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Abstract
eIF4E plays key roles in protein synthesis and tumorigenesis. It is phosphorylated by the kinases MNK1 and MNK2. Bind-
ing of MNKs to eIF4G enhances their ability to phosphorylate eIF4E. Here, we show that mTORC1, a key regulator of 
mRNA translation and oncogenesis, directly phosphorylates MNK2 on Ser74. This suppresses MNK2 activity and impairs 
binding of MNK2 to eIF4G. These effects provide a novel mechanism by which mTORC1 signaling impairs the function 
of MNK2 and thereby decreases eIF4E phosphorylation. MNK2[S74A] knock-in cells show enhanced phosphorylation of 
eIF4E and S6K1 (i.e., increased mTORC1 signaling), enlarged cell size, and increased invasive and transformative capacities. 
MNK2[Ser74] phosphorylation was inversely correlated with disease progression in human prostate tumors. MNK inhibi-
tion exerted anti-proliferative effects in prostate cancer cells in vitro. These findings define a novel feedback loop whereby 
mTORC1 represses MNK2 activity and oncogenic signaling through eIF4E phosphorylation, allowing reciprocal regulation 
of these two oncogenic pathways.
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Introduction

Eukaryotic initiation factor 4E (eIF4E) interacts with the 
5′-terminal cap structure of mRNAs and plays a crucial 
role in mRNA translation (protein synthesis) by mediating 
recruitment of ribosomes to mRNAs. eIF4E also binds the 
scaffold protein, eIF4G, which in turn associates with other 
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proteins including eIF3, which recruits the 40S ribosomal 
subunit.

Dysregulation of eIF4E, through its increased expres-
sion, its phosphorylation or activation of signaling through 
mTORC1 (the mammalian [or mechanistic] target of rapa-
mycin complex 1), is strongly implicated in oncogenesis [1, 
2]. eIF4E has thus emerged as a potential target in cancer 
therapy, because, for example, phosphorylation of eIF4E is 
needed for tumorigenesis in prostate cancer [1]. Therefore, 
understanding the interplay between the pathways that con-
verge on eIF4E is of critical importance. eIF4E is phospho-
rylated, on Ser209 [3, 4], by protein kinases termed MAP 
kinase-interacting kinases (MNKs). The MNKs are the 
only kinases that phosphorylate eIF4E on Ser209 [5] and 
phosphorylation of eIF4E affects the translation of specific 
mRNAs [6].

Notably, the MNKs are linked to oncogenesis and tumor 
progression [7, 8]. MNKs interact with eIF4G, which allows 
them to efficiently phosphorylate eIF4E [9]. MNKs bind to, 
and are phosphorylated by, MAP kinases, in particular ERK, 
leading to their activation [10]. ERK signaling is activated 
in a significant proportion of human tumors [11].

There are two MNK genes in mammals, MKNK1 and 
MKNK2. In humans, each gives rise to two mRNAs by alter-
native splicing to produce four distinct proteins which con-
tain the same N-terminal and catalytic regions but differ at 
their C-termini [12–14]. The longer ‘a’ forms, which contain 
MAP kinase-binding sites, are termed MNK1a and MNK2a, 
while the shorter ‘b’ forms, which lack this feature, are 
termed MNK1b and MNK2b. MNK1a and MNK2a differ 
in their intrinsic activity, regulation and subcellular localisa-
tion [10]. MNK1a is acutely activated by signaling through 
ERK and p38 MAP kinase [4, 15]. In contrast, MNK2a has 
high basal activity that is only enhanced slightly by these 
pathways [12]. Indeed, it is not clear how the activity of 
MNK2a or its ability to phosphorylate eIF4E is regulated.

eIF4E binds to small phosphoproteins, called eIF4E-
binding proteins (4E-BPs), which compete with eIF4G for 
binding to eIF4E [16]. 4E-BPs are negatively regulated by 
phosphorylation by mTORC1, a heteromeric protein kinase 
[17] which promotes multiple anabolic processes. When 
bound to a 4E-BP, eIF4E cannot bind eIF4G and promote 
translation initiation. By catalysing the phosphorylation 
of 4E-BPs, and bringing about their release from eIF4E, 
mTORC1 positively regulates translation initiation [18] 
and allows eIF4E and MNKs to come into closer proximity 
through their interactions with eIF4G.

mTORC1 is activated by the phosphatidylinositol (PI) 
3-kinase/Akt [protein kinase B (PKB/Akt)] and Ras/Raf/
MEK/MAP kinase signaling pathways that are frequently 
constitutively activated in cancers [11, 19]. Rapamycin and 
its analogues, which interfere with substrate access to the 
active site of mTORC1, have been tested clinically to treat 

a number of cancers [20]. So-called ‘second generation’ 
mTOR inhibitors (mTORis), which act as ATP-competitive 
inhibitors and thus inhibit both mTORC1 and mTORC2, are 
also currently being evaluated in clinical trials [20].

Rapamycin increases the phosphorylation of eIF4E in 
various cancer cell lines [21–26]. Since phosphorylation of 
eIF4E is associated with cell transformation and migration, 
this could limit the effectiveness of drugs like rapamycin in 
cancer therapy. As such, it is critical to understand the links 
between mTORC1 signaling and eIF4E phosphorylation. 
Although it is well established that mTORC1 and MNKs 
are often activated in cancer and may drive oncogenesis, 
there is surprisingly little information on the links between 
these pathways.

We have previously shown that rapamycin increases 
the activity of MNK2a [21]. Here, we show that mTORC1 
directly phosphorylates MNK2 on Ser74, which suppresses 
MNK2 activity and decreases the association of MNK2a 
with eIF4G, an interaction that is required for efficient 
phosphorylation of eIF4E [9]. We also demonstrate that 
complete inhibition of mTORC1 disrupts the interaction 
between MNK2 and eIF4G, thus rendering MNK2 unable 
to phosphorylate any remaining eIF4G-bound eIF4E. Phos-
phorylation of MNK2 by mTORC1 thus provides a feedback 
mechanism which can restrain MNK signaling. Mutation of 
Ser74 to alanine in MNK2 results in enhanced eIF4E phos-
phorylation and increased mTORC1 activity, and is associ-
ated with increased cell size, and elevated cellular invasive 
and enhanced transformation capacities. Finally, MNK2 
Ser74 was inversely correlated with disease progression in 
human prostate tumors. Furthermore, selective inhibition of 
MNK signalling exhibited strong anti-proliferative effects in 
prostate cancer cells in vitro.

Taken together, our findings identify a novel regulatory 
link between the MNK2 and mTORC1 signaling pathways, 
which has clear implications for the design of future can-
cer treatment strategies targeting these oncogenic signaling 
pathways.

Results

mTOR directly phosphorylates MNK2a on Ser74

To assess the effects of mTOR signaling on MNK activ-
ity, we expressed GST-tagged MNK2a in HEK293 cells, 
which were subsequently treated with insulin growth fac-
tor-1 (IGF-1) with or without AZD8055, a second-genera-
tion mTORi [27]. After purification of GST-tagged MNK2a, 
its activity was measured in vitro using recombinant eIF4E 
as a substrate (Fig. 1a). IGF-1 had little effect on MNK2a 
activity, consistent with its limited ability to activate 
ERK in these cells (Fig. S1; compare with data for TPA 
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(12-O-tetradecanoylphorbol-13-acetate) [28]). Treatment of 
IGF-1-stimulated cells with AZD8055 markedly enhanced 
the activity of MNK2a (Fig. 1a). AZD8055 did not affect 
MNK1a activity (Fig. 1a), implying that the activity MNK1a 
is not modulated by mTORCs.

Given that MNK2 binds to the RAPTOR component of 
mTORC1 [29], a property shared with known mTORC1 
substrates [30, 31], we tested whether mTORC1 could 
phosphorylate MNK2. mTOR was immunoprecipitated 
from HEK293 cell lysates (Fig. 1b) and its activity was 
tested against GST-MNK proteins, expressed in and puri-
fied from HEK293 cells (Fig. 1c, d). mTOR phosphorylated 
GST-MNK2a but not GST-MNK1a (human, unless other-
wise specified; Fig. 1c, d). To assess whether mTORC1 or 
mTORC2 phosphorylated MNK2a, we immunoprecipitated 
these complexes separately using antibodies to RAPTOR or 
RICTOR, respectively. Anti-RAPTOR immunoprecipitates 
phosphorylated MNK2a, while anti-RICTOR immunopre-
cipitates did not (Fig. 1e, f), indicating that MNK2a is a 

specific substrate for mTORC1, consistent with RAPTOR-
binding MNK2 [29].

It would be informative to test the behavior of endog-
enous MNK2a; however, no suitable antibodies were avail-
able. We did test three antibodies marketed as detecting 
‘total’ MNK2 but none recognized the endogenous MNK2 
protein (Fig. S2).

Using the human PC3 prostate cancer cell line, we previ-
ously identified two highly conserved residues in MNK2a 
(Ser74 and Ser437, see Fig. S3) whose phosphorylation was 
altered in response to rapamycin treatment [21], although the 
mechanism explaining this effect was unclear. We, there-
fore, generated mutants of MNK2a in which Ser74 or/and 
Ser437 were changed to alanine (S74A and S437A, respec-
tively) and tested whether they were still phosphorylated 
by mTOR (Fig. 2a, b). As expected, immunoprecipitated 
mTOR phosphorylated recombinant GST-4E-BP1 (a posi-
tive control). This was inhibited by AZD8055 (Fig. S4A), as 
was the phosphorylation of MNK2a (Fig. 2a, b), confirming 

Fig. 1   MNK2a is a direct substrate for mTOR. a HEK293 cells were 
transfected with vectors encoding WT GST-MNK2a; 32  h later, 
cells were starved of serum for 16 h and then transferred to KRB for 
30 min. Cells were then treated with IGF-1 for 30 min in the presence 
or absence of 1  µM AZD8055. GST-MNK1a/2a was then isolated 
from the lysates on glutathione beads and subjected to MNK kinase 
assay for the indicated times using recombinant eIF4E as substrate. 
Assay products were separated and analysed by SDS-PAGE/Western 
blotting (WB). E.V empty vector. b mTOR was immunoprecipitated 
(IP) from lysates of HEK293 cells cultured in growth medium. The 
presence of mTOR and RAPTOR in the immunoprecipitates and 
input lysates was assessed by SDS-PAGE/WB. c HEK293 cells were 
transfected with vectors for WT GST-MNK1a or GST-MNK2a; cells 
were starved of serum for 16  h followed by incubation in KRB for 

1  h. Cells were then lysed and GST-MNKs were pulled down and 
then eluted from glutathione beads. The presence of GST-MNK1a or 
GST-MNK2a was verified by SDS-PAGE/WB. Eluted GST-MNKs 
were incubated with immunoprecipitates (containing mTOR) from b 
for 30 min in assays including [γ-32P]ATP. Radioactivity was detected 
using a phosphorimager. d mTOR kinase assays were carried out as 
in c for the indicated periods of time. e mTORC1 or 2 was immu-
noprecipitated with antibodies to RAPTOR or RICTOR, respectively. 
Kinase assays were then carried out using [γ-32P]ATP and GST-
MNK2a as substrate (for 30 min; with detection by phosphorimager). 
f Quantification of data in e. Quantification of data in panels a, f is 
presented as means ± SD. n = 3. *0.01 ≤ P < 0.05 (one-way ANOVA). 
@0.01 ≤ P < 0.05; #0.001 ≤ P < 0.01; $P < 0.001 (two-way ANOVA)
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that mTOR (rather than a contaminating kinase) phosphoryl-
ates MNK2a. While the GST-MNK2a[S437A] was phos-
phorylated to a similar extent as wild-type (WT) MNK2a, 
the S74A and S74A/S437A mutants of GST-MNK2a were 
not phosphorylated by mTOR. Similarly, immunoprecipi-
tated mTORC1 (from a RAPTOR pull-down) phosphoryl-
ated GST-MNK2a[WT] and GST-MNK2a[S437A], but not 
GST-MNK2a[S74A] or [S74A/S437A] (Fig. S4B and C). In 
contrast, neither GST-MNK1a nor GST-MNK2a, could be 
phosphorylated by S6K1 [32], while a kinase-dead version 

of eEF2K {GST-eEF2K[K170M] [33]}, an established 
S6K substrate [32] was (Fig. S4D and E). Taken together, 
these data demonstrate that mTOR directly phosphorylates 
MNK2a on Ser74, while Ser437 appears to be the target of 
a different, yet to be identified, kinase.

AZD8055 decreased the elevated level of eIF4E phospho-
rylation seen in HEK293 cells overexpressing MNK2a (pre-
sumably reflecting the disruption of eIF4G–MNK2 binding, 
see Fig. 3b–e below; also, when MNKs are overexpressed, 
the role of eIF4G as a scaffold is reduced or eliminated), but 

Fig. 2   mTOR phosphorylates 
MNK2a on Ser74. a mTOR 
kinase assays were performed 
with mTOR IPed as in Fig. 1b, 
and, as substrates, GST-MNK2a 
(WT or mutants) that had 
been purified as in Fig. 1c. b 
Quantitation of a. c HEK293 
cells were treated as in Fig. 1a, 
after SDS-PAGE, phospho-
rylated (P-) or total proteins 
were detected as indicated. d 
HEK293 cells were transfected 
with indicated GST-MNK2a 
constructs. Cells were starved 
of serum for 16 h and then 
kept in KRB in the presence 
or absence of AZD8055 for 
30 min. GST-MNK2a pro-
teins were then pulled down 
with glutathione beads and 
assayed for kinase activity 
against recombinant eIF4E as 
substrate. Quantification of 
data in panel B and D is pre-
sented as means ± SD, n = 3. 
*0.01 ≤ P < 0.05; ***P < 0.001 
(one-way ANOVA); $P < 0.001 
(two-way ANOVA)
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not in cells overexpressing MNK1a (Figs. 2c, S4F). Over-
expression of GST-MNK2a[S74A], [S437A] or [S74A/
S437A] further enhanced eIF4E phosphorylation compared 

to the level seen when WT GST-MNK2a was overexpressed 
(Fig. 2d). We also generated constructs in which the corre-
sponding serine residues in GST-MNK1a were substituted 

Fig. 3   mTOR kinase inhibitors, but not rapamycin, reduce eIF4E 
phosphorylation in  vitro and in  vivo. a HEK293 cells were starved 
of serum for 16 h, and then kept in KRB in the presence of the indi-
cated concentrations of rapamycin or AZD8055 for 30  min, before 
stimulation with IGF-1 (10 nM) for the indicated times. b HEK293 
cells were transfected with GST-MNK2a constructs. 32 h later, cells 
were starved of serum for 16 h and then kept in KRB in the presence 
of AZD8055 for 30  min, before stimulation with IGF-1 for another 
30 min and lysis. GST-MNK2a proteins were then pulled down with 
glutathione beads. Both eluates and input lysates were subjected to 
immunoblotting analysis for the indicated proteins. c Quantifica-
tion of eIF4G binding from b. Results are given as means ± SD. d 
HEK293 cells were starved of serum for 16 h and then kept in KRB 
in the absence or presence of rapamycin or AZD8055 for 30  min. 

eIF4E and associated proteins were then isolated by affinity chro-
matography on immobilised m7GTP, followed by analysis using 
SDS-PAGE/WB. e HEK293 cells were starved of serum for 16 h and 
then kept in KRB in the absence or presence of Torin 2 or OSI-027 
for 30 min, followed by stimulation with IGF-1 for another 30 min. 
eIF4E and associated proteins were isolated by affinity chroma-
tography on immobilised m7GTP, followed by SDS-PAGE/WB. 
f WT, Rptor−/− and Rictor−/− MSCs were serum starved for 4  h 
before incubation in KRB in the presence of AZD8055 or MNK-I1 
for 30  min, followed by the addition of IGF-1 for another 30  min. 
Quantification of data in panels c–e is  presented as means ± SD, 
n = 3. *0.01 ≤ P < 0.05; **0.001 ≤ P < 0.01; ***P < 0.001 (one-way 
ANOVA); $P < 0.001 (two-way ANOVA)
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with alanine (S39A and S396A mutants, respectively). 
Expressing them exogenously in HEK293 cells led to similar 
increases in eIF4E phosphorylation as were observed with 
WT GST-MNK1a (Fig. S4F), indicating these residues do 
not alter MNK1 function.

MNK2a associates with mTORC1 but not mTORC2 
[29]. To identify the region of MNK2a responsible for 
binding mTORC1, truncated versions of MNK2a, as short 
as containing the first 59 amino acids, were immunopre-
cipitated with mTOR (Fig. S4G). This region of MNK2a 
is longer than the N-terminal part of MNK1a (Fig. S3A). 
The mTORC1 component, RAPTOR [30, 34], binds part-
ner proteins (i.e., substrates for mTORC1) via their TOR 
signaling (TOS) motifs [35, 36]. Known TOS motifs con-
tain a crucial phenylalanine residue [35, 36]. We, therefore, 
mutated each of the phenylalanine residues within residues 
1–59 of MNK2a individually to alanine residues. Each of 
the resulting GST-MNK2a mutants still bound to RAPTOR 
(Fig. S4H, I), suggesting that MNK2a may contain multiple 
TOS motifs and/or non-canonical TOR-binding motif(s). 
Therefore, the RAPTOR-binding site of MNK2a lies within 
its N-terminus, but MNK2a does not bind RAPTOR through 
a single canonical TOS motif.

Inhibition of mTOR kinase activity disrupts 
the association of MNK2 with eIF4G

The above data indicate that mTORC1-mediated phospho-
rylation of MNK2a impairs its activity. This is consist-
ent with the ability of the ‘allosteric’ mTORC1 inhibitor, 
rapamycin, to increase P-eIF4E. However, given that both 
rapamycin and the ‘second generation’ mTORis, such as 
AZD8055 [27], completely block the activity of both mTOR 
complexes, we wanted to compare their effects on P-eIF4E 
levels. In HEK293 cells (Fig. 3a quantified in Fig. S5A), 
AZD8055, but not rapamycin, attenuated eIF4E phospho-
rylation. Indeed, every mTORi tested, including AZD8055 
(Fig. 3a), Torin 2 [37] and OSI-027 [38] (Fig. S5B), reduced 
eIF4E phosphorylation. Thus, consistent with previous stud-
ies [1, 23], rapamycin and mTORis exert opposing effects 
on eIF4E phosphorylation.

MNK2a showed only low binding to eIF4G under serum-
starved conditions, while MNK2a/eIF4G binding increased 
markedly following treatment of cells with IGF-1 (Fig. 3b, 
c). This provides a mechanism by which IGF-1 can enhance 
the ability of MNK2a to phosphorylate eIF4E, even though 
IGF-1 has little effect on the intrinsic activity of MNK2a 
(Fig. 1a). The IGF-1-induced binding of eIF4G to MNK2a 
was not affected by rapamycin (Fig. S5C and D). In contrast, 
it was strongly decreased by AZD8055 (Figs. 3b, c, S5C, D). 
These findings also help to explain why AZD8055 decreases 
P-eIF4E levels while rapamycin does not.

To assess whether phosphorylation of the mTORC1 site 
in MNK2a, Ser74, played a role in modulating the associa-
tion of eIF4G with MNK2a, we examined the behavior of 
the MNK2a[S74A] mutant. It showed strikingly higher basal 
association with eIF4G, which was prevented by AZD8055 
(Figs. 3b, c, S5C, D). The S74A/S437A mutant behaved 
similarly to MNK2a[S74A], while the MNK2a[S437A] 
variant showed IGF-1-induced binding to eIF4G, similar to 
WT MNK2a (Fig. 3b, c). Thus, phosphorylation of Ser74 
inhibits the basal association of MNK2a with eIF4G. Ser74 
lies immediately C-terminal to the eIF4G-binding site on 
MNK2 (Fig. S3A).

Interestingly, rapamycin did not decrease the association 
with eIF4G of WT MNK2a or the S74A mutant (Fig. S5C, 
D). The AZD8055-induced decrease in eIF4G/MNK2a bind-
ing cannot be explained by dephosphorylation of Ser74 and 
must involve additional events. These might include mTOR-
dependent alterations in the phosphorylation of eIF4G [39], 
in which at least seven phosphorylation events are sensi-
tive to rapamycin, and/or its conformation/interaction with 
other partner proteins, perhaps its binding to eIF4E, which 
is blocked by mTORis but not by rapamycin (Fig. 3d, e). It 
was also notable that GST-MNK2a associated with mTOR 
and/or RAPTOR (i.e., mTORC1) but GST-MNK1a did not 
(Fig. S6A–E), consistent with the data presented above and 
the findings of Brown and Gromeier [29].

The effects of AZD8055 might involve the inhibition of 
mTORC1, mTORC2 or both. To distinguish between these 
possibilities, we generated cells that lacked RAPTOR or 
RICTOR. Mesenchymal stem cells (MSCs) were isolated 
from Rptorfl/fl and Rictorfl/fl mice and tamoxifen used to 
induce the expression of Cre recombinase, resulting in dele-
tion of Rptor and Rictor (Fig. 3f). GST-MNK2a did not bind 
to mTOR in tamoxifen-treated Rptorfl/fl MSCs (Fig. S6F), 
implying that MNK2a interacts with mTOR via RAPTOR. 
Interestingly, S6K1 phosphorylation was enhanced in cells 
lacking RICTOR, most likely as a result of the available 
mTOR protein binding RAPTOR to form the mTORC1 
complex, while phosphorylation of 4E-BP1 was not affected 
(Fig. 3f). This may well reflect the facts that S6Ks and 
4E-BP1 are, respectively, ‘weak’ and ‘strong’ substrates for 
mTORC1 [40]. Conversely, phosphorylation of PKB/Akt 
at Ser473 was enhanced in Rptor−/− cells, most likely as 
a result of more mTOR forming mTORC2 and/or release 
of mTORC1 from upstream negative feedback mechanisms 
mediated through mTORC2 [17]. As expected, phospho-
rylation of 4E-BP1 was strongly decreased in Rptor−/− cells 
(Fig. 3f). Importantly, P-eIF4E was also markedly lower in 
Rptor−/−cells (Fig. 3f). These data suggest that complete 
inhibition of mTORC1, rather than suppression of mTORC2 
function, impairs the phosphorylation of eIF4E.

The inhibitory effect of AZD8055 on the phosphoryla-
tion of eIF4E by endogenous MNKs could also reflect 
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sequestration of eIF4E by dephosphorylated 4E-BPs, caus-
ing decreased levels of eIF4G/MNK complexes. Lysates 
from HEK293 cells which had been pre-treated with rapa-
mycin, or an mTORi, and then stimulated with IGF-1, 
were subjected to affinity chromatography on beads with 
immobilised 7-methyl GTP (m7GTP, cap analog, Fig. 3d, 
e). As expected from its ability to stimulate mTORC1 sign-
aling, IGF-1 treatment reduced the association of eIF4E 
with 4E-BP1 and enhanced its binding to eIF4G (Fig. 3d, 
e). Rapamycin prevented the IGF-1-induced binding of 
eIF4G to eIF4E (Fig. 3d, e), whereas mTORis completely 
blocked eIF4G:eIF4E binding and increased the association 
of 4E-BP1 with eIF4E (Fig. 3d, e). Since MNKs interact 
with eIF4G, which promotes their ability to phosphorylate 
eIF4E [9], it is likely that mTORis decrease P-eIF4E lev-
els by disrupting eIF4G–eIF4E binding, thereby impeding 
MNKs’ ability to phosphorylate eIF4E.

Given the above data, and the roles of mTOR and MNK 
signaling in cancer, it was important to test the effects of 

mTOR inhibition on eIF4E phosphorylation in vivo. To do 
so, we used Tsc2+/− mice which spontaneously develop renal 
lesions due to aberrant activation of mTOR signaling [41]. 
AZD2014, an mTORi that is suitable for use in vivo [42], 
blocked mTORC1 signaling (i.e., P-rpS6) in both liver and 
kidney as well as in renal lesions (Fig. 4; see IHC data in 
Fig. 4f). Importantly, AZD2014 also reduced P-eIF4E levels 
in tissues and renal lesions (Fig. 4). These data suggest that 
mTORis are likely to exert similar ‘anti-cancer’ effects to 
those of a combination of rapalogs and MNK inhibitors.

MNK2[S74A] knock‑in HEK293 cells show 
increased size, and enhanced migratory, invasive 
and transformation capacities

To assess levels of MNK2[Ser74] phosphorylation, we devel-
oped a phosphospecific antibody against P-MNK2[Ser74] 
(Fig. 5a). As expected, this antibody did not recognize 
MNK1 (Fig. 5a). The phosphospecific antibody revealed 

Fig. 4   AZD2014 attenuate eIF4E phosphorylation in TSC2+/− 
mice. a Tsc2+/− mice at the age of 12  months were treated for two 
months with either AZD2014 or rapamycin, or with vehicle control. 
Lysates prepared from tissues from the mice were analysed by West-
ern blot for phosphorylation of rpS6 at Ser235/Ser236 and eIF4E at 
Ser209. Actin was used as a loading control. Representative blots are 
shown. b Quantification of A (kidney, P-eIF4E Ser209). c Quanti-
fication of a (liver, P-eIF4E Ser209). d Quantification of a (kidney, 
P-rpS6 Ser235/Ser236). e Quantification of a (liver, P-rpS6 Ser235/

Ser236). f Paraffin sections of kidney prepared from the drug-treated 
Tsc2+/− mice were analysed by immunohistochemistry. Representa-
tive IHC-stained images show phosphorylation of rpS6 at Ser235/
Ser236, PKB/Akt at S473 and eIF4E at Ser209. Black arrows point to 
stained cells as shown in the boxed areas. Black lines are scale bars. 
c cystic lesions; KM, kidney medulla. For panels b–e, results are pre-
sented as means ± SD, n = 3. *0.01 ≤ P < 0.05; **0.001 ≤ P < 0.01; 
***P < 0.001 (one-way ANOVA); $P < 0.001 (two-way ANOVA)
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that Ser74 is basally phosphorylated and this is not affected 
by treating cells with IGF-1 (Fig. 5b). Consistent with Ser74 
being an mTOR substrate, rapamycin decreased its phospho-
rylation, and AZD8055 blocked it completely (Fig. 5b, c).

Next, we used CRISPR/Cas9 genome editing to gen-
erate MNK2[S74A] knock-in HEK293 cells, where this 
mutation was introduced into both chromosomal copies 
of the MKNK2 gene (Fig. S7). As negative controls, we 
used clones obtained from the same process but which 
retained copies of the WT MKNK2 gene. Our custom-made 
P-MNK2[Ser74] antibody only detected one band (52 kDa) 
that corresponds to MNK2a (Fig. S8A), and did not detect 
any signal in MNK2[S74A] knock-in HEK293 cells 
(Fig. 5c). Importantly, the levels of eIF4E phosphorylation 
in MNK2[S74A] cells were higher than in their WT coun-
terparts, and this phosphorylation was no longer sensitive to 
rapamycin (Fig. 5c). MNK1 levels did not alter between WT 
and MNK2[S74A] knock-in HEK293 cells (Fig. 5d). This 
implies that rapamycin induces phosphorylation of eIF4E 
by inhibiting the phosphorylation by mTORC1 of Ser74 in 
MNK2. Brown and Gromeier [29] recently reported that 
active MNK2 displaces DEPTOR (DEP domain-containing 
mTOR-interacting protein) from mTORC1, while promoting 
its binding to TELO2 (telomere length regulation protein 
2), thereby facilitating the interaction of mTORC1 with its 
substrates and, in effect, activating it.

We, therefore, also studied the effect of MNK2[S74A] 
knock-in on mTORC1 downstream targets. We observed 
increases in P-eIF4E, P-S6K1 and P-rpS6, but not P-4E-BP1, 
compared to WT cells (Figs. 5c–e, S8, S9). We also observed 
a reduction in levels of eukaryotic elongation factor 2 (eEF2) 
kinase (eEF2K), which is negatively regulated by mTORC1 
via S6K1 [43]; and the phosphorylation of its substrate eEF2 
(Thr56) [44] in MNK2[S74A] cells (Figs. 5d, S8). Levels 
of association of eIF4E with eIF4G or 4E-BP1 were similar 
in WT and MNK2[S74A] cells (Figs. 5e, S8, S9). We did 
not observe any difference in 4E-BP1 phosphorylation in 

MNK2[S74A] cells as compared to WT cells, likely, because 
mutation of MNK2, and its consequent increased activity, 
mainly affects “weak” mTORC1 substrates such as S6Ks 
rather than strong ones such as 4E-BPs [40]. Nevertheless, 
the observed high levels of P-S6K1 and P-rpS6 are con-
sistent with Brown and Gromeier’s report [29] that MNK2 
promotes mTORC1 activation. In agreement with data show-
ing that mTORC1 phosphorylates MNK2 at Ser74 (Fig. 2), 
rapamycin and AZD8055 each inhibited MNK2[Ser74] 
phosphorylation (Fig. 5c).

To examine the effect of abrogating MNK2[Ser74] 
phosphorylation, and thus enhancing MNK2a activity, 
on the expression levels of specific proteins, we applied 
stable isotope labelling with amino acids in cell culture 
(SILAC) methodology coupled with mass spectrometry [45] 
(Fig. S10; Table S1). Notably, levels of proteins involved 
in mRNA translation, such as ribosomal proteins, were 
increased in MNK2[S74A] cells (Fig. S10B, C). Consistent 
with this and the role of S6K1 in regulating cell size [46], 
MNK2 [S74A] cells were larger than WT cells (Fig. 6a, b). 
Consistent with earlier data showing that eIF4E phospho-
rylation plays roles in the transformation and invasiveness 
of cancer cells [1, 47, 48], MNK2[S74A] cells displayed 
enhanced adhesion (Fig. 6c, d), migration (Fig. 6e, f) and 
invasiveness (Fig. 6g, h). They also exhibited greater trans-
formation ability as shown by their augmented anchorage-
independent growth in soft agar assays (Fig. 6i, j).

These data imply that the phosphorylation of MNK2 on 
Ser74 by mTORC1 normally suppresses oncogenesis, likely 
due to its inhibitory effect on MNK2 activity (Fig. S11). 
Thus, while mTORC1 signaling is strongly implicated in 
tumorigenesis and a target for cancer therapy [49], its roles 
are multilayered and some effects of mTOR inhibition may 
actually aid tumorigenesis or cancer cell survival.

Specific inhibition of MNKs does not affect signaling 
through mTORC1 or mTORC2

Because mTORC1 phosphorylates MNK2, which inhib-
its MNK2 activity, we also studied the effect of inhib-
iting the MNKs on the mTORC1 pathway. To do so, we 
first used three different small molecule inhibitors of the 
MNKs: CGP57380 [50], MNK-I1 [47] and MNK-7g [51]. 
CGP57380 was the first small molecule MNK inhibitor to be 
reported [50] but suffers from substantial drawbacks, in par-
ticular relatively low potency and off-target effects, i.e. abil-
ity to inhibit several other protein kinases [52]. MNK-I1 is 
substantially (at least ten-fold) more potent than CGP57380 
against MNK1 and MNK2 and lacks its off-target effects 
[47]. MNK-7g is another recently discovered specific MNK 
inhibitor which is more selective against MNK2 [51].

Three different types of human cells [A549 (human lung 
adenocarcinoma), HEK293T and MDA-MB-231 (human 

Fig. 5   Genetic knock-in mutation of Ser74 of MNK2a to alanine in 
HEK293 cells enhances phosphorylation of eIF4E and mTORC1 
downstream targets. a Cells were transfected with empty vector or the 
indicated GST-MNK constructs for 48  h, before lysates were made 
and subjected to immunoblot analysis. b Cells were serum starved 
for 16 h, pre-treated with 1 μM rapamycin or 1 μM AZD8055 before 
stimulation with 10 nM IGF-1 for 30 min. c MNK2 WT and S74A 
knock-in cells were treated with 1 μM rapamycin or 1 μM AZD8055 
for 24  h before lysis and immunoblotting analysis was performed 
for the indicated P- or total proteins. d Lysates from MNK2 WT 
and S74A cells cultured in growth medium for 24 h were subjected 
to immunoblot analysis for the indicated proteins. e MNK2 WT and 
S74A cells were serum starved for 16  h, treated with rapamycin 
(1  μM) or AZD8055 (1  μM) for 30  min, and then stimulated with 
10  nM IGF-1 for another 30  min. eIF4G, 4E-BP1 and eIF4E were 
isolated from lysates by m7GTP affinity chromatography and analysed 
by SDS-PAGE/WB against the indicated proteins from the eluates as 
well as the input lysates
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breast adenocarcinomas)] were pre-treated with these 
MNK inhibitors. Cells were stimulated with IGF-1 for 
30 min (to activate mTORC1 signaling) which enhanced 
eIF4E phosphorylation (Fig. S12). CGP57380 inhibited 
MNK activity at concentrations > 3 μM, although complete 
inhibition required higher concentrations in HEK293T 
cells. MNK-I1 and MNK-7g blocked MNK activity at 
lower concentrations than CGP57380 (Fig. S12). As 
expected, IGF-1 increased the phosphorylation of S6K1, 
rpS6, 4E-BP1 and PKB/Akt (on Ser473, an mTORC2 site) 
(Fig. S12), indicating that IGF1 activates both mTORCs 
in all three cell types. Neither MNK-I1 nor MNK-7g sig-
nificantly affected the IGF-1-induced phosphorylation 

of 4E-BP1, S6K1 or the S6K1 substrate rpS6 (Fig. S12). 
CGP57380 did not affect the phosphorylation of 4E-BP1 
or S6K, but did impair S6 phosphorylation in all three 
cell lines, suggesting that it affects the activation or activ-
ity of S6Ks, without affecting mTORC1 itself. Moreover, 
none of the MNK inhibitors affected the phosphorylation 
of PKB/Akt at Ser473 (i.e., mTORC2 signaling).

Taken together, these data indicate that MNKs do not 
regulate mTORC1 signaling in response to IGF-1 in any 
of these human cell lines and also show that CGP57380 is 
not a reliable probe for the roles of the MNKs, due to its 
off-target effects, e.g., on S6K signaling.

Fig. 6   MNK2 S74A HEK293 cells exhibit increased cell size, and 
enhanced invasive and transformation capacities. a G0/G1 size of 
CRISPR MNK2a WT and S74A cells was determined by flow cyto-
metric analysis. b Quantification of a. c Cell adhesion assays for 
CRISPR MNK2a WT and S74A cells. d Quantification of data in 
c. e Cell migration assays for CRISPR MNK2a WT and S74A cells. 
f Quantification of data in e. g Cell invasion assays for CRISPR 

MNK2a WT and S74A cells. h Quantification of g. i Soft agar 
assays were performed in six-well plates and cultures maintained 
for 3 weeks before staining with 0.5% crystal violet. The numbers of 
colonies in each well larger than 100 µM were counted. j Quantifica-
tion of i. For panels d, f, h and j, results are presented as means ± SD, 
n = 3. **0.001 ≤ P < 0.01; ***P < 0.001 (one-way ANOVA); 
@0.01 ≤ P < 0.05 and $P < 0.001 (two-way ANOVA)



259Reciprocal signaling between mTORC1 and MNK2 controls cell growth and oncogenesis﻿	

1 3

Knock‑out of MNKs does not affect IGF‑1‑stimulated 
signaling through mTORC1 or mTORC2

As an adjunct to using small molecule MNK inhibitors, 
we also studied mTOR signaling in cells lacking MNK1, 
MNK2 or both isoforms to explore the effects of MNKs on 
mTOR signaling, i.e., mouse embryonic fibroblasts (MEFs) 
from WT or MNK knockout (KO) mice. Importantly, IGF1 
promoted the phosphorylation of S6K1, 4E-BP1 and PKB/
Akt to similar extents in MEFs from MNK1-KO, MNK2-
KO, MNK-DKO and WT mice (Fig. S13A, quantified in 
Fig. S14). The stimulation of mTORC1 and mTORC2 sign-
aling was not affected by CGP57380 or MNK-I1 in WT 
MEFs, although they did strongly inhibit phosphorylation 
of eIF4E (Fig. S13A). These findings provide further strong 
evidence that MNKs do not affect the activity of mTORC1 
or mTORC2 or its activation by IGF-1.

As shown (Fig. S13B, C, quantified in Fig. S15), we 
observed no differences between WT and MNK-DKO MEFs 
in the enhancement of the phosphorylation of S6K1, rpS6, 
4E-BP1 or PKB/Akt by epidermal growth factor (EGF) or 
FBS. We extended our analysis of the possible role of MNKs 
in mTOR signaling to mouse cells, using 3T3-L1 cells. They 
are used widely as a reliable model for adipogenesis, which 
is induced by a ‘cocktail’ containing insulin, rosiglitazone, 
dexamethasone and the phosphodiesterase inhibitor, IBMX, 
over 7–9 days. This cocktail activated signaling through 
ERK, PKB/Akt and mTORC1 (Fig. S13D, quantified in 
Fig. S16), including stimulation of MNK activity (enhanced 
eIF4E phosphorylation). MNK-I1, MNK-7g and CGP57380 
each inhibited eIF4E phosphorylation, confirming that they 
inhibit MNK function, but none of the compounds affected 
the phosphorylation of PKB/Akt at Ser473, or phosphoryla-
tion of 4E-BP1 at Ser65 (Fig. S13D), showing that signal-
ing through mTORC2 or mTORC1 is not affected by MNK 
inhibition in these murine cells. However, CGP57380, but 
not MNK-I1 or MNK-7g, impaired the phosphorylation of 
S6, again suggesting that CGP57380 impairs the activation 
or activity of S6Ks.

MNKs do assist the activation of mTORC1 signaling 
by TPA

Since MNKs are activated by signaling through ERK, 
we tested their role in regulating mTORC1 signaling in 
response to an alternative stimulus, the phorbol ester TPA, 
which strongly activates ERK (and thus MNK1) but does 
not affect PI 3-kinase/PKB (Akt) signaling [28] (NB these 
pathways can independently regulate mTORC1; Fig. S1). 
In WT MEFs, the addition of the phorbol ester TPA rap-
idly increased the phosphorylation of eIF4E (indicating 
activation of MNK signaling) and of S6K and its substrate 

rpS6 (Fig. S13E, quantified in Fig. S17). In MNK-DKO 
cells, the TPA-induced phosphorylation of S6K and rpS6 
was delayed and remained markedly blunted after 60 min 
(Fig. S13E). These data suggest that MNKs do aid the 
activation of mTORC1 by TPA in MEFs. Also, the IC50 
of the MNK inhibitor eFT508 [53] did not differ between 
WT and MNK2 [S74A] cells (Fig. S18).

The reason that MNKs are not required for activation of 
mTORC1 signaling by EGF, IGF-1 or FBS likely reflects 
the fact that these agents, unlike TPA, activate PI 3-kinase/
PKB signaling, which provides an alternative mechanism 
to turn on mTORC1 through the PKB-mediated phospho-
rylation and inactivation of TSC1/2 [54].

MNK2[Ser74] phosphorylation is inversely 
associated with high Gleason score in prostate 
cancer patients and promotes proliferation 
and survival of tumor cells

Previous studies, Furic et al. [1] have shown that phos-
phorylation of eIF4E positively correlates with high 
Gleason score in prostate cancer patients, suggesting 
that phosphorylation of eIF4E is a key event in prostate 
cancer progression. We, therefore, carried out tissue IHC 
microarray analysis to examine levels of MNK2[Ser74] 
and eIF4E[Ser209] phosphorylation in 84 individual 
prostate tumors and their adjacent non-cancer tissue 
specimens (Fig. 7a–g, Table S2). We noted that in tumors 
with a high Gleason score, MNK2 was less phosphoryl-
ated at Ser74 whereas, as expected [1], eIF4E was more 
phosphorylated. MNK2[Ser74] was also more phospho-
rylated in adjacent non-cancer tissue compared to tumor 
(Fig. 7a–g). We could not determine the relative expres-
sion levels of MNK2a and 2b, which could also influence 
the levels of nuclear P-MNK2[Ser74]. Since low levels 
of P-MNK2[Ser74] indicate more active MNK2 (which 
probably explains the observed increase in eIF4E phospho-
rylation; shown in Figs. 2d, 7a, f, g), these data indicate 
an inverse correlation between the inhibitory phosphoryla-
tion of MNK2 on Ser74 and prostate cancer progression. 
Two structurally unrelated MNK inhibitors, MNK-I1 and 
eFT508 [53], also inhibited the proliferation of prostate 
cancer cells in vitro (Fig. 7h–l). Therefore, inhibition of 
MNK2 activity, or in combination of mTORis, may be a 
beneficial approach in tackling prostate cancer.

We also tested the effects of eFT508 in an ex vivo pros-
tate tumor model; in about half the explants, eFT508 inhib-
ited cell proliferation, but did not in others (Table S3). 
This variability in response clearly requires further investi-
gation, but nevertheless indicates the potential of targeting 
MNK in prostate cancer.
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Discussion

The MNKs are the only kinases that phosphorylate eIF4E. 
eIF4E and its phosphorylation play key roles in mRNA 
translation and its control, and in oncogenesis [16]. Here, 
we show that mTORC1 directly phosphorylates MNK2 on 
Ser74. Importantly, our data show that mTORC1 signal-
ing modulates the ability of MNK2a to phosphorylate its 
substrate eIF4E in two ways; by phosphorylating Ser74, 
mTORC1 signaling represses (1) MNK2a’s high basal activ-
ity and (2) MNK2a’s binding to the scaffold protein eIF4G. 
This provides acute control of MNK2a function, in contrast 
to its weak regulation by upstream MAP kinase signaling 
[12].

Conversely, preventing MNK2[Ser74] phosphoryla-
tion (by partially inhibiting mTORC1 with rapamycin or 
mutating Ser74, for example) enhances MNK2 activity and 
increases the level of phosphorylation of its substrate eIF4E, 
an event which promotes tumorigenesis [1, 55, 56]. We find 
that MNK2[Ser74] phosphorylation correlates inversely 
with prostate cancer progression in patients (an effect which 
promotes MNK2a activity), while MNK inhibition exhib-
ited anti-tumor activity in prostate cancer cell lines. Pre-
viously, it has been reported that ratios MNK2a:MNK2b 
mRNAs are downregulated in several types of cancer includ-
ing breast, lung, colon [57] and brain [58] cancers. How-
ever, relative MNK2 protein expression levels in tumours 
remain unknown, and we could not detect total MNK2 lev-
els in our tissue microarray experiment (Fig. 7a). No reli-
able total MNK2 antibody is currently available (Fig. S2); 
therefore, we still cannot exclude the possibility that the low 
P-MNK2[Ser74] levels we saw in advanced prostate tumours 
is due to low protein expression levels of MNK2.

In summary, while MNK1a activity is tightly and rapidly 
activated by MAP kinases, MNK2a’s ability to phosphoryl-
ate eIF4E is negatively regulated by mTORC1 signaling.

Several groups have reported that the activation of MNKs 
confers resistance to rapalogs in cancer cells [22–25], and 
that combinational administration of MNK inhibitors and 
rapalogs completely prevented tumor growth in lymphoma 
[25], medulloblastoma [23], glioma [24] and prostate cancer 
[22], although the mechanisms involved remained unclear. 
Here, we show that, while inhibiting mTORC1 increases 
MNK2 activity in vitro, mTORis actually decrease eIF4E 
phosphorylation in vivo. This reflects the fact that mTO-
Ris prevent the association of eIF4G with MNK2a and with 
eIF4E. Loss of these interactions hinders MNK-mediated 
phosphorylation of eIF4E, leading to decreased phospho-
rylation of eIF4E. The ability of mTORis to impair mTOR 
signaling and eIF4E phosphorylation should contribute them 
to being more effective anti-tumor agents than rapamycin 
and rapalogs, which have so far met only with limited suc-
cess in tumor therapy [49].

mTORC1 signaling is enhanced in MNK2[S74A] cells as 
shown by the increased phosphorylation and activity of S6K, 
a positive regulator of cell size [46]. Importantly, and con-
sistent with these changes and the role of mTORC1 in cell 
size control [34], MNK2[S74A] knock-in cells exhibit larger 
cell size, enhanced adhesion, migration, invasiveness and 
anchorage-independent growth. These effects presumably 
reflect the displacement of MNK2-driven DEPTOR from 
mTORC1 and enhancing binding of mTORC1 to TELO2 
(as described previously [29]).

The activation by TPA of S6Ks (a surrogate readout for 
mTORC1) is impaired in MNK-DKO cells. However, we 
observed this MNK-mTORC1 signaling link only under con-
ditions where ERK signaling is the main pathway being acti-
vated, and only for S6Ks, an example of a ‘weak’ mTORC1 
substrate [40]. Disabling the MNKs did not affect the acti-
vation of mTORC1 by other stimuli tested (serum, IGF-1, 
EGF, which activate PI 3-kinase/Akt signaling) or did it 
affect signaling through mTORC2, which phosphorylates 
Ser473 in PKB/Akt. Thus, MNKs can positively regulate 
mTORC1 activity, but in a more limited way than reported 
previously [29].

In agreement with that study [29], we find that MNK2a, 
but not MNK1a, binds to mTORC1 and that this interac-
tion is mediated by the N-terminal region of MNK2, which 
is substantially different from the N terminus of MNK1, 
involving either a non-canonical TOS motif or multiple 
TOS motifs.

mTORC1 plays an essential role in maintaining cell 
mass and function, yet its over-activation brings detri-
mental effects impacting on pathogenesis such as the 
development of tumors. As revealed by previous stud-
ies, stimulation of mTORC1 also evokes several negative 
feedback loops to prevent its over-activation [17]. These 
include inhibitory phosphorylation of insulin receptor 
substrate-1 (IRS1) by S6K1 [59] and the phosphorylation 

Fig. 7   Loss of MNK2 Ser74 phosphorylation correlates with 
advanced prostate tumors in patients. a Levels of P-MNK2 Ser74 in 
prostate cancer patient samples were assessed by tissue microarray 
analysis against 84 paired prostate tumors and adjacent normal tissue. 
Representative IHC images from Gleason score 5–9 (G5–G9) were 
shown. Scale bar 50  μm. b–i Average immunoreactivity in a was 
graded in a blinded manner on a scale of 0 (none), 0.5 + (very weak); 
1 + (weak); 2 + (intermediate); and 3 + (strong) in b–e: cytoplasmic; 
f, g: nuclear; b, c, f, g: P-MNK2 Ser74; d, e: P-eIF4E Ser209. b, d, 
f: tumor tissues; c, e, g: adjacent normal tissues. h C4-2B cells were 
treated with vehicle (control), eFT508 (2  μM) or MNK-I1 (2  μM) 
for 24  h before lysis and immunoblotting analysis for P- (Ser209) 
or total eIF4E. C4-2B (i) or PC3 (j) cells were treated with vehicle 
(control), eFT508 (2  μM) or MNK-I1 (2  μM), the number of cells 
were counted for the indicated periods of time. C4-2B (k) or PC3 (l) 
cells were treated with vehicle (control), eFT508 (2  μM) or MNK-
I1 (2  μM) for 48  h, before subjected to BrdU incorporation assays. 
In panels h–l data are shown as means ± SD, n = 3. *0.01 ≤ P < 0.05; 
**0.001 ≤ P < 0.01; ***P < 0.001 (one-way ANOVA)
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and stabilization of growth factor bound-receptor protein 
10 (Grb10) by mTORC1, an event which subsequently 
destabilizes IRS1 [39, 60]. Here, we define an addi-
tional, distinct negative feedback loop whereby activa-
tion of mTORC1 catalyses inhibitory phosphorylation 
of MNK2 at Ser74, which prevents ‘hyper-activation’ of 
eIF4E phosphorylation (Fig. S17). Notably, we demon-
strate that MNK2 Ser74 phosphorylation is decreased in 
prostate cancer patients and is associated with elevated 
levels of eIF4E phosphorylation, an event which has been 
shown to contribute to prostate cancer progression [1]. 
Interestingly, lower levels of mTORC1 signaling (and 
thus, presumably, higher MNK2a activity) are associated 
with worse outcomes in prostate cancer patients [61]. 
However, activation of mTORC1 signaling is a more com-
mon feature of solid tumours [62]. We also show that 
pharmacological inhibition of the MNKs by two potent 
MNK inhibitors, MNK-I1 and eFT508, the latter of which 
is in phase 2 trials for lymphoma and solid tumours [53], 
impairs the proliferation of prostate cancer cells in vitro.

In conclusion, our data provide important new insights 
into the crosstalk between mTORC1 and the MNKs which 
are relevant for tumor cell biology, in particular the role 
of the Ser74 phosphorylation site in MNK2, which is 
directly phosphorylated by mTORC1. Our data thus 
identify the molecular events by which rapamycin and 
rapalogs enhance MNK2 activity. Complete inhibition 
of mTORC1 activity impairs the association between 
MNK2a and eIF4G as well as the binding of eIF4G to 
eIF4E. Both effects operate to decrease the phosphoryla-
tion of eIF4E. These new data on the interplay between 
the oncogenic mTORC1 and MNK2/eIF4E pathways pro-
vide new insights into the cell signaling events which 
integrate the mTORC1 and MAP kinase signaling path-
ways and impinge on the control of mRNA translation, in 
particular eIF4E, a crucial regulatory and oncogenic ini-
tiation factor. As such, these findings are very relevant to 
tumor biology and are likely to be valuable in the design 
and evaluation of novel anti-cancer therapies.

Materials and methods

Chemicals and reagents

All chemicals were from Merck (Frenchs Forest, NSW, 
Australia) unless otherwise specified. [γ-32P]ATP and 
[35S]methionine/cysteine were purchased from Perkin 
Elmer (Gladesville, NSW, Australia). AZD8055, Torin 2 
and OSI-027 were purchased from Jomar Life Research 
(Scoresby, VIC, Australia). MNK-I1 [47] and MNK-7g 
[51] were previous described.

Cell culture

MEFs from MNK1-KO, MNK2-KO and MNK-DKO mice 
and matched wild-type counterparts were prepared from 
embryos at embryonic day 13.5. MEFs, human lung car-
cinoma A549 cells, human embryonic kidney HEK293 
cells, human breast carcinoma MDA-MB-231 cells, 
mouse 3T3-L1 fibroblasts (a kind gift from Dr Yeesim 
Khew-Goodall from the Centre for Cancer Biology [SA 
Pathology], Adelaide) were maintained in Dulbecco’s 
modified Eagle medium (DMEM) media containing 10% 
(v/v) foetal bovine serum (FBS) and 1% penicillin/strep-
tomycin (growth medium). Cells were cultured at 37 °C 
in 5% CO2 and 95% air. Prostate cancer cells (C4-2B and 
PC3) were maintained in Roswell Park Memorial Insti-
tute-1640 (RPMI-1640) media containing 10% (v/v) foe-
tal bovine serum (FBS) and 1% penicillin/streptomycin 
(growth medium).

Animal study

All experimental procedures involving mice were approved, 
as appropriate, by the animal ethics committees of Car-
diff University or the South Australian Health & Medi-
cal Research Institute (SAHMRI), and were conducted in 
accordance with the regulations of Scientific Procedures 
both in the UK (Act 1986) and in South Australia (Act 
1985).

As described previously [63], Tsc2+/− mice were 
backcrossed to the Balb/c strain. To determine the effect 
of AZD2014 and rapamycin on molecular signaling, 9 
Tsc2+/− mice at the age of 12 months were randomly allo-
cated into three groups (3/group) and treated with vehicle, 
20 mg/kg AZD2014 or 5 mg/kg rapamycin five times a week 
for 8 weeks. These mice were then humanely killed for tis-
sue collection. AZD2014 (APExBIO, Houston, TX, USA) 
at 4 mg/ml and rapamycin (LC Laboratories, Woburn, MA, 
USA) at 1 mg/ml were prepared in vehicle solution (2.5% 
PEG-400, 2.5% Tween-80 and 2.5% DMSO), respectively.

Treatment and lysis

Unless specified, prior to treatments, cells were serum 
starved for 16 h, the media were then removed and the 
cells were washed twice and incubated with modified 
Krebs–Ringer bicarbonate buffer (KRB) (115 mM NaCl, 
5 mM KCl, 10 mM NaHCO3, 2.5 mM MgCl2, 2.5 mM 
CaCl2, 20 mM HEPES, pH 7.4, 0.5X MEM amino acids, 
0.5X MEM non-essential amino acids solution and 0.5X 
Glutamax) for 30  min, before being treated with indi-
cated inhibitors or  the adipogenic cocktail (350  nM 
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insulin, 500 µM IBMX, 0.5 µM dexamethasone and 2 µM 
rosiglitazone).

After treatments, cells were lysed by scraping into ice-
cold lysis buffer containing 1% (v/v) Triton X-100, 20 mM 
Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM 
EGTA, 2.5 mM Na2H2P2O7, 1 mM β-glycerophosphate, 
1 mM Na3VO4, 1 mM dithiothreitol and protease inhibi-
tor cocktail, unless otherwise stated. 3T3-L1 cells 
were lysed in RIPA buffer containing 1% (v/v) Igepal, 
50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EGTA, 
50 mM β-glycerophosphate, 0.5 mM Na3VO4, 0.1% (v/v) 
β-mercaptoethanol and protease inhibitor cocktail. Lysates 
were spun at 16,000×g for 10 min, the supernatants were 
kept and total protein concentration was quantified by Brad-
ford assay (Bio-Rad, Gladesville, NSW, Australia) follow-
ing the manufacturer’s instructions. Normalized lysates were 
either kept at − 20 °C or subjected to further analysis.

Immunohistochemistry (IHC)

Formalin-fixed and paraffin-embedded sections were pre-
pared for IHC as described previously [41, 64]. Signal-
Stain Boost Rabbit specific IHC Detection Reagent (Cell 
Signaling Technology, Danvers, MA, USA) and ImmPACT 
NovaRED Peroxidase Substrate mmPACT (Vector Laborato-
ries, Peterborough, Cambridgeshire, UK) were used to stain 
antigens. Primary antibodies were used for IHC indicated 
antibodies. Images were captured with a Nanozoomer scan-
ner. The percentage of Ki-67 and cleaved caspase-3-positive 
nuclei were determined by blind manual counting of at least 
200 malignant cells over 5–10 fields at 40× magnification.

Isolation of MSCs

Murine compact bone MSCs were derived from the long 
bones of 6–7-week-old Rptorfl/fl and Rictorfl/fl mice [65] 
as previously described [66, 67]. Cord blood (CB) MSCs 
(passages 2–3) were then infected with a lentivirus carry-
ing a tamoxifen-inducible self-deleting Cre recombinase 
(LEGO-CreERT2-iG2) [68] in the presence of 4  μg/ml 
polybrene and CB MSCs with stable lentiviral integration 
were selected on the basis of GFP expression. As previ-
ously described [66, 67], cells were treated with 0.5 μM 
4-hydroxytamoxifen for 8 days to induce Rptor or Rictor 
deletion, and ethanol (0.05%, v/v) was used as a vehicle 
control to generate wild-type control MSCs. MSCs were 
maintained in α-MEM supplemented with 20% FCS, 2 mM 
l-glutamine, 100 µM l-ascorbate-2-phosphate, 50 IU/ml 
penicillin, 50 μg/ml streptomycin sulphate, 1 mM sodium 
pyruvate and 15 mM HEPES, and passaged by detachment 

with a 0.05% (w/v) trypsin–EDTA solution upon reaching 
80–90% confluence.

Vectors, mutagenesis and cell transfection

Vectors for glutathione S-transferase (GST)-MNK1a and 
GST-MNK2a (both of human and mouse origin) have been 
described previously [4]. Point mutations were introduced 
by PCR mutagenesis using the Pfu DNA polymerase (Pro-
mega, Alexandria, VIC, Australia) and corresponding prim-
ers as listed in Table S4. HEK293 cells were transfected by 
the calcium phosphate method as previously described [69]. 
MEFs were transfected using lipofectamine® 3000 (Ther-
mofisher Scientific, Adelaide, SA, Australia) according to 
manufacturer’s instructions.

SDS‑PAGE/WB analysis

SDS-PAGE (sodium dodecyl sulphate–polyacrylamide 
gel electrophoresis) and western blot (WB) analyses were 
performed as previously described [69]. See Table S5 for a 
complete list of primary antibodies used in this study. Data 
shown are representative of at least three independent exper-
iments. Blots were quantified using the FIJI software [70].

Immunoprecipitation and mTORC1 assays

Cells were harvested in CHAPS lysis buffer [40  mM 
HEPES pH 7.5, 120 mM NaCl, 1 mM EDTA pH8, 10 mM 
Na2H2P2O7, 10  mM β-glycerophosphate, 50  mM NaF, 
0.5 mM Na3VO4, 0.3% (m/v) CHAPS and protease inhibi-
tor cocktail] and mTOR complexes were immunoprecipi-
tated with protein G beads as previously described [71]. For 
mTORC1 assays, after washing with lysis buffer, mTOR 
complex immunoprecipitates were further washed twice in 
mTOR reaction buffer [25 mM HEPES at pH 6.0, 6.6 or 
7.4, 50 mM NaCl, 20% (v/v) glycerol, 10 mM MgCl2, 4 mM 
MnCl2 and 1 mM dithiothreitol], and assays were performed 
in 20 μl mTOR reaction buffer containing 1 μg recombinant 
4E-BP1 or purified GST-MNK (see below) as (test) sub-
strates, 1 μM MNK-I1, 50 mM unlabelled ATP and 1 μCi 
[γ-32P]ATP at 30 °C for 30 min. Reactions were stopped by 
adding 20 μl of 2× Laemmli sample buffer; samples were 
then heated at 100 °C for 4 min followed by SDS-PAGE. 
Proteins were stained with Coomassie blue and phosphoryl-
ated 4E-BP1 or MNK was detected by Cyclone plus phos-
phorimager system (Perkin Elmer).

Pull‑down and purification of GST‑tagged 
recombinant proteins

GST-MNK constructs were transfected into HEK293 
cells, and for detection of mTOR/RAPTOR-binding to 
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GST-MNK2, cells were harvested in CHAPS lysis buffer. 
Lysates were centrifuged at 16,000×g for 10 min, and the 
supernatants were then incubated with GST·Bind™ Resin 
at 4 °C for 2 h. After incubation, resins were washed thrice 
with CHAPS lysis buffer, proteins were then dissolved in 2× 
Laemmli sample buffer for SDS-PAGE/WB analysis.

For purification of GST-MNKs or MNK assays (see 
below), HEK293 cells were lysed in triton lysis buffer, 
incubated with GST·Bind™ Resin at 4 °C for 1 h. Res-
ins were then washed twice with high salt triton lysis 
buffer [1% (v/v) Triton X-100, 50 mM Tris–HCl pH 7.5, 
350 mM NaCl, 0.2 mM EDTA, 2.5 mM Na2H2P2O7, 50 mM 
β-glycerophosphate, 1 mM Na3VO4, 1 mM MgCl2, 1 mM 
dithiothreitol and protease inhibitor cocktail] to remove con-
taminating kinase activity, and twice with GST-purification 
washing buffer (20 mM Tris–HCl, pH 8.0, 100 mM KCl, 
10% glycerol, 1 mM dithiothreitol and protease inhibitor 
cocktail). Proteins were eluted from the resins with elu-
tion buffer (GST-purification washing buffer plus 40 mM 
reduced glutathione), dialysed over-night in Slide-A-Lyzer 
dialysis cassettes (Thermofisher Scientific) in dialysis buffer 
(20 mM Tris–HCl, pH 8.0, 100 mM KCl, 5% glycerol and 
5 mM β-mercaptoethanol). Quantity of purified proteins 
were estimated by SDS-PAGE analysis followed by Coomas-
sie blue staining, and were either used immediately or stored 
at − 80 °C.

Purification of GST-eEF2K[K170M] was performed as 
previously described [72]. Human recombinant pGEX-6P-
GST-eEF2K[K170M] [72] were expressed in E. coli BL21 
(DE3) cells. After the absorbance at 600 nm reached 0.5, 
GST-eEF2K[K170M] expression was induced by the addi-
tion of 0.5  mM isopropyl β-d-1-thiogalactopyranoside. 
Cells were grown overnight at 18 °C prior to harvesting. 
Cells were broken by sonication in lysis buffer comprising 
50 mM Tris–HCl pH 8.0, 100 mM KCl, 10% (v/v) glycerol, 
1 mM dithiothreitol, 10% triton and protease inhibitor cock-
tail. Lysates were clarified by centrifugation at 16,000×g 
for 15 min at 4 °C. GST-eEF2K[K170M] was then puri-
fied on glutathione-Sepharose, washed once in lysis buffer 
and once in wash buffer (lysis buffer without 10% triton), 
and then eluted with elution buffer (50 mM Tris–HCl pH 
8.0, 100 mM KCl, 10 mM reduced glutathione, 14 mM 
β-mercaptoethanol and protease inhibitor cocktail). Elutes 
were dialysed overnight at 4 °C in Slide-A-Lyzer cassettes 
(Thermofisher Scientific) against the dialysis buffer [20 mM 
Tris–HCl pH 7.5, 100 mM KCl, 5% (v/v) glycerol and 5 mM 
β-mercaptoethanol]. Recombinant GST-eEF2KK170M was 
kept at − 80 °C before further experiments.

MNK assays

After pull-down with GST·Bind™ Resin (see above) and 
washed the resins twice with high salt triton lysis buffer, 

resins were then washed once with MNK reaction buffer 
(20 mM HEPES pH 7.5, 50 mM KCl and 2 mM MgCl2). 
Assays were performed in 20 μl MNK reaction buffer con-
taining 50 mM ATP and 130 ng recombinant eIF4E [69] as 
the substrate, at 30 °C for 30 min or the indicated periods 
of time. Reactions were stopped by adding 20 μl of 2× Lae-
mmli sample buffer; samples were then heated at 100 °C for 
4 min followed by SDS-PAGE/WB analysis.

S6K1 assays

S6K1 assays were performed as previously described [73]. 
HEK293 cells were transfected with HA-S6K1 for 48 h, 
cells were then lysed in ice-cold lysis buffer [1% (v/v) 
Triton X-100, 20 mM Tris–HCl pH 7.5, 150 mM NaCl, 
1 mM EDTA, 1 mM EGTA, 2.5 mM Na2H2P2O7, 1 mM 
β-glycerophosphate, 1 mM Na3VO4, 1 mM dithiothreitol 
and protease inhibitor cocktail]. HA-S6K1 was immunopre-
cipitated with the anti-HA antibody immobilized on pro-
tein G-Sepharose beads. Immune complexes were washed 
three times with lysis buffer, followed by a single wash with 
kinase assay buffer (50 mM HEPES, pH 7.5, 10 mM MgCl2, 
1 mM dithiothreitol and 10 mM β-glycerophosphate). The 
kinase reaction was initiated by resuspending the beads in 
25 μl of kinase assay buffer supplemented with 50 μM ATP, 
1 μCi of [γ-32P]ATP, plus 3 μg of recombinant GST-MNKs 
or 1 μg of recombinant GST-eEF2K[K170M]. The reaction 
was carried out at 30 °C for 10 min and terminated by the 
addition of Laemmli sample buffer. Samples were boiled for 
3 min at 100 °C and separated by SDS-PAGE.

m7GTP pull‑down

After treatments, cells were lysed in ice-cold triton lysis 
buffer and precleared by centrifugation for 10  min at 
16,000×g, before binding to γ-AH-m7GTP agarose (Jena 
Bioscience, Jena, Germany) for 1 h at 4  °C. The beads 
were then washed thrice with triton lysis buffer and resus-
pended in 2× Laemmli sample buffer before SDS-PAGE/
WB analysis.

Subcellular fractionation

An adapted method [74] was applied to separate cytoplasmic 
and nuclear fractions from cell lysates. Briefly, cells were 
lysed in hypotonic buffer (HB) [10 mM Tris pH 7.9, 1.5 mM 
MgCl2, 10 mM KCl, 0.2% (v/v) Triton X-100 plus protease 
inhibitor cocktail]. Samples were incubated in a thermo-
mixer comfort (Eppendorf, Stevenage, UK) at 500 rpm, 
4 °C for 30 min, before centrifuged at 1000×g, The super-
natant was centrifuged again at 4500×g to remove debris, a 
final concentration of 200 mM NaCl was added to the clear 
supernatant which is kept as the cytoplasmic fraction. Pellets 
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were resuspended in high salt buffer [10 mM Tris pH 7.9, 
1.5 mM MgCl2, 10 mM KCl, 400 mM NaCl, 0.4% (v/v) Tri-
ton X-100 and protease inhibitors] and incubated in a ther-
momixer comfort at 500 rpm, 4 °C for 30 min, followed by 
centrifugation at 16,000×g. Equal volume of HB was added 
to the supernatant, and this constituted the nuclear fraction.

Generation of CRISPR‑directed MNK2a[S74A] 
knock‑in HEK293 cells

The MNK2a[S74A] CRISPR targeting vector is derived 
from the GeneArt® CD4 CRISPR Nuclease Vector (Ther-
mofisher Scientific); a stuffer fragment was added to the lin-
ear vector to regenerate the tandem BaeI cut sites necessary 
to permit guide RNA sequence insertion, and an AgeI/EcoRI 
fragment containing the CD4 selection cassette was replaced 
with an EGFP coding sequence, creating the vector known 
as pKJ388-EGFP.

To make the final MNK2a[S74A] targeting vector, the 
ssDNA oligonucleotides 5′-CGG​GCC​ACC​GAC​AGC​TTC​
TCG​TTT​T-3′ and 5′-GAG​AAG​CTG​TCG​GTG​GCC​CGC​
GGT​G-3′ were annealed and ligated into BaeI-digested 
pKJ388-EGFP. 2 µg of this vector was combined with 12 µg 
of the ssDNA repair template 5′-GsGsGCA​GCG​GGG​CGG​
GCG​TGA​GAG​GGA​CCC​TGG​CTT​TTC​CCC​GCT​CCC​
GGC​TCC​CCC​AAT​GCC​CGC​CAT​CCC​CGC​TCA​CCT​
TCA​AAC​CTG​CCT​GAG​AAG​GCG​TCG​GTG​GCC​CGG​
CCG​CGC​TTC​TTC​TTC​TTG​CCC​sCsT-3′ (where ‘s’ indi-
cates a phosphor-thioate linkage) and 1 × 106 cells in a total 
volume of 100 µl of SE buffer. This material was placed in 
a 4D-X cuvette (Lonza, Mt Waverley, VIC, Australia) and 
run through the CN-114 nucleofection program.

Cells were then plated into a 100 mm dish and grown 
for 48 h. Single GFP-positive cells were sorted into indi-
vidual wells of a 96-well plate using a BD FACSFusion flow 
cytometer (Becton, Dickinson & Company, Adelaide, SA, 
Australia). After approximately 10 days of further growth, 
cell colonies were split one fraction for further growth, and 
one for genomic DNA analysis. In addition to the introduc-
tion of the S74A mutation [and alteration of the adjacent 
protospacer adjacent motif (PAM) site], the ssDNA repair 
template silently inserted a BsaHI cut site adjacent to the 
S74A locus; digestion of a PCR product encompassing this 
region of the MNK2a gene allowed for the rapid selection 
of correctly edited cells, which were further confirmed by 
sanger sequencing analysis (performed by the Australian 
Genome Research Facility, Adelaide, Australia).

Stable isotope‑labelling with amino acids in cell 
culture (SILAC)

As previously described, MNK2 S74A HEK293 cells were 
passaged six times in DMEM containing 77 mg/l L-[13C]6, 

[15N]2-Lys and 44.5  mg/l L-[13C]6, [15N]4-Arg (heavy-
labelled, in place of normal lysine and arginine) to reach 
essentially 100% labelling, while wildtype cells were also 
passaged six times in DMEM containing normal lysine and 
arginine (light-labelled). 24 h after the last passage, cells 
were scraped from the culture plates with 1× phosphate buff-
ered saline (PBS, Thermofisher Scientific), before further 
analysis.

Mass spectrometric analysis

Sample preparation

Three wildtype and three MNK2[S74A] knock-in HEK293 
cell lysates (0.5 ml in total) were homogenised using a Pre-
cellys bead mill (Bertin technologies, Montigny le Breton-
neux, France). Total protein was determined in each sample 
using bicinchoninic acid (BCA) assay (Thermofisher Scien-
tific) following manufacturer’s instructions. Wildtype and 
knock-in samples were combined in three pairings contain-
ing of 150 µg of protein from each genotype, thus produc-
ing three mixed samples containing 300 µg of total protein 
each. Sample volume was made up to 123 µl through the 
addition of 25 mM ammonium bicarbonate. Acid degrada-
ble surfactant, Rapigest SF (Waters Corporation, Milford, 
MA, USA) made up to 1% (w/v) in 25 mM ammonium 
bicarbonate was added to each sample (7.5 µl), and sam-
ples were mixed and heated to 80 °C for 10 min. Proteins 
were reduced by addition of 3.8 µl 100 mM dithiothreitol 
in 25 mM ammonium bicarbonate followed by mixing and 
heating to 60 °C for 10 min. Samples were cooled to room 
temperature and 3.8 µl of iodoacetamide in 25 mM ammo-
nium bicarbonate was added to alkylate cysteine residues. 
Samples were allowed to incubate in darkness for 30 min. 
12 µl of 0.25 mg/ml trypsin (ThermoFisher, Scoresby, VIC, 
Australia) was then added to the samples in 25 mM ammo-
nium bicarbonate for 16 h at 37 °C. After trypsin digestion, 
0.8 µl of trifluoro acetic acid was added to the samples and 
they were incubated for 40 min at 37 °C to degrade the Rapi-
gest surfactant. Samples were then centrifuged at 16,000×g 
for 20 min in a Biofuge Pico (Heraeus, Kendro Laboratory 
Products Pty Ltd, Sydney, NSW, Australia). The supernatant 
was used without further purification.

Mass spectrometry (MS)

All MS analyses were performed on a Xevo G2-XS QTof 
mass spectrometer (Waters Corporation, Milford, MA, 
USA) coupled to an Acquity M-class nano/microflow 
UPLC system (Waters Corporation). Injection volume 
used was 3.75 µl, equivalent to 7.5 µg of total protein. 
Peptides were separated on a reverse phase analytical col-
umn (HSS T3, 1.8 µm particle size, 300 µm inner diameter, 
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150 mm length, Waters Corporation) using a solvent gradi-
ent. The mobile phases used were: (A) 0.1% (v/v) aqueous 
formic acid and (B) 0.1% (v/v) formic acid in acetonitrile, 
both LC–MS grade from Honeywell, Burdick and Jack-
son (Chem-Supply, Gillman, SA, Australia). The gradient 
was held at 97% A for 5 min, then dropped to 60% A over 
60 min, followed by a 5 min wash step at 15% A, and 
finally re-equilibration at 97% A for 7 min. Flow rate was 
7 µl/min.

The mass spectrometer was operated in SONAR mode. 
The m/z range used was 50–2000, scan time was 0.5 s, the 
quadrupole was scanned from m/z 400 to 900 with a 20 Da 
window. Collision voltage in low energy scans was set to 5 V 
and in elevated energy scans it was ramped from 14 V (m/z 
400) to 36 V (m/z 900). During acquisition, the instrument 
switched continuously between low and elevated energy 
scans.

MS data analysis

MS data were processed and databank searched using Pro-
genesis QI for proteomics v4.1 (Nonlinear Dynamics, New-
castle upon Tyne, UK) using data thresholding settings of 
LE 350 and HE 25. All other settings were left as default. 
The protein databank used was a non-redundant FASTA 
formatted UniProt database (human). SILAC quantification 
was performed using Proteolabels software (Omic Analytics, 
Liverpool, UK). Functional protein association analysis was 
performed using STRING (https​://strin​g-db.org).

Flow cytometry analysis

Following treatment, cells were trypsinized and fixed in 90% 
methanol, pelleted by centrifugation at 200×g for 5 min and 
resuspended in 1 ml PBS containing 20 μg/ml propidium 
iodide and 100 μg/ml RNase A. The intensity of signals was 
recorded using FACSCantoTM II flow cytometry (Becton, 
Dickinson & Company), data were analysed using FlowJo 
software version 10.2 (Becton, Dickinson & Company). FCS 
(forward scatter) values from cells in G0/G1 phase (10,000 
gated events per sample) were collected to determine cell 
size.

Protein synthesis measurements

Cells were incubated in methionine-free DMEM medium 
for 30 min, pre-treated with 1 μM AZD8055 for 30 min, 
before the addition of 10 μCi EasyTag™ l-[35S]-Methio-
nine (Perkin Elmer) and 10 nM IGF-1. Cells were further 
incubated for 1 h before lysed in ice-cold triton lysis buffer. 

Incorporated radioactivity was determined as previously 
described [75].

Cell adhesion assays

Cells were trypsinized and counted following overnight 
serum starvation. 3 × 105 cells per well were seeded into 
12 well plates which were coated with 10 μg/ml Type I 
bovine collagen (catalogue No. 04902, Stemcell Technolo-
gies, Tullamarine, VIC, Australia) for 1 h at 37 °C. The 
collagen was aspirated and the wells allowed to air-dry 
prior to cell seeding. The cells were allowed to adhere 
for 30 min, trypsinized and resuspended in serum-free 
medium with Calcein-AM (catalogue No. C3099, Ther-
mofisher Scientific) at a final concentration of 1 μg/ml. 
The cells were then seeded into a 96-well plate and left for 
30 min at 37 °C, 5% CO2. The fluorescence signals were 
then monitored using the GloMax Discover with 475 nm 
excitation and 500–550 nm emission wavelengths. Images 
were taken using the ZEISS Axio Cert microscope A1 
inverted microscope (ZEISS Australia, Lonsdale, SA, 
Australia) with the 10× objective lens and GFP filter with 
470/440 emission and 525/550 excitation.

Transwell migration and invasion assays

The bottom side of the Transwell membranes (6.5 mm 
Transwell inserts with 8 μm pores, Merck, catalogue No. 
CLS3422) were coated with 10 μg/ml Type I bovine col-
lagen (Stemcell Technologies) for 1 h at 37 °C. For inva-
sion assays, matrigel (Merck, catalogue No. 356231) was 
diluted in serum-free medium to a final concentration of 
0.5 mg/ml and then layered over the Transwell after drying 
it in a volume of 100 μl. The gel was then allowed to set for 
1 h at 37 °C. The remaining unset liquid was then removed 
prior to cell seeding. The collagen was then aspirated and 
600 μl of medium containing 20% (v/v) FBS was then 
put into the bottom chamber of the Transwell plate. Fol-
lowing overnight starvation in serum-free medium, cells 
were trypsinized and seeded at a density of 1 × 105 cells 
in 100 μl of serum-free medium to the top of the Tran-
swell. The cells were allowed to migrate or invade over 
48 h, after which the medium was aspirated and 500 μl 
of 3.7% formaldehyde was added to the bottom chamber. 
The cells were fixed for 15 min. The formaldehyde was 
then aspirated and replaced with 500 μl of 100% methanol 
for 20 min. The methanol was then replaced with DAPI 
diluted in PBS to a concentration of 5 μg/ml for 15 min. 
The membranes were then cut out and mounted on a slide. 
Six representative images were taken of each membrane 
with the 10× objective lens using the Nikon Eclipse Ni 
Fluorescent Microscope (Nikon, Sydney, NSW, Australia) 

https://string-db.org
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with the DAPI filter (340–380 nm excitation, 435–485 nm 
emission). The cells were counted using the NIS Elements 
BR 4.40.00 software (Nikon).

Soft agar assays

HEK293 cells were plated at a density of 5000 cells/well 
in 1 ml DMEM containing 0.3% (m/v) agarose over a base 
layer of 1 ml DMEM containing 0.5% (m/v) agarose. 1 ml 
of DMEM was added to prevent drying. Cultures were 
maintained for 4 weeks with media being changed twice 
per week. Cells were stained with 0.5% (m/v) crystal violet 
in PBS containing 2% (v/v) ethanol for 1 h before colonies 
larger than 100 µm were counted.

Immunofluorescence and confocal imaging

Cells were rinsed in PBS and fixed in 4% PFA. Cells 
were then incubated with rabbit anti-GST and mouse 
anti-mTOR antibodies [Thermofisher Scientific; 1/400 
dilution for both, in PBS containing 0.5% (m/v) BSA and 
0.08% (m/v) Saponin] and were then stained with donkey 
anti-rabbit-Cy3 and donkey anti-mouse-Alexa Fluor 488 
antibodies [Jackson ImmunoResearch, PA, USA; 1/400 
dilution for both, in PBS containing 0.5% (m/v) BSA and 
0.08% (m/v) Saponin]. The cells were counter-stained with 
DAPI (Thermofisher Scientific) and were then mounted for 
imaging. Images were acquired on the Leica TCS SP8X 
confocal microscope (Leica Microsystems, Wetzlar, Ger-
many) and were processed using the FIJI software [70].

Tissue microarrays (TMA)

Formalin-fixed and paraffin-embedded human prostate 
cancer tissue microarrays were performed as previously 
described [76]. The human prostate cancer microar-
ray (catalogue No. HProA180PG05, Shanghai Biochip, 
Shanghai, China) contains 180 cylinders from 90 paired 
prostate cancer and adjacent normal tissues. 6 patient sam-
ples did not show significant binding and were, therefore, 
excluded from this study. Sections (4 μm) were placed on 
slides coated with 3-aminopropyltriethoxysilane. For IHC 
analysis, TMA slides were first deparaffinized and then 
rehydrated. After antigen retrieval, endogenous peroxidase 
activity was blocked by incubating with 3% (v/v) H2O2 in 
methanol, nonspecific binding sites were blocked with 1% 
(m/v) BSA. Samples were incubated with the P-MNK2 
Ser74 antibody (1:50 dilution) overnight at 4 °C followed by 
incubation with SignalStain® Boost IHC Detection Reagent 
(HRP, Rabbit) (catalogue No. 8114, cell signaling technolo-
gies, Danvers, MA, USA), the sections were developed in 

diaminobenzidine solution and counterstained with hema-
toxylin. Immunostaining was scored according to the inten-
sity in comparison to negative controls (without primary 
antibody). The average immunoreactivity was graded on a 
scale of 0 (none), 0.5 + (very weak); 1 + (weak); 2 + (inter-
mediate); and 3 + (strong). Scoring was undertaken by a 
pathologist in a blinded manner.

Proliferation assays

Cell proliferation rates were determined by either cell count-
ing using haemocytometer, or BrdU incorporation assays 
using BrdU Cell Proliferation Assay Kit (Cell Signaling 
Technology).

Ex vivo human prostate tumour culture

Prostate cancer tissue was obtained with written informed 
consent through the Australian Prostate Cancer BioResource 
from men undergoing robotic radical prostatectomy at the St. 
Andrews Hospital, Adelaide, SA, Australia. An 8 mm core 
of tissue was dissected into 1–2 mm3 pieces and cultured on 
pre-cut and pre-soaked Gelfoam sponges (Pfizer, Thebarton, 
SA, Australia) in 24-well plates containing 500 μl of phe-
nol red-free Roswell Park Memorial Institute-1640 medium 
(Thermofisher Scientific) with 10% FBS, antibiotic/antimy-
cotic solution, 0.01 mg/ml hydrocortisone and 0.01 mg/ml 
insulin, and either vehicle (DMSO), 5 or 10 μM eFT508. 
Tissues were cultured at 37 °C for 48 h, then formalin-fixed 
and paraffin embedded.

Statistical analysis

Statistical analysis was performed using a one-way 
or two-way analysis of variance with an unpaired stu-
dent t test or Dunnett’s post hoc test with the means of 
three independent experiments unless otherwise speci-
fied. GraphPad Prism software package was used to 
calculate P values. Results are means ± S.D. One-way: 
*0.01 ≤ P < 0.05; **0.001 ≤ P < 0.01; ***P < 0.001. Two-
way: @0.01 ≤ P < 0.05; #0.001 ≤ P < 0.01; $P < 0.001.
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