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Abstract: Cyclin dependent kinase 1 (CDK1) has been primarily identified as a key cell cycle regulator
in both mitosis and meiosis. Recently, an extramitotic function of CDK1 emerged when evidence was
found that CDK1 is involved in many cellular events that are essential for cell proliferation and survival.
In this review we summarize the involvement of CDK1 in the initiation and elongation steps of
protein synthesis in the cell. During its activation, CDK1 influences the initiation of protein synthesis,
promotes the activity of specific translational initiation factors and affects the functioning of a subset
of elongation factors. Our review provides insights into gene expression regulation during the
transcriptionally silent M-phase and describes quantitative and qualitative translational changes
based on the extramitotic role of the cell cycle master regulator CDK1 to optimize temporal synthesis
of proteins to sustain the division-related processes: mitosis and cytokinesis.
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1. Introduction

1.1. Cyclin Dependent Kinase 1 (CDK1) Is a Subunit of the M Phase-Promoting Factor (MPF)

CDK1, a serine/threonine kinase, is a catalytic subunit of the M phase-promoting factor (MPF)
complex which is essential for cell cycle control during the G1-S and G2-M phase transitions of
eukaryotic cells. CDK1 is a key player in driving the M-phase in both meiosis and mitosis [1,2].
CDK1 activity sharply increases at the beginning of the M-phase and is inactivated at the end [3–5]
(Figure 1).

CDK1 is involved in the control of events such as DNA replication and segregation,
mRNA transcription, DNA repair and cell morphogenesis (reviewed in [6]). Previous studies
identified several translation-associated factors as direct substrates of CDK1 in mitosis and meiosis [7,8].
The association of CDK1 with one of several cyclins is a prerequisite of CDK1 activity (Figures 1 and 2).

In addition to cyclin binding, CDK1 activation requires dephosphorylation on Thr14 and Tyr15
residues and phosphorylation at Thr161 [9,10]. At the onset of the M-phase, cyclin B1 becomes
translated and plays a fundamental role in cells entering the M-phase [11]. In oocytes, cyclin B1 and
cyclin B2 are involved in the control of the transition from the first to the second meiotic divisions
and cyclin B2 compensates for cyclin B1 in CDK1 activation during the M-phase transition in oocyte
meiosis [12]. A similar compensatory ability for cyclin B2/CDK1 to interact with separase has
been revealed, suggesting that cyclin B2/CDK1 and cyclin B1/CDK1 complexes likely function together
in oocytes [13]. The cyclin B3/CDK1 complex is required for the M-phase to anaphase transition in
oocytes [14,15].
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Figure 1. Dynamics of cyclin dependent kinase 1 (CDK1) activity, global translation and inactivation 

of the translational repressor 4E-BP1 with consequent stimulation of cap-dependent translation 

during the M-phase. At the beginning of the M-phase, the intensity of global translation is at high 

levels and CDK1 activity sharply increases accompanied by nuclear envelope breakdown (NEBD). 

CDK1 activity peaks during assembly of the spindle and 4E-BP1 becomes exclusively 

hyperphosphorylated (red arrowhead) which results in its inactivation as a translational repressor. 

At the exit of the M-phase, CDK1 activity drops alongside the increased activity of the cap-dependent 

translational repressor 4E-BP1. The intensity of global translation decreases during the time course of 

the M-phase. Immunoblot image using pan 4E-BP1 antibody shows an exclusive phosphorylation 

shift in the M-phase of the mouse oocyte (red arrowhead) [7]. 

1.2. Global mRNA Translation during the M-Phase 

The dynamic control of mRNA translation has a significant impact on many intracellular 

processes. Translation of mRNA is regulated mostly during the initiation phase by initiation factors 

interacting with a specific structure bound to the 5′UTR of an mRNA molecule, the 5′ cap (m7GppN) 

[16–19]. The cap structure is specifically recognized by the eukaryotic initiation factor complex 

(eIF4F) comprised of the cap-binding eukaryotic translation initiation factor 4E (eIF4E), the RNA 

helicase eIF4A and the scaffold protein eIF4G [20,21]. EIF4G also binds the poly(A)-binding protein 

(PABP) [22], thereby enabling the circularization of the mRNA [23]. 

Suppression of cap-dependent translation coincides with eIF4E dephosphorylation (reviewed in 

[1]) and occurs together with an increased level of hypophosphorylated 4E-BP1 [24]. The 

phosphorylation status of 4E-BP1 depends on nutrients, extracellular signals and stress factors 

(reviewed in [25]) (Figure 3).  

Figure 1. Dynamics of cyclin dependent kinase 1 (CDK1) activity, global translation and inactivation of
the translational repressor 4E-BP1 with consequent stimulation of cap-dependent translation during
the M-phase. At the beginning of the M-phase, the intensity of global translation is at high levels and
CDK1 activity sharply increases accompanied by nuclear envelope breakdown (NEBD). CDK1 activity
peaks during assembly of the spindle and 4E-BP1 becomes exclusively hyperphosphorylated
(red arrowhead) which results in its inactivation as a translational repressor. At the exit of the M-phase,
CDK1 activity drops alongside the increased activity of the cap-dependent translational repressor 4E-BP1.
The intensity of global translation decreases during the time course of the M-phase. Immunoblot image
using pan 4E-BP1 antibody shows an exclusive phosphorylation shift in the M-phase of the mouse
oocyte (red arrowhead) [7].

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 April 2020                   doi:10.20944/preprints202004.0530.v1

https://doi.org/10.20944/preprints202004.0530.v1


Cells 2020, 9, 1568 3 of 14

Cells 2020, 9, x 3 of 14 

 

 

Figure 2. Activated cyclin dependent kinase 1 (CDK1) supports mRNA translation during the M-

phase. During the G2-phase, inactive CDK1 with minimal amount of regulatory cyclin B protein 

(CCNB) is present. Prior to nuclear envelope breakdown (NEBD) CCNB accumulates in the nucleus 

and binds to CDK1 resulting in an increase of CDK1 activity which leads to NEBD and localization of 

the complex at the newly forming spindle area. Post NEBD, active CDK1 influences translational 

reprograming which contributes to successful M-phase progression. 

According to the published data, it is considered that global translation is substantially 

decreased during the M-phase (Figure 1) [26–29]. Five decades ago a 50–70% reduction of global 

protein synthesis in synchronized mammalian cells undergoing mitosis was described [30,31] and 

more recent data presented a 35% decrease in the translation rate during mitosis [29]. 

It has been documented that the intensity of protein synthesis suppression in cells undergoing 

mitosis is related to the method of cell synchronization [32,33]. An objection has been raised that the 

data of downregulation of protein translation in mitotic cells were built on the effects of cellular stress 

associated with cell cycle synchronization protocol [34]. The reduction of global translation in cells 

undergoing cell division is believed to result from phosphorylation changes in translation initiation 

factors. The increased phosphorylation of an α subunit of eukaryotic initiation factor 2α (eIF2α) 

induced in synchronized cells by cell cycle progression through the G2/M phase was determined as 

the cause of the downregulation of mRNA translation [35,36]. An intense and long-term eIF2α 

phosphorylation on Ser51 can suppress global translation and induce cell death [37,38]. When the 

possible effect of synchronization on translation rates was eliminated, flow cytometry data revealed 

that there were no significant variations in global translation rates throughout the cell cycle [36]. 

In contrast to populations of nonsynchronized cells, the oocytes isolated from mammalian 

ovaries are arrested in the prophase of the first meiotic division and synchronously resume meiosis 

without chemical induction [39,40]. In oocytes, global translation decreases during meiotic 

progression and postfertilization [41,42]. Despite CDK1 activity in the M-phase leading to a 

significant reduction of global translation in mitosis [29] and meiosis [41,42], a subset of mRNAs 

Figure 2. Activated cyclin dependent kinase 1 (CDK1) supports mRNA translation during the M-phase.
During the G2-phase, inactive CDK1 with minimal amount of regulatory cyclin B protein (CCNB)
is present. Prior to nuclear envelope breakdown (NEBD) CCNB accumulates in the nucleus and binds
to CDK1 resulting in an increase of CDK1 activity which leads to NEBD and localization of the complex
at the newly forming spindle area. Post NEBD, active CDK1 influences translational reprograming
which contributes to successful M-phase progression.

1.2. Global mRNA Translation during the M-Phase

The dynamic control of mRNA translation has a significant impact on many intracellular processes.
Translation of mRNA is regulated mostly during the initiation phase by initiation factors interacting with
a specific structure bound to the 5′UTR of an mRNA molecule, the 5′ cap (m7GppN) [16–19]. The cap
structure is specifically recognized by the eukaryotic initiation factor complex (eIF4F) comprised of the
cap-binding eukaryotic translation initiation factor 4E (eIF4E), the RNA helicase eIF4A and the scaffold
protein eIF4G [20,21]. EIF4G also binds the poly(A)-binding protein (PABP) [22], thereby enabling the
circularization of the mRNA [23].

Suppression of cap-dependent translation coincides with eIF4E dephosphorylation (reviewed in [1])
and occurs together with an increased level of hypophosphorylated 4E-BP1 [24]. The phosphorylation
status of 4E-BP1 depends on nutrients, extracellular signals and stress factors (reviewed in [25])
(Figure 3).
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become translated during the M-phase progression which might be the result of CDK1 influencing 

the upregulation of the mammalian target of rapamycin (mTOR)/4F axis [7,26,27,43,44]. The above-

mentioned data indicate that a decrease in global translation is conserved between mitosis and 

meiosis. In oocytes from various mammalian species, cap-dependent translation is upregulated after 

nuclear envelope breakdown (NEBD, Figure 1) and decreased postfertilization [26,27,42,43]. 

 

Figure 3. Positive and negative factors affecting eukaryotic translation initiation. (A) Inactivity of M 

phase-promoting factor (MPF) during interphase; lack of nutrients or stress lead to 

dephosphorylation of eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) 

which results in formation of translational repressory complex on mRNA. (B) Active MPF, availability 

of nutrients or growth factors lead to hyperphosphorylation of 4E-BP1 resulting in dissociation from 

eIF4E and promoting formation of 4F complex and translation of specific mRNAs (e.g., mRNAs 

containing 5′UTR TOP motive). 

2. CDK1 Contributes to the Reprograming of Translation during M-Phase 

Ribosomes are considered as executors of the translational program through their role in mRNA 

decoding and protein synthesis. In eukaryotes, ribosome assembly is a complex process involving 

more than 200 assembly factors and takes place in the cytoplasm. The activity of CDK1 is coupled 

with NEBD (Figure 1) leading to the release of a number of nuclear factors which have either a 

positive or a negative role in the fate of the mRNA e.g., RNA binding proteins, rRNA, ncRNAs and 

mRNA. Thus CDK1, via nuclear factor release, has direct and indirect influences on translational 

reprograming as the cell enters M-phase (reviewed in [45]).  

CDK1 regulates ribosome assembly by targeting specific ribosomal proteins. During the G2/M 

phase, CDK1 phosphorylates ribosomal protein S3 (RPS3), which is a multifunctional protein 

involved in translation, DNA repair and apoptosis. Phosphorylation of RPS3 by CDK1 is important 

for the nuclear accumulation of RPS3 [46]. RPS3 is localized evenly in the cytoplasm of germinal 

vesicle (GV) oocytes and with a higher concentration at the newly forming spindle in NEBD oocytes 

and mitotic cells [47,48].  

It was documented that CDK1 cosediments in the polysome fraction and mass spectrometry has 

revealed that CDK1 is associated with ribosomes [49]. This finding is in line with the notion that 

ribosomal protein L12 (RPL12) is a known substrate of CDK1 (Table 1) and RPL12 phosphorylation 

has been shown to enhance the mitotic translation program [50]. 

Figure 3. Positive and negative factors affecting eukaryotic translation initiation. (A) Inactivity of M
phase-promoting factor (MPF) during interphase; lack of nutrients or stress lead to dephosphorylation
of eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) which results in
formation of translational repressory complex on mRNA. (B) Active MPF, availability of nutrients
or growth factors lead to hyperphosphorylation of 4E-BP1 resulting in dissociation from eIF4E and
promoting formation of 4F complex and translation of specific mRNAs (e.g., mRNAs containing 5′UTR
TOP motive).

According to the published data, it is considered that global translation is substantially decreased
during the M-phase (Figure 1) [26–29]. Five decades ago a 50–70% reduction of global protein synthesis
in synchronized mammalian cells undergoing mitosis was described [30,31] and more recent data
presented a 35% decrease in the translation rate during mitosis [29].

It has been documented that the intensity of protein synthesis suppression in cells undergoing
mitosis is related to the method of cell synchronization [32,33]. An objection has been raised that
the data of downregulation of protein translation in mitotic cells were built on the effects of cellular
stress associated with cell cycle synchronization protocol [34]. The reduction of global translation
in cells undergoing cell division is believed to result from phosphorylation changes in translation
initiation factors. The increased phosphorylation of an α subunit of eukaryotic initiation factor 2α
(eIF2α) induced in synchronized cells by cell cycle progression through the G2/M phase was determined
as the cause of the downregulation of mRNA translation [35,36]. An intense and long-term eIF2α
phosphorylation on Ser51 can suppress global translation and induce cell death [37,38]. When the
possible effect of synchronization on translation rates was eliminated, flow cytometry data revealed
that there were no significant variations in global translation rates throughout the cell cycle [36].

In contrast to populations of nonsynchronized cells, the oocytes isolated from mammalian ovaries
are arrested in the prophase of the first meiotic division and synchronously resume meiosis without
chemical induction [39,40]. In oocytes, global translation decreases during meiotic progression and
postfertilization [41,42]. Despite CDK1 activity in the M-phase leading to a significant reduction of
global translation in mitosis [29] and meiosis [41,42], a subset of mRNAs become translated during
the M-phase progression which might be the result of CDK1 influencing the upregulation of the
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mammalian target of rapamycin (mTOR)/4F axis [7,26,27,43,44]. The above-mentioned data indicate
that a decrease in global translation is conserved between mitosis and meiosis. In oocytes from various
mammalian species, cap-dependent translation is upregulated after nuclear envelope breakdown
(NEBD, Figure 1) and decreased postfertilization [26,27,42,43].

2. CDK1 Contributes to the Reprograming of Translation during M-Phase

Ribosomes are considered as executors of the translational program through their role in mRNA
decoding and protein synthesis. In eukaryotes, ribosome assembly is a complex process involving
more than 200 assembly factors and takes place in the cytoplasm. The activity of CDK1 is coupled with
NEBD (Figure 1) leading to the release of a number of nuclear factors which have either a positive
or a negative role in the fate of the mRNA e.g., RNA binding proteins, rRNA, ncRNAs and mRNA.
Thus CDK1, via nuclear factor release, has direct and indirect influences on translational reprograming
as the cell enters M-phase (reviewed in [45]).

CDK1 regulates ribosome assembly by targeting specific ribosomal proteins. During the
G2/M phase, CDK1 phosphorylates ribosomal protein S3 (RPS3), which is a multifunctional protein
involved in translation, DNA repair and apoptosis. Phosphorylation of RPS3 by CDK1 is important for
the nuclear accumulation of RPS3 [46]. RPS3 is localized evenly in the cytoplasm of germinal vesicle
(GV) oocytes and with a higher concentration at the newly forming spindle in NEBD oocytes and
mitotic cells [47,48].

It was documented that CDK1 cosediments in the polysome fraction and mass spectrometry has
revealed that CDK1 is associated with ribosomes [49]. This finding is in line with the notion that
ribosomal protein L12 (RPL12) is a known substrate of CDK1 (Table 1) and RPL12 phosphorylation has
been shown to enhance the mitotic translation program [50].

Table 1. Known cyclin dependent kinase 1 (CDK1) substrates involved in translation. CDK1 controls
the phosphorylation status and activity of proteins involved in the initiation (mammalian target of
rapamycin (mTOR), eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1),
ribosomal protein S6 kinase B1 (p70S6K)) and elongation (eukaryotic elongation factor 2 kinase (eEF2K))
steps of mRNA translation.

CDK1 Substrate Ref. Role of CDK1 Substrate

CDK1 and mTOR

Raptor [51] mTOR phosphorylation and activation
mTOR (Ser2448) [7] 4E-BP1 and p70S6K phosphorylation

p70S6K [8,33] Regulation of TOP mRNA translation
LARP1 [13,52] Regulation of TOP mRNA translation

CDK1 and 4E-BP1

4E-BP1
(Thr37/Thr46) [33] Thr37/Thr46 phosphorylation primes 4E-BP1 for

Ser65 and Thr70 phosphorylation
4E-BP1 (Thr70) [7,8] Thr70 phosphorylation regulates 4E-BP1
4E-BP1 (Ser83) [8] The role of Ser83 phosphorylation is unknown

CDK1 and ribo-some assembly
eIF2α [13] Regulation of eIF2 complex

eIF4G1 [53] mRNA recruitment to the ribosome
RPL12 [50] Translational program

CDK1 and elongation
eEF1B [54] Allows ribosome movement along RNA
eEF1D [55] Delivery of aminoacyl-tRNA to the ribosome
eEF2K [56] Regulation the elongation step of protein synthesis

RPL12 has been reported to be phosphorylated on Ser38 in different species [57]. Phosphorylation
of RPL12 regulates the translation of specific subsets of RNA during mitosis [50]. In HeLa cells,
phosphorylation of RPL12 at Ser38 peaks in mitosis and reaches the lowest level during the S-phase [50,58].
In eukaryotes, the sequence surrounding Ser38 is highly conserved and matches a consensus motif for
CDK1 substrates [50]. Inhibition of CDK1 induced a progressive decrease in the percentage of heavy
polysomes and a decline in polypeptide synthesis [13].

The nucleolus is a large nuclear organelle assembled around ribosomal genes (rDNAs) and
is a site of ribosomal assembly. The assembly and disassembly of the nucleolus depends on
the equilibrium between the phosphorylation/dephosphorylation of the transcription machinery
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and on the preribosomal ribonucleoprotein (RNP) complexes processing under the control of
CDK1 and PP1 phosphatases [59]. CDK1 regulates the activity of the nucleolar phosphoprotein
nucleophosmin/B23 involved in the regulation of rRNA transcription through histone chaperone
activity [60]. B23/nucleophosmin associates with rRNA chromatin to stimulate rRNA transcription [61].
It has been shown that B23/nucleophosmin interacts with maturing ribosomal subunits and is involved
in their nuclear export [62]. During mitosis, phosphorylation of B23/nucleophosmin by CDK1 at
specific sites induces a release of B23/nucleophosmin from chromatin and inactivates its RNA binding
activity [61,63].

3. CDK1 Activity and Localization in the Cell

One insight into how a single kinase can coordinate so many different events is that cyclin
B1-CDK1 is targeted to different structures as the cell enters meiosis/mitosis. The key activator of CDK1,
cyclin B [64,65], is activated on centrosomes [66] and a large fraction immediately moves into the
nucleus preceding the breakdown of the nuclear envelope [67,68]. Subsequently, Cyclin B1-CDK1
binds to the microtubules, chromosomes and to unattached kinetochores in the prometaphase [7,69].
These observations indicate that the localization of Cyclin B1-CDK1 may be an important determinant of
how specific substrates are recognized at specific times. In connection, we previously detected by in situ
translation that distinct translational areas are present on the newly forming spindle and chromosomes
in the post NEBD oocyte which are influenced by the mTOR/4F axis [8,17]. Concomitant CDK1 activation
and NEBD leads to the release of nuclear factors which might be partly retained in the spindle area by
a semipermeable membrane containing lamins, endoplasmic reticulum and mitochondria which may
function in oocyte spindle assembly as an organelle-exclusion spindle envelope [27,70,71]. Localization
of CDK1 at the spindle area leads to the inactivation of the translational repressor 4E-BP1 [7,8,33].
Thus, localization of CDK1 and its direct negative influence on a crucial translational repressor
stimulate localized translation in the newly forming spindle to promote spindle architecture and
faithful chromosome segregation.

4. CDK1 Substitutes for mTOR Control of Cap-Dependent Translation

mTOR, a serine/threonine protein kinase, regulates diverse cellular functions (reviewed in [72])
and mTOR clearly contributes to the translation of both TOP and nonTOP mRNAs (reviewed in [73]).
Besides CDK1, mTOR is the main regulator of 4E-BP1 activity (Figure 3, Figure 4) [73], thereby releasing
eIF4E and activating translation [74]. Upon inhibition of mTOR, 4E-BP1 is dephosphorylated and
the affinity of 4E-BP1 for eIF4E increases [75]. mTOR enhances the translation of mRNAs containing
the 5′ terminal oligopyrimidine (5′ TOP) motif [76,77]. It has been documented that overexpression
of a rapamycin-resistant mTOR mutant restored the rapamycin-inhibited activity of mTOR effectors
ribosomal protein S6 kinase B1 (p70S6K) and 4E-BP1 and removed rapamycin-induced inhibition of cell
cycle progression [78]. Although mTOR is considered to be the main kinase phosphorylating 4E-BP1,
several other kinases are involved in the phosphorylation of various 4E-BP1 residues (reviewed in [74]).

Phosphorylation of the main mTOR substrates, p70S6K and 4E-BP1, is also dependent on CDK1
during mitosis [8,13,33] (Table 1) and CDK1 can substitute for mTOR kinase in the activation of
cap-dependent translation in mitotic cells, suggesting that an alternate pathway for the regulation of
cap-dependent translation exists [29,33]. It has been observed in mouse prophase lymphoblasts that
CDK1 promotes mitotic growth through the increased phosphorylation of 4E-BP1 and cap-dependent
protein synthesis [79].

When 4E-BP1 is hyperphosphorylated at Thr37/Thr46, Thr70 and Ser65, the eIF4G:eIF4E interaction
is enabled and the initiation of cap-dependent translation begins (reviewed in [24]). It has been proposed
that phosphorylation of 4E-BP1 at Thr37/Thr46 is rather constitutive, and phosphorylation at Ser65 is
more related to its effect on cap-dependent translation [59,80]. Although the priming phosphorylation
sites Thr-37/Thr-46 of 4E-BP1 are targeted by mTOR [81], the Thr37/Thr46 residues can also be
phosphorylated by CDK1 [33]. CDK1 also phosphorylates 4E-BP1 at the Thr70 residue, which is one of
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several phosphorylation sites required for the inactivation of 4E-BP1 [7,8]. It has been suggested that
mTOR may act in concert with CDK1 to generate fully inactivated/phosphorylated 4E-BP1 isoforms
during mitosis [24].Cells 2020, 9, x 8 of 14 

 

 

Figure 4. Schematic representation of direct extramitotic effect of cyclin dependent kinase 1 (CDK1) 

on molecular axis influencing mRNA translation during M-phase. CDK1 activates the mammalian 

target of rapamycin (mTOR) and subsequently mTOR phosphorylates and activates its substrates 

ribosomal protein S6 kinase B1 (p70S6K) and LA-related protein 1 (LARP1). Phosphorylation of 

eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) by mTOR leads to the 

dissociation of 4E-BP1 from eIF4E and to the activation of the eIF4F complex. CDK1 directly 

phosphorylates the mTOR substrates 4E-BP1, p70S6K and LARP1. CDK1 exerts inhibitory 

phosphorylation of the eukaryotic elongation factor 2 kinase (eEF2K) and, as a consequence, the 

activity of elongation factor 2 (eEF2) is stimulated. The activity of ribosomal protein L12 (RPL12) is 

also CDK1-dependent. 
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translation and translational control in human diseases such as cancer. Dysregulation of CDK1, which 

leads to increased cell proliferation, has been identified in various cancers. In connection with this, 

LARP1 as a substrate of CDK1 is upregulated in certain cancer types, which leads to an elevated 

Figure 4. Schematic representation of direct extramitotic effect of cyclin dependent kinase 1 (CDK1) on
molecular axis influencing mRNA translation during M-phase. CDK1 activates the mammalian target
of rapamycin (mTOR) and subsequently mTOR phosphorylates and activates its substrates ribosomal
protein S6 kinase B1 (p70S6K) and LA-related protein 1 (LARP1). Phosphorylation of eukaryotic
translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) by mTOR leads to the dissociation of
4E-BP1 from eIF4E and to the activation of the eIF4F complex. CDK1 directly phosphorylates the mTOR
substrates 4E-BP1, p70S6K and LARP1. CDK1 exerts inhibitory phosphorylation of the eukaryotic
elongation factor 2 kinase (eEF2K) and, as a consequence, the activity of elongation factor 2 (eEF2) is
stimulated. The activity of ribosomal protein L12 (RPL12) is also CDK1-dependent.

Increased phosphorylation of 4E-BP1 occurs during the meiotic M-phase in porcine, bovine and
mouse oocytes [26,27,42,82]. Although it is also diffusely located in the oocyte cytoplasm, the presence
of phosphorylated 4E-BP1 on the meiotic spindle poles, kinetochores and along the polar microtubules
suggests that it represents a possible means of supporting spatially localized protein production [82].
CDK1 and mTOR are the main positive regulators of 4E-BP1 phosphorylation during meiosis in mouse
oocytes and CDK1 affects the activity of mTOR localized in the vicinity of the chromosomes and on the
MII spindle, suggesting that CDK1 acts indirectly on 4E-BP1 phosphorylation via mTOR activation [7].

It can be concluded that the phosphorylation of 4E-BP1 promotes translation during the M-phase
to support spindle assembly, highlighting the importance of the role of CDK1 and mTOR kinase in
this process.

During the M-phase CDK1 also phosphorylates and inactivates p70S6K, the other mTOR
substrate [83,84]. It has been proposed that p70S6K is involved in the regulation of TOP mRNA
translation because the substrates of p70S6K include the eukaryotic translation elongation factor
1A (eEF1A), eukaryotic elongation factor 2 (eEF2) and several ribosomal proteins [76]. Therefore,
CDK1 activity could be involved in the regulation of translation during the M-phase by decreasing the
amount of translation factors available. Although p70S6K is phosphorylated by CDK1 at several sites,
CDK1 does not phosphorylate p70S6K at Thr389, the mTOR phosphorylation site [84]. In HeLa
cells the inhibition of CDK1 resulted in reduced phosphorylation of the ribosomal protein S6 (RPS6),
a p70S6K substrate, indicating that CDK1 supports the initiation of translation through the p70S6K
signaling pathway. However, CDK1 likely does not act via mTOR, as CDK1 inhibition did not alter the
integrity of the cap binding complex [13].
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5. CDK1 Regulates the Elongation Step of Translation

In eukaryotes, the culmination of translation initiation coincides with the formation of an 80S
initiation complex in which initiator methionine transfer RNA (Met-tRNAiMet) is bound to the P
(peptidyl) site of the ribosome. The anticodon of the Met-tRNAiMet is base-paired with the start codon
of the mRNA, and the second codon of the open reading frame (ORF) is localized on the A (aminoacyl)
site of the ribosome. Elongation is initiated when the cognate elongating aminoacyl-tRNA is delivered
to the A site of the ribosome. The eukaryotic translation elongation factor eEF1A is activated upon
binding to GTP and creates a ternary complex upon binding to aminoacyl-tRNA [54,85].

CDK1 modulates the activity of elongation factors (Table 1). Translation elongation in eukaryotes
is mediated by the determined actions of elongation factor 1A (eEF1A); elongation factor 1B (eEF1B)
complex and elongation factor 2 (eEF2). In HeLa cells, and in sea urchin embryos, the translation
elongation rate declines in synchrony with an increase of CDK1 activity [86,87]. The eEF2 kinase (eEF2K),
which inactivates eEF2, is inhibited by phosphorylation at Ser359 and CDK1 has been identified as the
kinase phosphorylating eEF2K at Ser359, indicating that CDK1 stimulates the activity of eEF2 during
mitosis [56].

In human cells, a conserved consensus phosphorylation site for mitotic CDK1 is present on the
catalytic δ subunit of eEF1B (termed “eEF1D”). The eEF1D and eEF1Bγ subunits are physiological
substrates for CDK1 during the resumption of meiosis in Xenopus oocytes [55,88].

In monkey kidney epithelial cells, two eEF1D consensus CDK1 target sites were identified, Ser-133
and Thr-147, whilst eEF1D has been reported to be phosphorylated by CDK1 on Ser-133 in vitro [89].
Phosphorylation of Ser-133 during mitosis in HeLa cells is necessary for the reduced interaction of
eEF1D with its substrate eEF1A and leads to a slowdown of translation elongation [54]. It has been
proposed that phosphorylation of eEF1D by CDK1 leads to reduced interaction of the catalytic subunit
eEF1D with its substrate eEF1A·GDP causing a decrease in the guanine nucleotide exchange rate by
the eEF1B complex followed by a lower level of active eEF1A·GTP during mitosis. Subsequently,
less eEF1A·GTP is available for binding and delivering aa-tRNA to ribosomes, inducing a translational
slowdown [54]. The above-mentioned data provide clear evidence of the importance of CDK1 in the
regulation of the elongation step of translation in eukaryotes.

6. CDK1 Modulates LARP1 Activity

CDK1 has been identified to phosphorylate the evolutionarily conserved RNA binding protein,
LA-related protein 1 (LARP1) [13]. Recent studies revealed that LARP1 plays a key role in protein
synthesis, as it was shown to regulate both the stability and translation of mRNAs characterized by a
5′TOP motif [90,91]. LARP1 was identified as a potential mTOR complex 1 (mTORC1) substrate [92,93]
and LARP1 was shown to associate with the 3′ end of TOP mRNAs via binding with poly(A) binding
protein (PABP) [91,94]. LARP1-bound mRNAs reveal that nonphosphorylated LARP1 interacts with
both 5′ and 3′UTRs of RP mRNAs and inhibits their translation [91]. Phosphorylation of LARP1
dissociates it from 5′UTRs and reduces its inhibitory activity to facilitate synthesis of ribosomal proteins,
a subclass of TOP mRNAs. Thus, in response to CDK1 and mTOR activity, LARP1 serves as a
phosphorylation-sensitive molecular switch for turning on TOP mRNA translation and subsequent
ribosome biogenesis. Concomitantly, phosphorylated LARP1 scaffolds mTORC1 on the 3′UTRs
of translationally-competent TOP mRNAs [91]. Depletion of LARP1 leads to mitotic arrest with a
detectable increase in the level of cyclin B1 [95]. The effect of LARP1 depletion appears to be reduced cell
growth and proliferation [90,94], which is consistent with the activity of CDK1. In connection with this,
LARP1 was found to be significantly upregulated in several malignancies [95–98]. These findings
suggest that elevated LARP1 expression might be linked to cellular proliferation.
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7. Perspectives

Here we summarize findings that point to an extramitotic role of CDK1 in the cell to couple
M-phase progression with protein expression. The challenge here is to experimentally uncouple the
timing of M-phase progression from the extramitotic function of CDK1. Novel methods such as e.g.,
imaging and next generation sequencing (NGS) should be applied to the naturally cycling cells to
further examine these tightly coupled cellular processes. An interesting feature of CDK1-cyclin B
is its localization in the cell, which might be involved in the regulation of various substrates and
the spatiotemporal coupling of two conserved molecular modules, CDK1-cyclin B for the cell cycle
and translational regulation for gene expression. This might shed light on the physiological role
of localized translation in the newly forming spindle. Future research is needed to elucidate more
precisely the role of CDK1 in the regulation of mRNA translation. Next generation sequencing of
the polysomal fractions and cutting-edge proteomics should be used to identify the positive and
negative translational changes. Additionally, detailed genome-wide analyses might reveal a subclass
of transcriptome, or their regulatory motives, which are specifically influenced by CDK1 activity.

The direct effect of CDK1 activity on translational regulation is difficult to pinpoint because
experimental manipulation of CDK1 activity might influence the timing of the cell cycle progression and,
moreover, a number of CDK1 substrates might play an intermediate role in this process. We expect that
more and more substrates with direct/indirect roles in protein synthesis will emerge in the coming years.

Further research should be oriented to the extramitotic functioning of CDK1 in the regulation
of translation. Description of the broader role of CDK1 will provide a new insight into the specialized
translation and translational control in human diseases such as cancer. Dysregulation of CDK1,
which leads to increased cell proliferation, has been identified in various cancers. In connection
with this, LARP1 as a substrate of CDK1 is upregulated in certain cancer types, which leads to an
elevated survival rate probably via aberrant translation. Accordingly, the regulation of CDK1 and the
usage of CDK-inhibitors have provided encouraging results in the treatment of cancer.

Funding: This research was funded by MSMT (EXCELLENCECZ.02.1.01/0.0/0.0/15_003/0000460 OP RDE),
GACR (18-19395S), PPLZ to D.J. (L200451901) and by Institutional Research Concept VO67985904.

Acknowledgments: We thank to Rajan Iyyappan and Michal Dvoran for critical reading of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Adhikari, D.; Zheng, W.; Shen, Y.; Gorre, N.; Ning, Y.; Halet, G.; Kaldis, P.; Liu, K. Cdk1, but not Cdk2, is the
sole Cdk that is essential and sufficient to drive resumption of meiosis in mouse oocytes. Hum. Mol. Genet.
2012, 21, 2476–2484. [CrossRef] [PubMed]

2. Diril, M.K.; Ratnacaram, C.K.; Padmakumar, V.C.; Du, T.; Wasser, M.; Coppola, V.; Tessarollo, L.; Kaldis, P.
Cyclin-dependent kinase 1 (Cdk1) is essential for cell division and suppression of DNA re-replication but
not for liver regeneration. Proc. Natl. Acad. Sci. USA 2012, 109, 3826–3831. [CrossRef] [PubMed]

3. Dorée, M.; Peaucellier, G.; Picard, A. Activity of the maturation-promoting factor and the extent of protein
phosphorylation oscillate simultaneously during meiotic maturation of starfish oocytes. Dev. Biol. 1983, 99,
489–501. [CrossRef]

4. Picard, A.; Labbe, J.C.; Doree, M. The cell cycle can occur in starfish oocytes and embryos without the
production of transferable MPF (maturation-promoting factor). Dev. Biol. 1988, 128, 129–135. [CrossRef]

5. Wasserman, W.; Masui, Y. Effects of cycloheximide on a cytoplasmic factor initiating meiotic maturation in
Xenopus oocytes. Exp. Cell Res. 1975, 91, 381–388. [CrossRef]

6. Enserink, J.M.; Kolodner, R.D. An overview of Cdk1-controlled targets and processes. Cell Div. 2010, 5, 1–41.
[CrossRef]

7. Jansova, D.; Koncicka, M.; Tetkova, A.; Cerna, R.; Malik, R.; del Llano, E.; Kubelka, M.; Susor, A. Regulation
of 4E-BP1 activity in the mammalian oocyte. Cell Cycle 2017, 16, 927–939. [CrossRef]

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 April 2020                   doi:10.20944/preprints202004.0530.v1

http://dx.doi.org/10.1093/hmg/dds061
http://www.ncbi.nlm.nih.gov/pubmed/22367880
http://dx.doi.org/10.1073/pnas.1115201109
http://www.ncbi.nlm.nih.gov/pubmed/22355113
http://dx.doi.org/10.1016/0012-1606(83)90298-1
http://dx.doi.org/10.1016/0012-1606(88)90274-6
http://dx.doi.org/10.1016/0014-4827(75)90118-4
http://dx.doi.org/10.1186/1747-1028-5-11
http://dx.doi.org/10.1080/15384101.2017.1295178
https://doi.org/10.20944/preprints202004.0530.v1


Cells 2020, 9, 1568 10 of 14

8. Velásquez, C.; Cheng, E.; Shuda, M.; Lee-Oesterreich, P.J.; Von Strandmann, L.P.; Gritsenko, M.A.; Jacobs, J.M.;
Moore, P.S.; Chang, Y. Mitotic protein kinase CDK1 phosphorylation of mRNA translation regulator 4E-BP1
Ser83 may contribute to cell transformation. Proc. Natl. Acad. Sci. USA 2016, 113, 8466–8471. [CrossRef]

9. Krek, W.; Nigg, E.A. Mutations of p34cdc2 phosphorylation sites induce premature mitotic events in HeLa
cells: Evidence for a double block to p34cdc2 kinase activation in vertebrates. EMBO J. 1991, 10, 3331–3341.
[CrossRef] [PubMed]

10. Solomon, M.J.; Glotzer, M.; Lee, T.H.; Philippe, M.; Kirschner, M.W. Cyclin activation of p34cdc2. Cell 1990,
63, 1013–1024. [CrossRef]

11. Tachibana, K.; Ishiura, M.; Uchida, T.; Kishimoto, T. The starfish egg mRNA responsible for meiosis
reinitiation encodes cyclin. Dev. Biol. 1990, 140, 241–252. [CrossRef]

12. Li, J.; Tang, J.X.; Cheng, J.M.; Hu, B.; Wang, Y.Q.; Aalia, B.; Li, X.Y.; Jin, C.; Wang, X.X.; Deng, S.L.; et al. Cyclin
B2 can compensate for Cyclin B1 in oocyte meiosis I. J. Cell Biol. 2018, 217, 3901–3911. [CrossRef] [PubMed]

13. Haneke, K.; Schott, J.; Lindner, D.; Hollensen, A.K.; Damgaard, C.K.; Mongis, C.; Knop, M.; Palm, W.;
Ruggieri, A.; Stoecklin, G. CDK1 couples proliferation with protein synthesis. J. Cell Biol. 2020, 219,
e201906147. [CrossRef] [PubMed]

14. Li, Y.; Wang, L.; Zhang, L.; He, Z.; Feng, G.; Sun, H.; Wang, J.; Li, Z.; Liu, C.; Han, J.; et al. Cyclin b3 is
required for metaphase to anaphase transition in oocyte meiosis I. J. Cell Biol. 2019, 218, 1553–1563. [CrossRef]
[PubMed]

15. Karasu, M.E.; Bouftas, N.; Keeney, S.; Wassmann, K. Cyclin B3 promotes anaphase i onset in oocyte meiosis.
J. Cell Biol. 2019, 218, 1265–1281. [CrossRef]

16. Kozak, M. How do eucaryotic ribosomes select initiation regions in messenger RNA? Cell 1978, 15, 1109–1123.
[CrossRef]

17. Merrick, W.C.; Pavitt, G.D. Protein synthesis initiation in eukaryotic cells. Cold Spring Harb. Perspect. Biol.
2018, 10. [CrossRef]

18. Shirokikh, N.E.; Preiss, T. Translation initiation by cap-dependent ribosome recruitment: Recent insights and
open questions. Wiley Interdiscip. Rev. RNA 2018, 9. [CrossRef]

19. Hinnebusch, A.G.; Ivanov, I.P.; Sonenberg, N. Translational control by 5′-untranslated regions of eukaryotic
mRNAs. Science 2016, 352, 1413–1416. [CrossRef]

20. Imataka, H.; Gradi, A.; Sonenberg, N. A newly identified N-terminal amino acid sequence of human eIF4G
binds poly(A)-binding protein and functions in poly(A)-dependent translation. EMBO J. 1998, 17, 7480–7489.
[CrossRef]

21. Sonenberg, N.; Morgan, M.A.; Merrick, W.C.; Shatkin, A.J. A polypeptide in eukaryotic initiation factors
that crosslinks specifically to the 5′-terminal cap in mRNA. Proc. Natl. Acad. Sci. USA 1978, 75, 4843–4847.
[CrossRef] [PubMed]

22. Sachs, A.B.; Davis, R.W. The poly(A) binding protein is required for poly(A) shortening and 60S ribosomal
subunit-dependent translation initiation. Cell 1989, 58, 857–867. [CrossRef]

23. Wells, S.E.; Hillner, P.E.; Vale, R.D.; Sachs, A.B. Circularization of mRNA by eukaryotic translation
initiation factors. Mol. Cell 1998, 2, 135–140. [CrossRef]

24. Sun, R.; Cheng, E.; Velásquez, C.; Chang, Y.; Moore, P.S. Mitosis-related phosphorylation of the eukaryotic
translation suppressor 4E-BP1 and its interaction with eukaryotic translation initiation factor 4E (eIF4E).
J. Biol. Chem. 2019, 294, 11840–11852. [CrossRef]

25. Sengupta, C.; Peterson, T.R.; Sabatini, D.M.; Sengupta, S. Regulation of the mTOR Complex 1 pathway
by nutrients, growth factors, and stress. Mol. Cell 2010, 40, 310–322. [CrossRef]

26. Ellederova, Z.; Kovarova, H.; Melo-Sterza, F.; Livingstone, M.; Tomek, W.; Kubelka, M. Suppression of
translation during in vitro maturation of pig oocytes despite enhanced formation of cap-binding protein
complex eIF4F and 4E-BP1 hyperphosphorylation. Mol. Reprod. Dev. 2006, 73, 68–76. [CrossRef]

27. Susor, A.; Jansova, D.; Cerna, R.; Danylevska, A.; Anger, M.; Toralova, T.; Malik, R.; Supolikova, J.; Cook, M.S.;
Oh, J.S.; et al. Temporal and spatial regulation of translation in the mammalian oocyte via the mTOR-eIF4F
pathway. Nat. Commun. 2015, 6, 6078. [CrossRef]

28. Pyronnet, S.; Dostie, J.; Sonenberg, N. Suppression of cap-dependent translation in mitosis. Genes Dev. 2001,
15, 2083–2093. [CrossRef]

29. Tanenbaum, M.E.; Stern-Ginossar, N.; Weissman, J.S.; Vale, R.D. Regulation of mRNA translation during
mitosis. eLife 2015, 4, e07957. [CrossRef]

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 April 2020                   doi:10.20944/preprints202004.0530.v1

http://dx.doi.org/10.1073/pnas.1607768113
http://dx.doi.org/10.1002/j.1460-2075.1991.tb04897.x
http://www.ncbi.nlm.nih.gov/pubmed/1655418
http://dx.doi.org/10.1016/0092-8674(90)90504-8
http://dx.doi.org/10.1016/0012-1606(90)90074-S
http://dx.doi.org/10.1083/jcb.201802077
http://www.ncbi.nlm.nih.gov/pubmed/30097513
http://dx.doi.org/10.1083/jcb.201906147
http://www.ncbi.nlm.nih.gov/pubmed/32040547
http://dx.doi.org/10.1083/jcb.201808088
http://www.ncbi.nlm.nih.gov/pubmed/30770433
http://dx.doi.org/10.1083/jcb.201808091
http://dx.doi.org/10.1016/0092-8674(78)90039-9
http://dx.doi.org/10.1101/cshperspect.a033092
http://dx.doi.org/10.1002/wrna.1473
http://dx.doi.org/10.1126/science.aad9868
http://dx.doi.org/10.1093/emboj/17.24.7480
http://dx.doi.org/10.1073/pnas.75.10.4843
http://www.ncbi.nlm.nih.gov/pubmed/217002
http://dx.doi.org/10.1016/0092-8674(89)90938-0
http://dx.doi.org/10.1016/S1097-2765(00)80122-7
http://dx.doi.org/10.1074/jbc.RA119.008512
http://dx.doi.org/10.1016/j.molcel.2010.09.026
http://dx.doi.org/10.1002/mrd.20368
http://dx.doi.org/10.1038/ncomms7078
http://dx.doi.org/10.1101/gad.889201
http://dx.doi.org/10.7554/eLife.07957
https://doi.org/10.20944/preprints202004.0530.v1


Cells 2020, 9, 1568 11 of 14

30. Fan, H.; Penman, S. Regulation of protein synthesis in mammalian cells. II. Inhibition of protein synthesis at
the level of initiation during mitosis. J. Mol. Biol. 1970, 50, 655–670. [CrossRef]

31. Tarnowka, M.A.; Baglioni, C. Regulation of protein synthesis in mitotic HeLa cells. J. Cell. Physiol. 1979, 99,
359–367. [CrossRef] [PubMed]

32. Coldwell, M.J.; Cowan, J.L.; Vlasak, M.; Mead, A.; Willett, M.; Perry, L.S.; Morley, S.J. Phosphorylation of
eIF4GII and 4E-BP1 in response to nocodazole treatment: A reappraisal of translation initiation during
mitosis. Cell Cycle 2013, 12, 3615–3628. [CrossRef] [PubMed]

33. Shuda, M.; Velásquez, C.; Cheng, E.; Cordek, D.G.; Kwun, H.J.; Chang, Y.; Moore, P.S. CDK1 substitutes for
mTOR kinase to activate mitotic cap-dependent protein translation. Proc. Natl. Acad. Sci. USA 2015, 112,
5875–5882. [CrossRef] [PubMed]

34. Anda, S.; Grallert, B. Cell-Cycle-Dependent Regulation of Translation: New interpretations of old observations
in light of new approaches. BioEssays 2019, 41, e1900022. [CrossRef]

35. Silva, R.C.; Dautel, M.; Di Genova, B.M.; Amberg, D.C.; Castilho, B.A.; Sattlegger, E. The Gcn2 Regulator
Yih1 Interacts with the cyclin dependent kinase Cdc28 and promotes cell cycle progression through G2/M in
budding yeast. PLoS ONE 2015, 10, e0131070. [CrossRef]

36. Stonyte, V.; Boye, E.; Grallert, B. Regulation of global translation during the cell cycle. J. Cell Sci. 2018, 131.
[CrossRef]

37. Uppala, J.K.; Ghosh, C.; Sathe, L.; Dey, M. Phosphorylation of translation initiation factor eIF2α at Ser51
depends on site- and context-specific information. FEBS Lett. 2018, 592, 3116–3125. [CrossRef]

38. Gordiyenko, Y.; Llácer, J.L.; Ramakrishnan, V. Structural basis for the inhibition of translation through eIF2α
phosphorylation. Nat. Commun. 2019, 10, 1–11. [CrossRef]

39. De La Fuente, R.; Viveiros, M.M.; Burns, K.H.; Adashi, E.Y.; Matzuk, M.M.; Eppig, J.J. Major chromatin
remodeling in the germinal vesicle (GV) of mammalian oocytes is dispensable for global transcriptional
silencing but required for centromeric heterochromatin function. Dev. Biol. 2004, 275, 447–458. [CrossRef]

40. Eppig, J.J.; Schroeder, A.C. Capacity of Mouse Oocytes from Preantral Follicles to Undergo Embryogenesis
and Development to Live Young after Growth, Maturation, and Fertilization in Vitro1. Biol. Reprod. 1989, 41,
268–276. [CrossRef]

41. Šušor, A.; Jelínková, L.; Karabínová, P.; Torner, H.; Tomek, W.; Kovářová, H.; Kubelka, M. Regulation of
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