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Deoxyhypusine synthase (DHS) 
catalyzes the post-translational 

formation of the amino acid hypusine. 
Hypusine is unique to the eukary-
otic translational initiation factor 5A 
(eIF5A), and is required for its func-
tions in mRNA shuttling, translational 
elongation and stress granule formation. 
In recent studies, we showed that DHS 
promotes cytokine and ER stress signal-
ing in the islet β cell and thereby con-
tributes to its dysfunction in the setting 
of diabetes mellitus. Here, we review the 
evidence supporting a role for DHS (and 
hypusinated eIF5A) in cellular stress 
responses, and provide new data on the 
phenotype of DHS knockout mice. We 
show that homozygous knockout mice 
are embryonic lethal, but heterozygous 
knockout mice appear normal with no 
evidence of growth or metabolic deficien-
cies. Mouse embryonic fibroblasts from 
heterozygous knockout mice attenuate 
acute cytokine signaling, as evidenced 
by reduced production of inducible nitric 
oxide synthase, but show no statistically 
significant defects in proliferation or 
cell cycle progression. Our data are dis-
cussed with respect to the utility of sub- 
maximal inhibition of DHS in the set-
ting of inflammatory states, such as dia-
betes mellitus.

β-Cell Dysfunction in Type 2 
Diabetes Mellitus

Insulin is a highly conserved peptide 
hormone that is required for the cellular 
uptake of glucose into adipose and muscle 
tissue, and for the suppression of glucose 
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output by the liver. Resistance to the 
action of insulin or a defect in the secretion 
of insulin by islet β cells are considered as 
risk factors for the development of type 
2 diabetes (T2DM). Of the two risk fac-
tors, evidence is accumulating that β-cell 
dysfunction, and the consequent inability 
to maintain appropriately elevated insulin 
secretion in the face of insulin resistance, 
is likely the more important factor pre-
cipitating the development of T2DM.1 
Several physiologic stressors have been 
proposed to explain the cause of this β-cell 
impairment, including glucolipotoxicity,2 
cytokines released from adipocytes and 
activated macrophages,3,4 and islet amy-
loid deposition5,6 among others (reviewed 
in ref. 7). Pro-inflammatory cytokines 
(e.g., IL-1β, IFNγ) trigger mitogen- 
activated protein kinase and NFκB path-
ways, promoting β-cell necrosis via pro-
duction of nitric oxide in the short term, 
and triggering apoptosis via endoplasmic 
reticulum (ER) and oxidative stress path-
ways in the longer term.8,9 Similarly, lipo-
toxicity arising from high fat diets triggers 
impairments in insulin release and even-
tual apoptosis.10 Despite its central impor-
tance in metabolic physiology, the β cell 
in general has a poor capacity to withstand 
stresses, a feature that is compounded by 
its limited numbers and low inherent rep-
lication rate.11

From a teleological perspective, the 
extent to which an individual’s β cells 
adapt to stress may distinguish those 
insulin resistant individuals who develop 
diabetes from those who do not. Studying 
differences in β-cell stress responses in 
these two populations of individuals 
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all classified as polyamines with struc-
tural homology to spermidine. Perhaps 
the best-studied and most potent inhibi-
tor is N1-guanyl-1,7-diaminoheptane 
(GC7), which exhibits a Ki of 10 nM in 
vitro (about 450-fold lower than the Km 
for spermidine).24 X-ray crystallographic 
analysis of DHS at near-optimal pH and 
ionic conditions shows that GC7 is spe-
cifically bound within a deep acidic active 
site tunnel.25 Inhibition of DHS using 
GC7 and similar polyamines was shown 
to have a repressive effect on proliferation 
in both yeast and mammalian cell cultures 
as soon as 24 h, with a particularly strik-
ing inhibition at the G

1
/S transition of the 

cell cycle.22,26-28 The specificity of these 
inhibitors with respect to the hypusina-
tion pathway is at least partially verified 
in studies showing similar G

1
/S block in 

temperature-sensitive mutants of eIF5A 
in yeast,18,29,30 in DOHH mutants in 
Drosophila,31 and by using inhibitors of 
DOHH in mammalian cells.32 Whereas 
all of these studies have been performed 
in cultured cells or in lower organisms, to 
date no formal accounts of eIF5A, DHS 
or DOHH knockouts in intact mice have 
been reported (of note, one review states 
in passing that the homozygous knock-
out of alleles encoding DHS is embryonic 
lethal).23

In studies recently published, we dem-
onstrated the potential utility of DHS 
inhibition on stress signaling in pancre-
atic islets.14 Because obese, non-diabetic 
C57BL/6J-db/db mice show attenuated 
eIF5A hypusination in their islets, we 
hypothesized that a downregulation in 
the activity and/or expression of the rate-
limiting enzyme DHS may be a factor that 
favors islet β-cell function in the setting 
of obesity. To test this, we employed the 
C57BL/KSJ-db/db mouse strain, which 
exhibits obesity with islet dysfunction and 
frank T2DM. C57BL/KSJ-db/db mice 
were treated with intraperitoneal injections 
of GC7 (or control saline) for two weeks, 
after which metabolic parameters for gly-
cemic control were measured. Our studies 
revealed that GC7-treated mice exhibited 
improved fasting glucoses, improved glu-
cose tolerance, elevated insulin levels and 
enhanced β-cell mass compared to saline-
treated mice. Based on follow up studies 

of only about 5% of mRNAs.16 Both of 
these findings argue against a role for 
eIF5A as a general translational factor, 
and instead point to a more restricted role 
in the translation of a subset of proteins. 
Another purported function of eIF5A is 
in the nucleocytoplasmic shuttling of spe-
cific proteins and mRNAs. However, it is 
worth noting that this shuttling function 
of eIF5A has been shrouded in some con-
troversy. For example, Hauber and col-
leagues19 have observed that eIF5A binds 
and transports the HIV Rev protein from 
the nuclear to cytoplasmic compartment 
in conjunction with the nuclear protein 
exportin1/CRM1, yet other studies have 
disputed this particular function.20,21 
Nonetheless, our own studies in the con-
text of inflammation in β cells suggest 
that a nuclear species of eIF5A binds and 
shuttles the mRNA encoding inducible 
nitric oxide synthase (iNOS) across the 
nuclear membrane in a manner dependent 
upon exportin1/CRM1.22 We interpret 
this controversy as reflecting more the 
disparity of cell types and conditions that 
have been used to study eIF5A rather than 
actual functionality of the protein. In this 
respect, we feel that islet β cells represent 
a particularly notable cell type for which 
proteins that govern cellular survival have 
a profound effect on whole-body meta-
bolic homeostasis.

Deoxyhypusine Synthase:  
Friend or Foe?

An unusual feature of eIF5A (and 
eIF5A2) is its posttranslational modifi-
cation, known as hypusine. Hypusine is 
required for virtually all of the known 
functions of eIF5A studied to date, includ-
ing RNA binding, mRNA shuttling and 
translational elongation.23 Hypusine 
synthesis is catalyzed by the sequential 
actions of deoxyhypusine synthase (DHS) 
and deoxyhypusine hydroxylase, which 
together transfer the polyamine moiety of 
spermidine to the ε-amino group of Lys50 
in eIF5A. DHS has been shown to be the 
rate limiting and reversible enzyme in the 
biosynthetic pathway, and as such, repre-
sents an obvious target for inhibiting the 
overall rate of hypusine formation. Several 
inhibitors of DHS have been described, 

might allow for the identification of dif-
ferentially expressed genes or proteins 
that serve as therapeutic targets to sustain 
β cell functionality. In this respect, our 
lab has been interested in studying islet 
β cells in obese mouse models of insu-
lin resistance that phenotypically mimic 
human populations at risk for T2DM. 
The db/db mouse contains an inactivating 
mutation of the leptin receptor, causing 
excessive food intake that leads to obe-
sity and insulin resistance. Importantly, 
whether such mice develop frank diabe-
tes or not depends upon the background 
strain: the C57BL/6J-db/db mouse exhib-
its robust β-cell compensation with nor-
moglycemia whereas the C57BL/KsJ-db/
db mouse exhibits β-cell failure and frank 
diabetes.12,13 In a recent study, we showed 
that one feature that distinguished the 
two mouse strains was the apparent rate 
at which intact islets perform the crucial 
post-translation modification (known as 
“hypusination”) of a protein known as 
eukaryotic translation initiation factor 5A 
(eIF5A), with the C57BL/6J-db/db strain 
attenuating hypusination relative to the 
C57BL/KsJ-db/db strain.14 These studies 
identified eIF5A and its hypusine modi-
fication as potential contributors to islet 
β-cell inflammation and ER stress, as seen 
in T2DM.

EIF5A: A Protein  
of Many Functions

EIF5A is a small (17 kDa) protein that is 
highly conserved throughout evolution 
and appears to be expressed in a broad 
range of cell types in mammals. A second 
isoform not present in islet β cells, eIF5A2 
(19 kDa), has a more restricted tissue 
distribution and has not been studied as 
completely.15 Despite its name, eIF5A is 
now thought to function primarily as a 
translational elongation factor: deple-
tion of eIF5A in yeast and mammalian 
cells results in the accumulation of poly-
somes and in prolonged ribosome transit 
times.16,17 Importantly, loss of eIF5A in 
yeast results in a ~30% decrease in pro-
tein synthesis rates;18 more strikingly, in 
unstressed mammalian cells, it has been 
reported that depletion of eIF5A results 
in the impaired translational elongation 
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subsequently analyzed embryos from an 
additional three pregnancies at embryonic 
day 8.5–9.5, but were unable to identify 
any Dhps-/- embryos. We therefore believe 
that DHS may be required for the very 
early stages of development of the mouse 
embryo, although it is still unclear at this 
point whether this requirement stems 
from the lack of hypusinated eIF5A or 
an alteration in polyamine homeostasis. 
Nevertheless, it is possible that DHS is 
important either in the proliferation of 
early embryonic cells and/or in the abil-
ity of those cells to activate stress signaling 
pathways during differentiation. We next 
focused on the phenotype of Dhps+/- mice. 
As shown in Figure 1B–D, there is no dif-
ference between Dhps+/+ and Dhps+/- mice 
with respect to body weight as mice age 
from 8–20 weeks, or in glucose homeosta-
sis at 8 and 20 weeks of age (as assessed 
by intraperitoneal glucose tolerance test-
ing). Examination of the pancreas did not 
reveal any gross morphologic differences 

Dhps Heterozygosity does 
not Alter Growth or Metabolic 

Homeostasis

Figure 1A shows the our Dhps gene tar-
geting strategy. Exons 1–7 were replaced 
by a neomycin selection cassette, preserv-
ing exons 8 and 9 (note: exon 9 contains a 
gene, Wdr83, on the reverse strand). This 
strategy ensured that no fragments con-
taining the catalytic or binding domain 
of the DHS protein is produced. Using 
this targeting strategy, mice harboring 
a Dhps knockout allele (Dhps+/-) were 
generated on a mixed C57BL6/129SvEv 
genetic background. Based on the analy-
sis of offspring from 20 separate mat-
ings between Dhps+/- mice (total of 99 
offspring), we have obtained 34 Dhps+/+ 
mice, 65 Dhps+/- mice and no Dhps-/- mice. 
Given the expected Mendelian ratio of 2:1 
for Dhps+/-:Dhps+/+ mice, and the absence 
of Dhps-/- mice, we conclude that the 
Dhps-/- mutation is embryonic lethal. We 

using cultured β cells, we proposed that 
this improved metabolic phenotype 
resulted from a reduced incidence of 
β-cell death caused by signaling pathways 
converging on ER stress, particularly the 
translation of C/EBP homologous protein 
(CHOP). Whereas this finding provided 
important insight on the pathogenesis of 
disease progression, the use of DHS inhi-
bition as a therapeutic approach to T2DM 
has its caveats. Most notably, and apart 
from off-target and untoward side effects, 
there is the worry that long-term treatment 
with DHS inhibitors has the potential to 
inhibit proliferation of crucial cell types in 
an organism, not the least of which is the 
islet β cell itself. As a first step to address 
the potential effects of DHS deficiency, we 
generated mice harboring an allelic knock-
out of the gene encoding DHS (known as 
“Dhps”), and studied glucose homeostasis 
in these mice and interrogated cells from 
these mice for proliferative and cell cycle 
alterations.

Figure 1. Dhps heterozygosity in mice does not alter growth or metabolic homeostasis. (A) Schematic diagram of the Dhps gene targeting vector (KO) 
and the wild-type mouse locus (WT). Targeting construct and mice were generated by a contract to InGenious Targeting Labs (Stony Brook, NY). Neo, 
neomycin selection cassette. Dotted lines indicate homologous recombination regions; (B) serial body weights of Dhps+/+ and Dhps+/- mice between 
5–25 weeks of age; (C) results of glucose tolerance tests in mice at 8 weeks of age. Glucose (1 g/kg body weight) was injected intraperitoneally fol-
lowing an overnight fast; (D) results of glucose tolerance tests in mice at 20 weeks of age. Glucose (1 g/kg body weight) was injected intraperitoneally 
following a 6 h fast.
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less DHS protein as assessed by immu-
noblot analysis (Fig. 2A). Although total 
eIF5A protein is unchanged between 
Dhps+/+ and Dhps+/- MEFs, the rate of 
3H-spermidine incorporation into eIF5A is 
reduced by approximately 50% in Dhps+/- 
MEFs (Fig. 2B), a finding consistent at 
the protein level with haploinsufficiency 
of Dhps at the genetic level. To assess the 

unaffected, they do not rule out the possi-
bility that reductions in DHS protein may 
still lead to phenotypic differences under 
conditions of stress. As an initial approach 
to address this possibility, we isolated 
mouse embryonic fibroblasts (MEFs) from 
Dhps+/+ and Dhps+/- embryos at embryonic 
day 13.5. Compared to Dhps+/+ MEFs, 
Dhps+/- MEFs contain approximately 50% 

in islet mass or architecture between the 
two genotypes (data not shown).

Dhps Heterozygosity Attenuates 
Acute Cytokine Signaling  

in Mouse Embryonic Fibroblasts

Although the growth and metabolic 
characteristics of Dhps+/- mice appear 

Figure 2. Dhps heterozygosity attenuates acute cytokine signaling in mouse embryonic fibroblasts. (A) Top: immunoblot analysis for DHS and actin 
from whole-cell extracts of Dhps+/+ and Dhps+/- MEFs. Immunoblots were visualized using a LiCor Odyssey® fluorescence system following electropho-
resis on a 4–20% SDS-polyacrylamide gel. Bottom: quantitation of DHS protein levels (normalized to actin levels) from three independent experi-
ments. (B) Top: MEFs were incubated with 1 μCi/ml 3H-spermidine for 4 h, then whole cell extracts were subjected to immunoblot analysis (for actin 
and eIF5A) or to fluorography (for 3H-eIF5A) following electrophoresis on a 4–20% SDS-polyacrylamide gel. Bottom: quantitation of 3H-eIF5A levels 
(normalized to actin levels) expressed as the mean ± SEM from 5 independent experiments. (C) MEFs were incubated in the absence or presence of a 
cytokine mixture (5 ng/ml IL-1β, 10 ng/ml TNFα and 100 ng/ml IFNγ) for 4 h, then total RNA was isolated and subjected to real-time RT-PCR analysis for 
Nos2 mRNA encoding iNOS. Data were normalized to Actb mRNA levels (encoding actin), and are presented as fold-induction relative to non-cytokine 
treatment. (D) Top: immunoblot analysis for iNOS and actin from whole cell extracts of MEFs treated without and with a cytokine mixture for 4 h. Bot-
tom: quantitation of iNOS protein levels (normalized to actin levels) following incubation with cytokines. Data represent the mean ± SEM from three 
independent experiments. In all parts, * indicates that the value for Dhps+/- MEFs is statistically different from corresponding value for Dhps+/+ MEFs 
(p < 0.05 by a Student’s t-test).
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a roughly 40% lower 3H-thymidine 
uptake over a 4 h period compared to 
Dhps+/+ cells, although this difference 
did not strictly approach statistical sig-
nificance (p = 0.06). This reduction in 
cellular proliferation in Dhps+/- cells cor-
related to a small, but again statistically 
insignificant, increase in the proportion 
of cells in G

1
 phase and a decrease in the 

proportion of cells in the S phase, a find-
ing consistent with trend to G

1
/S block 

(Fig. 3B). By contrast, under cytokine 
stress conditions, no obvious differences 
in proliferation or cell cycle populations 
were observed between the two genotypes 
(Fig.  3C  and  D). Overall, however, the 
lack of statistically significant changes in 

the mRNA levels and protein levels are 
nonetheless suggestive. We feel these find-
ings align with our prior studies, but more 
importantly, they verify at the level of 
Dhps haploinsufficiency what we observed 
in vitro and in vivo with DHS inhibitors.22

Dhps Heterozygosity does not 
Lead to Significant Inhibition  

of Proliferation and G1/S  
Cell Cycle Progression

To address the possibility that inhibition 
of DHS leads to defects in cellular pro-
liferation, we performed 3H-thymidine 
uptake studies in MEFs. As shown in 
Figure 3A, Dhps+/- MEFs demonstrated 

response of haploinsufficient cells to the 
type of stress observed in T2DM, we sub-
jected MEFs to incubation with a cocktail 
of pro-inflammatory cytokines (IL-1β, 
TNFα and IFNγ) for 4 h. In prior stud-
ies, we showed that pro-inflammatory 
cytokines cause acute induction of the 
mRNA and protein for iNOS, and that 
inhibition of DHS with GC7 blocks 
activation of iNOS protein, but not its 
mRNA.22 As shown in Figure 2C and D, 
activation of the mRNA encoding iNOS 
(Nos2) is unaffected in Dhps+/- MEFs, 
but the production of iNOS protein is 
reduced by 50%. Although these data are 
not direct evidence of translational control 
of Nos2 mRNA, the dissociation between 

Figure 3. Dhps heterozygosity does not lead to significant inhibition of proliferation or cell cycle progression. (A) MEFs were incubated with 1 μCi/ml 
of 3H-methyl thymidine for 4 h, then washed and lysed. 3H-thymidine incorporation was measured and normalized to protein content. (B) MEFs were 
incubated with Guava cell cycle reagent (Millipore) for 30 min. Intercalation of propidium iodide into cellular DNA was quantitated using a FACS Cali-
bur instrument, and the data were analyzed for cell cycle status using Modfit software. (C) same as in (A), except cells were concurrently treated with a 
cytokine mixture (5 ng/ml IL-1β, 10 ng/ml TNFα and 100 ng/ml IFNγ) during the 4 h 3H-methyl thymidine incubation period. (D) Same as in (B), except 
cells were treated with a cytokine mixture for 4 h prior to incubation with Guava reagent.
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With regard to the islet β cell, hypusina-
tion may be an especially attractive target 
for several reasons: (1) hypusinated eIF5A 
has a very short half-life in islets (~6 h),22 
compared to other cell types (>20 h),22,34-36  
a finding supporting an acute regulatory 
role for the protein in islets; (2) eIF5A 
and DHS exhibit rapid and reciprocal 
nucleo-cytoplasmic shuttling in β cells 
in response to cytokines or ER stress,14,22 
whereas in other cell types specific com-
partmentation is less clear or controver-
sial;20,37 and (3) the islet β cell has a very 
slow replicative rate and therefore is less 
susceptible acutely to agents (such as DHS 
inhibitors) that affect cellular prolifera-
tion. Because our data suggest that Dhps+/- 
mice can maintain normal growth and 
glucose homeostasis, with evidence that 
their cells maintain more robust responses 
to inflammation, we feel that pharmaco-
logic approaches to inhibiting DHS could 
be successful in mitigating diabetes pro-
gression in an intact animal. Nonetheless, 
further research using islet and β cell-
specific knockout mouse models of DHS 
and eIF5A would be especially helpful in 
elucidating the roles of these proteins in 
islet cell types and diabetes models.
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