 
the fil1 CDS, as expected for the model that uORF1 and 
uORF4 serve as the positive and negative elements analo-
gous to uORF1 and uORF4, respectively, of S. cerevisiae 
GCN4 (Duncan et al. 2018).

Accordingly, it was concluded that the ancestor of the S. 
pombe lineage was able to acquire an unrelated transcription 
factor of zinc-finger type in place of a bZIP (Gcn4 homolog), 
yet organizing orthologous genes under its control. This 
shows the plasticity of regulatory networks related to the 
starvation response during the course of evolution.

Polysome profiling of fission yeast provides 
an overview of genome‑wide translational control 
during amino acid starvation

Since Fil1 controls only a subset of GAAC genes, are there 
other genes bearing uORFs or even distinct nucleotide 
motifs responsible for GAAC induction? To address this, we 
performed polysome profiling of fission yeast treated simi-
larly with amino acid starvation (Chikashige et al. 2020). 
By performing polysome profiling followed by microarray 
hybridization of all seven gradient fractions, ~ 2000 genes 
were found to be translationally up-regulated in response to 
starvation in a Gcn2-dependent manner. We found that these 
genes are regulated by functional groups. During the stress, 
mRNAs encoding chromatin components and RNA regula-
tion are preferentially translated, and yet, those encoding 
ribosomal proteins are modestly depleted of ribosomes, in 
agreement with the cellular needs of transcriptional regula-
tion (GAAC response) and the slower rate of protein bio-
synthesis by ribosomes during starvation. Importantly, these 
functional groups are not the well-known Gcn4 or Fil1 tar-
gets (Duncan et al. 2018; Natarajan et al. 2001).

The ~ 2000 translationally regulated genes include 
mRNAs with evidence for uORF translation, including gcn5 
mRNA (Fig. 1c). gcn5 encodes a histone acetyl transferase 
involved in the starvation response in both S. cerevisiae and 
S. pombe (Udagawa et al. 2008). Our re-analysis of ribosome 
profiling data by Duncan et al. indicated that the starva-
tion represses translation of uORF3 relative to that of the 
gcn5 CDS (Chikashige et al., 2020), suggesting that uORF3 
serves as the negative element for gcn5 induction. Further 
analysis using luciferase reporter constructs showed that 

uORF1 serves as the positive element (Chikashige et al., 
2020). Moreover, the re-analysis listed many other mRNAs 
with the uORF–CDS translation ratio decreased upon the 
stress, suggesting that the CDS translation is induced by 
alleviating the inhibitory effect of the uORF, similar to Gcn4 
or Atf1. These mRNAs include those encoding putative tran-
scription factors, Prt1, Prz1, and SPCC777.02, which are 
also included in the list of translationally controlled genes in 
this work. Some of the listed uORFs, including that of prt1, 
are the sole uORF of the mRNA, suggestive of a mechanism 
distinct from the paired uORF system as found in gcn5 or 
fil1 (Hood et al. 2009). Interestingly, the uORF regulation 
of Gcn5 (Chikashige et al. 2020) or direct Fil1 homolog 
itself is not found outside of Taphrinomycotina (Todd et al. 
2014). Thus, the lack of Gcn4 homolog in the ancestor of 
the S. pombe lineage appears to have brought an opportunity 
to invent uORF-mediated regulation of several transcription 
factors including Gcn5 and Fil1.

An unexpected finding of this work was that mRNA with 
introns are better translated during the starvation depend-
ent on Gcn2 (Chikashige et al. 2020). Introns are known 
to prevent genotoxic DNA:RNA hybrids (a.k.a. R-loops) 
generated during DNA transcription (Bonnet et al. 2017). 
In agreement, the work confirmed that mRNAs with three 
or more introns are expressed better during the stress, which 
would likely contribute to preventing R-loop formation in 
the time of insult. However, the effect of the stress on trans-
lation of intron-containing mRNA was even more dramatic, 
as it was seen with mRNAs with one or more introns. Given 
the recent discovery that introns protect budding yeast from 
starvation (Parenteau et al. 2019), the work forms the basis 
for further studies on relationship among splicing, transla-
tion, and stress response.

Conservation of uORF‑dependent control of Hri 
translation across diverse fungi

Our work also revealed an unexpected cross-talk between 
Gcn2 and Hri through translational control (Chikashige 
et al. 2020). As shown in Fig. 1d, the 5′ leader region of 
S. pombe Hri2, one of the two Hri homologs in S. pombe 
(Zhan et al. 2002), carries four uORFs. Hri2 was a part 
of ~ 2000 genes regulated during starvation at the transla-
tional level. We recapitulated Gcn2-dependent Hri2 trans-
lational regulation using a luciferase reporter bearing the 
same uORFs as found in its leader region and identified 
through a mutational approach uORF3 as the positive ele-
ment allowing downstream re-initiation and uORF4 as the 
negative element inhibiting the CDS translation (yellow and 
blue boxes in Fig. 1d) (Chikashige et al. 2020). Of note is 
the uORF3 (AUG-AUC) encoding a dipeptide MI. Our re-
analysis of ribosome profiling data showed that, among vari-
ous determinants of sequence motifs to allow re-initiation, 
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pyrimidine-rich codons are enriched at the last and second 
to last codons of the uORFs, which display a low uORF/
CDS translation ratio suggestive of high rate of re-initiation 
(Chikashige et al. 2020). This trend agrees with a previ-
ous mutational analysis of GCN4 uORF1 (Grant and Hin-
nebusch 1994) and helped to narrow down the candidates 
of positively acting uORFs in other systems (Chikashige 
et al. 2020) (also see yellow boxes in Fig. 1 representing the 
positive uORF element candidates).

More importantly, the MI motif, along with other uORF 
arrangements similar to the one found in S. pombe hri2 
mRNA, is present in the leader region of A. nidulans hriA 
mRNA (Fig. 1d). This conservation is impressive, consid-
ering the large divergence between S. pombe and A. nid-
ulans during fungal evolution (Fig. 2). Other Aspergillus 
species also carry uORF-bearing hri mRNA, as far as its 
leader regions are annotated (Chikashige et al. 2020). These 
facts strongly suggest that the coupling of the dual eIF2α 
kinases, Gcn2 and Hri, through uORF-dependent regulation 
of the latter is a conserved strategy found across diverse 
fungi. Since eIF2α-P was observed in fission yeast deleted 
for gcn2 during the starvation, but not in the mutant deleted 
additionally for hri1 and hri2, it is conceivable that Hri is 
involved in eIF2α-P during this response (Udagawa et al. 

2008). Hri is proposed to be activated by oxidative stress 
associated with metabolic perturbation during the stress, 
and thereby enhance eIF2α phosphorylation (Nemoto et al. 
2010) (Fig. 5a).

What is the implication of the control of Hri translation 
by Gcn2? In systems biology, the circuit made of Gcn2, 
Hri, and eIF2α-P makes the coherent feed forward loop 
(FFL) with OR logic (Fig. 5b) (Alon 2007). This switch 
allows continued production in the face of a transient loss 
of the input signal. In the context of amino acid starvation, 
it is interpreted that this unit allows continued eIF2α-P 
production, even if the starvation is resolved. As much as 
the oxidative stress input is present, eIF2α-P would con-
tinue to be produced. Martin et al. showed that fission 
yeast with both Hri1/2 and Gcn2, under nitrogen starva-
tion, show an immediate on and a delayed off response, 
supporting the coherent FFL |OR| switch (Martín et al. 
2013). In mammals, uORF-dependent translational acti-
vation (Lee et al. 2009; Novoa et al. 2001; Young et al. 
2015) of GADD34, a regulatory subunit of eIF2α phos-
phatase (Choy et al. 2015) makes up the incoherent FFL 
(Alon 2007), that is supposed to generate a pulse of eIF2α 
phosphorylation soon after stress activates an eIF2α kinase 
(Fig. 5c). Thus, uORF-mediated regulation can be used to 
generate a unit of regulatory circuits.
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Fig. 5  Translational control by eIF2α phosphorylation. a Amino acid 
starvation pathway in S. pombe. Oxi, oxidative stress. Genes on the 
bottom are the targets of eIF2α-P. Toolkit (cis), the regulatory motifs 
used for translational control (arrow, positive; stopped bar, negative). 
Question mark on Gcn2 refers to evidence suggesting that oxidative 
stress activates Gcn2 (Anda et  al. 2017). Question mark on M-Stop 
refers to its possible involvement in regulation of rps/rpl translation. 

b and c Translational regulatory circuits discussed in this review. 
Left, original definition by Alon (2007),  adapted from Molecu-
lar Biology of the Gene, 7th edition. Right, translational regulatory 
motifs mediated by uORF-dependent control. In (B), Coherent FFL 
with AND node makes a persistent detector that only responds to a 
long-lived signal (Alon, 2007). However, Coherent FFL with OR 
node works differently, as described in the text
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Importantly, the aforementioned work of Martin et al. 
also showed that, when only gcn2 is present (in the case 
of hri1/2 mutant bearing no coherent FFL), there seems 
to be a quick pulse of eIF2α-P within 30 min which also 
disappears within the next 30 min (Martín et al. 2013). 
This result suggests an intriguing possibility of a mamma-
lian-type incoherent FLL |AND| switch, which may also 
involve eIF2α dephosphorylation in the context of uORF-
mediated translational regulation. Along with this work, 
the recent studies, therefore, highlight the conservation 
of certain modules between yeast, fungi, and mammals.

Other cis‑regulatory motifs identified in polysome 
profiling studies of fission yeast amino acid 
starvation response

Through motif-enrichment analyses of 5′ UTR of genes 
regulated during amino acid starvation, we also identified 
the UGA(C/G)GG-like motif involved in Gcn2-mediated 
regulation independent of uORFs (Chikashige et al. 2020). 
The requirement for this motif in Gcn2-dependent trans-
lational control was verified by a reporter assay and sub-
sequent deletion studies using the 5′ UTR of hrd1 carry-
ing this motif. This motif is potentially found in 98 genes 
(~ 2%) of the fission yeast genome and is similar to but 
distinct from TGA CGT  motif defined as Atf1/Pcr1 tran-
scription factor heterodimer binding site (Kato et al. 2013; 
Steiner and Smith 2005): Atf1 and Pcr1 enhance tran-
scription of genes involved in core environmental stress 
response (CESR) mediated by the Sty1/Spc1 MAP kinase 
(Chen et al. 2003). Interestingly, the translational control 
of hrd1 depended on intact atf1 or pcr1 (Chikashige et al. 
2020), suggesting that the starvation signal is integrated 
with the Sty1/Spc1-mediated response at the translational 
level. In agreement with this scenario, a strong amino acid 
starvation signal directly induces Sty1/Spc1 signaling in 
parallel with Gcn2 signaling that is activated through 
uncharged tRNAs (Udagawa et al. 2008).

Another motif identified in our recent work is the 
mono-peptide-coding uORF or M-Stop. This motif tends 
to inhibit downstream CDS translation more strongly 
after the stress (Chikashige et al. 2020). In contrast to the 
other modes of regulation discussed here, this regulation 
is independent of Gcn2. Since the translation of M-Stop 
does not involve the elongation phase, the regulation must 
either involve differential rates of initiation or termina-
tion (peptide release). The likely mechanism involving the 
former would postulate that the starvation differentially 
impacts translation initiation of M-Stop mRNA with poor 
or strong initiation contexts [analogous to the Kozak con-
text of mammalian start codons (Asano 2014)]. However, 
our luciferase reporter assays indicate that the starvation 
does not alter the rate of translation from non-AUG codons 

(unpublished observations), whose alteration correlates 
globally with the change in the rate of translation from 
AUG codons under poor initiation contexts (Zhou et al. 
2020). If so, this leaves us with the model that translation 
of M-Stop is controlled by modulating termination activ-
ity. In this scenario, starvation induces ribosome stalling 
at M-Stop coding region through the inhibition of release 
factor activities that might associate with reduced protein 
synthesis during the stress; the ribosome stalling would 
then inhibit translation of downstream CDS. Regard-
less of the mechanism, we propose that M-Stop provides 
the toolkit for negative regulation of mRNA translation 
in response to amino acid starvation, as observed, for 
example, for ribosomal protein mRNAs (Chikashige et al. 
2020).

Conclusions and perspectives

The recent translational profiling studies of fission yeast star-
vation response conveyed two important messages related 
to the evolution of translational control by eIF2α phospho-
rylation (Chikashige et al. 2020; Duncan et al. 2018). First, 
the loss of Gcn4 was easily accommodated by acquiring 
additional, unrelated transcription factors (Fil1 and Gcn5) 
as response effectors, which somewhat work cooperatively. 
Second, they provided the first glimpse of how the two dis-
tinct eIF2α kinases, Gcn2 and Hri, cooperate in a relatively 
primitive metabolic regulatory system. In both the cases, 
uORF presented the flexible toolkits of cis-acting regulatory 
response elements. Essentially, the generation of this toolkit 
requires mere base substitutions to make a new start codon 
and a very broad consensus around the stop codon of posi-
tive uORF elements, taking advantage of a relatively long 
5′-UTR characteristic of eukaryotic genomes.

This flexibility is in good contrast to uORFs found in 
prokaryotes, as it is often integrated with mRNA structures 
or peptides encoded (Asano et al. 1991; Yanofsky 2000). If it 
serves to induce translation, it must allow a second ribosome 
to be recruited to the site downstream of the uORF start 
codon through its specific structure (such as pseudoknot) 
(Asano and Mizobuchi 1998). Thus, for this system to serve 
as a toolkit, the whole region of the uORF must be trans-
ferred by recombination, and when it is observed to happen, 
the complexity of original regulation is sometimes lost, or 
substituted with another means such as transcriptional con-
trol (Asano and Mizobuchi 2000).

The work also uncovered a new use of the shortest uORF 
(M-Stop) or a nucleotide motif in translational regulation 
during the stress (Fig. 5a). The UGA(C/G)GG motif identi-
fied is similar to the transcription factor (Atf1/Pcr1) binding 
site (TGA CGT ) in the DNA sequence. Again, the acquisi-
tion of this motif apparently benefitted from the relatively 



367Current Genetics (2021) 67:359–368 

1 3

long 5′-UTR often embedding transcriptional control sig-
nals transcribed as its part. Lastly, however, not discussed 
in the present work is the involvement of non-AUG start 
codons in eukaryotic translational control (Asano 2014; 
Kearse and Wilusz 2017). Base substitutions in 5′-UTR can 
readily generate near-cognate start codons that can start a 
new ORF. Non-AUG translation from these codons is usu-
ally weak and, therefore, allows downstream initiation of 
the same or distinct reading frames by leaky scanning. This 
adds an N-terminal peptide to an existing protein altering 
its cytoplasmic localization (Asano 2014) or allows poly-
cistronic translation of viral mRNAs (Ogden et al. 2019) 
and of a human mRNA as recently reported (Loughran et al. 
2020). In human cancer, 5MP appears to regulate the choice 
of start codon between an AUG codon and a CUG codon, 
altering the oncogenic property of the c-Myc transcription 
factor (Sato et al. 2019). With 5MP’s ability to cause delayed 
re-initiation and increase the initiation accuracy, it would 
be intriguing to investigate its basic eukaryotic role in, for 
example, basidiomycete fungal model Cryptococcus neofor-
mans or even S. complicata (Fig. 3).

In conclusion, the comprehensive understanding of fis-
sion yeast starvation response uncovered an evolutionary 
flexibility in the integration of translational regulatory 
networks utilizing common cis-regulatory toolkits apt for 
eukaryotic initiation mechanisms. I believe that the com-
mon ancestor of the animals (the phylum Metazoa) also took 
advantage of a similar flexibility to begin to evolve their 
appreciated complexity.
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