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Embryonic stem cells (ESCs) depend 
on extensive regulatory networks to 

coordinate their self-renewal and dif-
ferentiation. The polyamine pathway 
regulator AMD1 was recently implicated 
in ESC self-renewal and directed dif-
ferentiation of ESCs to neural precursor 
cells (NPCs). The polyamines spermine 
and spermidine are essential for a wide 
range of biological processes, and their 
levels are tightly regulated. Here, we 
review the polyamine pathway and dis-
cuss how it can impact polyamine levels, 
cellular methylation and hypusinated 
EIF5A levels. We discuss how it could 
feed into regulation of ESC self-renewal 
and directed differentiation. We show 
that in addition to AMD1, a second 
rate-limiting enzyme in the polyamine 
pathway, ODC1, can also promote ESC 
self-renewal, and that both Amd1 and 
Odc1 can partially substitute for Myc 
during cellular reprogramming. We pro-
pose that both Amd1 and Odc1 are essen-
tial regulators of ESCs and function to 
ensure high polyamine levels to promote 
ESC self-renewal.

Introduction

Embryonic stem cells are derived from the 
inner cell mass of the blastocyst embryo 
and can both self-renew indefinitely and 
give rise to all the cell types of the body. 
They hold huge potential in regenerative 
medicine. ESCs and their differentiated 
derivatives could be used to model disease 
progression, screen for cell type-specific 
drug toxicity and for replacement cell 
therapy. More recently, the establishment 
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of somatic cell reprogramming to produce 
induced pluripotent stem cells (iPSCs) 
has enabled the generation of disease and 
patient-specific iPSCs for disease model-
ing and potentially for therapeutic appli-
cation.1,2 Recently, significant progress has 
been made in understanding the molecu-
lar networks that regulate the decision of 
ESCs and iPSCs to self-renew or differen-
tiate to specific lineages.

Many regulators of ESC self-renewal 
have been described, and a complex net-
work of factors has now been shown to 
work coordinately to regulate the ESC 
state. Signaling pathways feed into a 
complex network of transcription fac-
tors that function to regulate the balance 
between self-renewal and differentiation. 
Differentiation can be triggered through 
a variety of pathways, ultimately result-
ing in dramatic changes to the transcrip-
tome that are orchestrated by a selection of 
transcription factors and chromatin modi-
fiers.3 The core pluripotency transcription 
factors, OCT4, SOX2 and NANOG, 
have been well characterized in ESCs, and 
their target genes have been described in 
numerous genome-wide studies. Recently, 
a large number of additional transcription 
factors have been shown to have a role in 
regulating self-renewal and pluripotency.3

In ESCs, transcription factors have 
much greater access to the chromatin than 
in somatic cells, which is the result of the 
chromatin being in a more “open” forma-
tion. Chromatin structure is regulated 
by chromatin remodeling factors, DNA 
methylation, post-translational modifica-
tions of histones and the incorporation of 
histone variants. Chromatin organization 
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have been shown to regulate translation of 
specific mRNAs,24,25 and in intestinal epi-
thelial cells polyamines regulate the RNA 
binding protein HuR to control target 
mRNA stability.26,27 Polyamines have also 
been shown to regulate gene-specific tran-
scription28 and kinase activity.23 The levels 
of the polyamines are tightly regulated at 
the level of synthesis, uptake, degradation 
and secretion.29 The two rate-limiting 
enzymes in their synthesis are ODC1 and 
AMD1. ODC1 (ornithine decarboxylase) 
decarboxylates ornithine to putrescine, 
which is converted into the higher order 
polyamines, spermidine and spermine. 
AMD1 decarboxylates adenosylmethio-
nine (AdoMet) to form dcAdoMet. This 
functions as the aminopropyl donor for 
the formation of spermidine and spermine 
from putrescine (Fig. 1).23 The levels and 
enzyme activities of AMD1 and ODC1 
directly impact the levels of intracellular 
polyamines, and, as such, they are regu-
lated at the level of transcription, trans-
lation, protein degradation and enzyme 
activity to ensure polyamine levels remain 
within the required range for a given cell 
type.30

Modulation of the levels of active 
AMD1 will alter the ratio of AdoMet 
to dcAdoMet in the cell, and this has 
important consequences for a number 
of different pathways (Fig. 1). The levels 
of dcAdoMet are generally significantly 
lower than the levels of AdoMet, and, once 
produced, it is directed to the polyamine 
synthesis pathway.29 Increased dcAdoMet 
will enable higher levels of spermine 
and spermidine to be produced, both of 
which impact on a variety of biological 
processes. Increased spermidine also pro-
motes the levels of the modified amino 
acid hypusine that is present in the trans-
lation factor EIF5A and is required for its 
function.31,32 Hypusine is created through 
the post-translational modification of a 
lysine residue in EIF5A (Fig. 1). EIF5A is 
important for growth and protein synthe-
sis and has recently been shown to func-
tion as a tumor suppressor.29,33 AMD1 
activity has been shown to impact the lev-
els of hypusinated EIF5A, and the addi-
tion of an inhibitor to AMD1 resulted in 
decreased spermidine levels and a decrease 
in the levels of hypusine-containing 
EIF5A.34 In addition to being required for 

regulators of ESCs, more recently, a vari-
ety of screening methods have identified 
new stem cell regulators that function 
outside the nucleus. miRNAs have been 
shown to be essential for ESC differen-
tiation, and a number have been shown 
to be directly involved in the directed dif-
ferentiation of ESCs to specific lineages.14 
An RNAi screen set out to identify novel 
regulators of ESC self-renewal identified 
a wide selection of mRNAs that when 
knocked down, induce ESCs to differen-
tiate. Interestingly, a significant number 
of these were RNA regulators, implicat-
ing post-transcriptional control in self-
renewal and differentiation.15 We recently 
performed a screen to identify mRNAs 
that are translationally regulated on dif-
ferentiation of mouse ESCs and identi-
fied AMD1 as a new regulator of ESCs.16 
AMD1 (adenosylmethionine decarbox-
ylase) is a key regulator of the polyamine 
synthesis pathway and is widely expressed 
in eukaryotic cells.17 We showed that 
Amd1 is essential for mouse ESC self-
renewal and can promote the ESC state 
in the absence of self-renewal factor LIF 
when overexpressed. In this study, AMD1 
was shown to promote high levels of 
MYC, which is an established self-renewal 
factor and previously demonstrated target 
of the polyamine pathway.13,18,19 This was 
the first demonstration of a role for the 
polyamine pathway in the regulation of 
ESC self-renewal.

The polyamines, spermine and sper-
midine, and the diamine putrescine, are 
organic cations that are found ubiquitously 
in mammalian cells and have been impli-
cated in a wide range of physiological and 
pathophysiological processes. Polyamines 
are essential for growth, and their levels 
and ratios have been shown to be reduced 
with age in specific tissues. A large number 
of diseases and disorders display altered 
polyamine levels, including Alzheimer, 
Parkinson, cardiovascular disease and 
cancer.20-22 In addition, polyamines play 
essential roles in cellular stress responses.20 
Despite their pleiotropic effects, few 
molecular targets have been defined. It is 
estimated that the majority of polyamines 
in the cell are associated with RNA, a 
smaller portion with DNA, and only a 
small percentage associates with phospho-
lipids or exists in an unbound state.23 They 

is tightly controlled to allow maintenance 
of the ESC state or to facilitate differen-
tiation toward specific lineages.4 Histone-
modifying complexes function to modify 
the histone proteins predominantly by 
methylation or acetylation of certain resi-
dues. DNA methylation is dramatically 
altered on differentiation, and the pro-
moters of pluripotency genes OCT4 and 
NANOG show reduced methylation in 
ESCs.5 The polycomb repressive complex 
2 (PRC2) is a histone-modifying complex 
that functions to repress transcription 
through histone methylation. Inactivation 
of the PRC complex proteins results in an 
enhanced ESC state and compromised 
differentiation, highlighting the essential 
role these complexes play in ESCs.6,7 The 
dramatic changes in chromatin structure 
that occur on ESC differentiation result 
in the regulation of gene transcription, 
which will ultimately drive the differentia-
tion process.7 A picture has now arisen of 
a transcription-focused regulatory module 
directing the fate of ESCs.

Mouse embryonic stem cells require 
the cytokine LIF when cultured with-
out feeder cells.8 LIF activates a number 
of signaling pathways, one of which acts 
through activation and phosphoryla-
tion of STAT3 to maintain ESC self-
renewal.9,10 pSTAT3 is a transcription 
factor that, when activated, dimerizes 
and translocates to the nucleus to activate 
transcription of its target genes.11 One of 
the targets of pSTAT3 is the transcrip-
tion factor Myc, which subsequently acti-
vates a core set of pluripotency genes to 
promote self-renewal.12 On withdrawal 
of LIF from ESC cultures, STAT3 is 
dephosphorylated and Myc mRNA levels 
drop. In addition, LIF withdrawal results 
in the phosphorylation of MYC protein, 
mediated by GSK3B, which targets it for 
degradation.11,13 Confirming its role as a 
self-renewal factor, MYC was shown to 
be able to maintain the ESC state in the 
absence of LIF when a non-degradable 
form was overexpressed following LIF 
withdrawal.13 A stabilized form of MYC 
is one of only a small number of proteins 
that have been demonstrated to be able to 
maintain mouse ESC self-renewal in the 
absence of LIF.11

While transcription factors have 
received considerable attention as core 
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mRNA levels (unpublished data). ESCs 
may be less sensitive to changes in ODC1 
levels, or this could be the result of feed-
back mechanisms that enhance ODC1 
enzyme activity or promote its translation 
when the mRNA levels are decreased.

To determine if overexpression of Odc1 
can promote self-renewal of ESCs under 
conditions that promote differentia-
tion, we overexpressed the Odc1 ORF in 
the pTracer vector in cells that had been 
induced to differentiate in the absence of 
LIF. We see that overexpression of Odc1 
does promote ESC self-renewal in the 
absence of LIF as shown by alkaline phos-
phatase (AP) staining (Fig. 2A). Real-time 
PCR data shows that self-renewal mark-
ers Oct4, Nanog and Sox2 remain elevated 
when Odc1 is overexpressed in the absence 
of LIF (Fig. 2B), and western blots show 
that the protein levels of OCT4 and SOX2 
remain high (Fig. 2C). These data dem-
onstrate that overexpression of Odc1 in 

levels or activities complex. Regulation of 
AMD1 and ODC1 levels have the poten-
tial to affect polyamine levels, methylation 
status and hypusinated EIF5A levels, all of 
which can influence different biological 
processes (Fig. 1).

Results and Discussion

Odc1 promotes ESC self-renewal. We 
recently showed that Amd1 is essential for 
ESC self-renewal, and that ESCs start to 
differentiate when its levels are decreased. 
We also showed that AMD1 levels are 
decreased to allow NPC differentiation, 
and that the addition of spermine was suf-
ficient to inhibit accumulation of SOX1, 
a marker for NPCs.16 To further explore 
the role of the polyamine pathway in self-
renewal, we addressed the role of ODC1 
in ESCs. We used siRNAs to knockdown 
Odc1 in mouse ESCs and saw no effect on 
self-renewal after a 60% decrease in Odc1 

the formation of the polyamines, AdoMet 
functions as the methyl donor for meth-
ylation reactions in the cell (Fig. 1). The 
methyl group from AdoMet is transferred 
to DNA via the DNA methyltransferases 
to create m5CpG. In addition to DNA, 
RNA, proteins and phospholipids are 
modified by methylation.35 The impor-
tance of the ratio of AdoMet to dcAdoMet 
is highlighted by reports that dcAdoMet, 
which cannot function as a methyl donor, 
acts to inhibit methyltransferase activ-
ity.36 Methylation of CpG islands in DNA 
functions to regulate gene expression, 
and methylation of RNA and protein can 
influence their function. As a result, fluc-
tuations in the ratio of the methyl donor 
AdoMet and dcAdoMet in the cell can 
have dramatic and varied consequences. 
The extensive feedback loops that exist in 
the cell to maintain appropriate polyamine 
levels make interpretation of data from 
manipulation of ODC1 or AMD1 protein 

Figure 1. Overview of the polyamine pathway. AMD1 promotes the conversion of AdoMet to dcAdoMet, and the ratio and levels of these feed into 
three major downstream pathways: high dcAdoMet results in high spermine and spermidine levels, both of which are implicated in regulation of gene 
expression and protein function. High spermidine levels result in increased levels of hypusinated EIF5A, which can influence translation, growth and 
proliferation. AdoMet is the methyl donor for DNA methyltransferases in the cell, and high dcAdoMet functions to inhibit methytransferase activity. 
Methylation impacts on gene expression control at the RNA and DNA levels and the activity of proteins and phospholipids. ODC1 functions to decar-
boxylate ornithine to produce putrescine, which is required for the synthesis of spermidine and spermine. Abbreviations: SPMS, spermine synthase; 
SPDS, spermidine synthase; SSAT, spermidine/spermine N1-acetyltransferase.
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dramatically increases its efficiency. A link 
between the polyamine pathway and Myc 
has been shown in several other systems. 
The polyamine pathway is required for 
high levels of Myc mRNA in human colon 
carcinoma cells19 and has been shown to 
promote increased Myc translation in rat 
intestinal epithelial cells.18 Given that 
ODC1 and AMD1 can promote high 
MYC levels and ESC self-renewal, we 
sought to determine if their expression 
could enhance reprogramming. We pro-
posed that overexpression of AMD1 and 
ODC1 could substitute for Myc during 
cellular reprogramming. Mouse fibroblasts 
were transfected with the reprogramming 
factors Oct4, Sox2 and Klf4 alone or with 
Odc1 or Amd1. Inclusion of either Amd1 
or Odc1 greatly enhanced the efficiency 
of iPSC generation in the absence of Myc 
(Fig. 3). Amd1 and Odc1 had no effect on 
the efficiency of iPSC generation when 
Myc was included in the reprogramming 
cocktail (Fig. 3). Given the established 
link between polyamines and MYC and 

GSK3B.13 Given the dramatic effect this 
has on MYC protein levels, it is unlikely 
regulation at the RNA level would result 
in the MYC levels observed on Amd1 and 
Odc1 overexpression. As such, we suggest 
AMD1 and ODC1 promote high levels of 
polyamines, which, in turn, function to 
stabilize MYC protein to promote ESC 
self-renewal. Polyamines can regulate sig-
naling pathways through modulation of 
kinase activity. It is possible, therefore, 
that the polyamines prevent the phos-
phorylation of MYC protein that signals 
its degradation by the proteasome, thus 
promoting ESC self-renewal.

Amd1 and Odc1 enhance iPSC deri-
vation. Induced pluripotent stem cells 
(iPSCs) possess the self-renewal and plu-
ripotency phenotypes of ESCs and can 
be derived by reprogramming somatic 
cells through the expression of a set of 
core transcription factors Oct4, Sox2, 
Klf4 and Myc (OSKM).1,37 The efficiency 
of iPSC conversion, however, is low. Myc 
is not essential for reprogramming but 

ESCs can bypass the requirement for 
LIF in the maintenance of self-renewal. 
We previously showed that Amd1 overex-
pression may promote self-renewal in the 
absence of LIF by promoting high MYC 
levels.16 Here we show that following 
withdrawal of LIF, Odc1 overexpression 
also promoted high levels of MYC protein 
(Fig. 2C). MYC has been shown to be able 
to sustain ESC self-renewal in the absence 
of LIF when a non-degradable form is 
overexpressed.13 We propose that AMD1 
and ODC1 promote ESC self-renewal by 
enabling high MYC levels in the absence 
of LIF.

It is currently unclear how AMD1 
and ODC1 regulate MYC in ESCs. The 
ribosomal load of Myc mRNA in control 
and Amd1-overexpressing cells was simi-
lar, suggesting translation rate was not 
affected, and Myc mRNA levels were not 
consistently increased on Amd1 overex-
pression (unpublished data). On differen-
tiation of ESCs, MYC protein is rapidly 
degraded following phosphorylation by 

Figure 2. Overexpression of Odc1 can promote the ES cell state in the absence of LIF. (A) Alkaline phosphatase staining of ESCs grown in the absence 
of LIF with and without Odc1 overexpression for 5 d. ESCs and cells transfected with the empty vector are shown as a control. (B) Real-time PCR show-
ing the maintenance of high levels of Oct4, Sox2 and Nanog when Odc1 is overexpressed in cells differentiated in the absence of LIF for 5 d. ESCs and 
cells transfected with the empty vector are shown as a control. (C) Western blot analysis showing high levels of OCT4 and SOX2 on overexpression of 
Odc1. GAPDH is shown as a loading control.
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result in a change in the ratio of AdoMet 
to dcAdoMet. This can influence cellu-
lar methylation, polyamine levels and the 
levels of hypusinated EIF5A. We showed 
that the addition of spermine can rescue 
the differentiation phenotype on knock-
down of Amd1, but importantly, spermi-
dine could not.16 As spermidine is essential 
for the hypusination of EIF5A, this sug-
gests the requirement for AMD1 is not 
to promote high levels of hypusinated 
EIF5A. Though our data strongly point 
to an essential role for AMD1 and ODC1 
in regulating polyamine levels, it remains 
possible that there could be additional 
effects on methylation that function to 
promote self-renewal. Further investiga-
tion is required to address this.

While the data presented here dem-
onstrate the role of AMD1 and ODC1 
in self-renewal, there are also reports that 
they are important in directed differentia-
tion of ESCs. We previously showed that 
AMD1 levels have to be downregulated 

number of organisms and functions to 
inhibit histone acetyletransferases, result-
ing in reduced histone acetylation.20,41 It 
is possible that in ESCs, high AMD1 and 
ODC1 promote high polyamine levels 
that, in turn, modulate histone acetyla-
tion, leading to altered gene expression. A 
link between reprogramming and longev-
ity was proposed following the demonstra-
tion that rapamycin, in addition to other 
longevity factors, including spermidine, 
could enhance iPSC derivation. While 
the mechanism by which these factors 
promote reprogramming is unclear, it 
was proposed that they could function by 
preventing cellular senescence, promoting 
EMT or overcoming additional repro-
gramming barriers.38,42 The link between 
longevity and iPSC derivation is interest-
ing, and further investigation is required 
to understand the mechanistic relation-
ship between these two processes.

As discussed earlier, changes in the 
level or enzyme activity of AMD1 will 

our demonstration that Amd1 and Odc1 
promote high MYC levels in ESCs, we 
believe that AMD1 and ODC1 function 
to promote reprogramming by promoting 
high MYC levels (Fig. 4). Spermidine has 
been shown to be able to enhance the effi-
ciency of iPSC derivation, further demon-
strating the importance of the polyamine 
pathway in reprogramming.38

We have demonstrated that both the 
polyamine regulators AMD1 and ODC1 
promote the ESC state in mouse. This 
confirms earlier observations showing 
that mice that do not express functional 
AMD1 cannot survive and embryos die 
during early gastrulation.39 Embryos with-
out functional ODC1 develop past the 
blastocyst stage but die just before gastru-
lation.40 Embryonic stem cells could not 
be derived from Amd1–/– mice except on 
the addition of exogenous spermidine.39 
Our previous studies showed that the 
addition of spermine but not spermidine 
could rescue the Amd1-knockdown phe-
notype in mouse ESCs.16 This difference 
is likely the result of the complexity of the 
polyamine pathway and the ability of cells 
to readily convert between the polyamines 
spermine and spermidine (Fig. 1).

We have shown previously that AMD1 
can promote ESC self-renewal, and that 
the addition of spermine can rescue the 
Amd1-knockdown phenotype.16 We now 
show that ODC1, when overexpressed, 
can function in a similar manner, enabling 
ESCs to grow in the absence of LIF. 
Increased ODC1 will lead to increased 
levels of putrescine and the polyamines 
spermine and spermidine. Together, these 
data strongly suggest that the essential role 
of AMD1 and ODC1 in ESCs is to pro-
mote high levels of the polyamines, spe-
cifically spermine. Our data also suggests 
that AMD1 and ODC1 mediate their 
effect on self-renewal and iPSC generation 
by promoting high levels of MYC protein 
(Fig. 4).18,19

The polyamines have the potential to 
affect a wide range of biological processes, 
and it is very likely that they work on mul-
tiple pathways to promote self-renewal. 
Histone acetylases and deacetylateses are 
known to be regulated by high polyamine 
levels, resulting in modification of histone 
acetylation and altered gene expression. 
Spermidine can promote longevity in a 

Figure 3. Amd1 and Odc1 enhance the efficiency of iPSC derivation in combination with OSK. (A) 
iPSCs were generated from mouse fibroblasts using Oct4, Sox2 and Klf4 (OSK) alone or in combina-
tion with Odc1 or Amd1. The same was done with Oct4, Sox2, Klf4 and Myc (OSKM). The relative 
number of Oct4-GFP positive colonies are shown. Values are means +/– SD *p < 0.005.
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colonies were visualized on a fluorescence 
microscope and quantified on 14 dpi.

Plasmid construction and transfec-
tions. The Odc1 ORF was cloned into the 
PTracer vector (Invitrogen). One ug of 
empty vector or p-Tracer-Odc1 was trans-
fected into ESCs on day 1 and day 3 of 
LIF withdrawal. Cells were harvested on 
day 5 for AP staining, real-time PCR and 
western blot.

Real-time PCR and western 
blots. cDNA was synthesized using 
Superscript  III reverse transcriptase 
(Invitrogen) according to the manu-
facturer’s instruction. SYBR Green was 
used with gene-specific primers for qRT-
PCR on an ABI PRISM 7900 Sequence 
Detection Systems. All values were nor-
malized to GAPDH. For western blot, 
20 ug of protein was separated on a 
NuPAGE 4–12% Bis-Tris Gel and trans-
ferred to nitrocellulose membrane. ODC1 
(Santa Cruz Cat No.sc-21515), OCT4 
(Santa Cruz Cat No.sc-5279), GAPDH 
(Abcam Cat No. ab-9484) and SOX2 
(R&D Systems Cat No.MAb2018) anti-
bodies were used at 1:1,000 dilution. 
For AP staining, cells were stained with 
the Alkaline Phosphatase Detection Kit 
(Millipore SCR004) according to the 
manufacturer’s instructions.
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self-renewal and somatic cell reprogramming. The polyamines likely regulated additional targets 
in addition to MYC to promote ESC self-renewal (dotted line).
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