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Background:Mechanisms underlying the regulation of DOHH expression are unclear.
Results:DOHH expression is inversely associated withmiR-331-3p andmiR-642-5p expression in PCa cells. Transfection with
miR-331-3p and miR-642-5p inhibited DOHH expression, cell proliferation and enhanced the cytotoxic effect of mimosine.
Conclusion:miR-331-3p and miR-642-5p regulate DOHH expression in prostate.
Significance: Restoring miR-331-3p and/or miR-642-5p to PCa may be beneficial.

The enzyme deoxyhypusine hydroxylase (DOHH) catalyzes
the activation of eukaryotic translation initiation factor (eIF5A),
a protein essential for cell growth. Using bioinformatic predic-
tions and reporter gene assays, we have identified a 182-nt ele-
ment within the DOHH 3�-untranslated region (3�-UTR) that
contains a number of target sites for miR-331-3p and miR-642-
5p. Quantitative RT-PCR studies demonstrated overexpression
of DOHHmRNA and underexpression ofmiR-331-3p andmiR-
642-5p in several prostate cancer cell lines compared with nor-
mal prostate epithelial cells. Transient overexpression of miR-
331-3p and/or miR-642-5p in DU145 prostate cancer cells
reduced DOHH mRNA and protein expression and inhibited
cell proliferation. We observed synergistic growth inhibition
with the combination of miR-331-3p and miR-642-5p and
mimosine, a pharmacological DOHH inhibitor. Finally, we
identified a significant inverse relationship between the expres-
sion of miR-331-3p or miR-642-5p and DOHH in a cohort of
human prostate cancer tissues. Our results suggest a novel role
for miR-331-3p and miR-642-5p in the control of prostate can-
cer cell growth via the regulation of DOHH expression and
eIF5A activity.

Cell proliferation is tightly controlled by the eukaryotic
translation initiation factor 5A (eIF5A), a small protein with
two isoforms (eIF5A-1 and -2), which is highly conserved
among eukaryotes, particularly around a unique hypusine res-
idue (1, 2). Hypusine is a polyamine-derived amino acid that is
formed in eIF5A by a post-translational enzymatic modifica-

tion that occurs in two steps, the first of which involves cleavage
of the polyamine spermidine and transfer of its 4-aminobutyl
group to a specific lysine residue of the eIF5A precursor by
deoxyhypusine synthase, forming a deoxyhypusine residue (3,
4). Subsequent hydroxylation of the eIF5A intermediate by
deoxyhypusine hydroxylase (DOHH)3 produces the hypusine
residue and a mature, active form of eIF5A. Although eIF5A
was thought to be a general translation initiation factor (5, 6),
recent studies do not support this, with depletion of eIF5A in
yeast resulting only a small decrease in overall protein synthesis
(7), but a decrease in cell proliferation and cell cycle arrest at the
G1/S boundary. Therefore, eIF5A may be important for trans-
lation of proteins critical for cell cycle progression (8). Interest-
ingly, eIF5A expression is elevated in intraepithelial neoplasia
of the vulva (9) and colorectal and ovarian cancer cell lines (10).
The essential role of hypusine in cell proliferation has been

confirmed in studies in whichDOHH inhibitors causeG1/S cell
cycle arrest (11) and block cell growth (12). A recent study by
Balabanov and co-workers (13) demonstrated synergistic
growth inhibition of leukemia cells treatedwith the chemother-
apy drug imatinib and the deoxyhypusine synthase inhibitor
GC7 or the DOHH inhibitor ciclopirox. Of particular interest,
theDOHH inhibitormimosine has been reported to inhibit cell
cycle progression and proliferation of PC3, LNCaP, andDU145
prostate cancer (PCa) cells (14, 15) and breast cancer cells (16)
to retard the growth of subcutaneous lung and pancreatic can-
cer xenografts inmice (17, 18) and to sensitize lung cancer cells
to radiation (19). Thus, inhibition of DOHH expression may
represent a therapeutic strategy to decrease tumor growth by
blocking cell cycle progression and consequently cellular
proliferation.* This work was supported by the National Health and Medical Research
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MicroRNAs (miRNAs) are a class of short, endogenous, non-
coding RNA molecules that bind with imperfect complemen-
tarity to the 3�-untranslated regions (3�-UTRs) of target
mRNAs, causing translational repression or message degrada-
tion (20, 21). miRNAs have important roles in normal cellular
development and function (22, 23), including cell cycle regula-
tion (24), and the altered expression of miRNAs is associated
with cancer (25). Some miRNAs act as oncogenes or tumor
suppressor genes (25, 26). For example, a decrease in the
expression of the let-7 miRNA family members is associated
with RAS oncogene overexpression and reduced survival in
non-small cell lung cancer (27, 28). Conversely, increased
miR-21 expression in a range of cancers, including those of the
breast, prostate, lung, colon, pancreas, and stomach (29), is
associated with reduced apoptosis, chemoresistance, and
increased tumor growth (30).
Previously, we identified miR-331-3p as a putative tumor

suppressor that is down-regulated in PCa (31).miR-331-3p reg-
ulates ERBB-2 expression and signaling (31), a process that
involves an interplay between miR-331-3p and the RNA-bind-
ing protein HuR (32). In this study, we demonstrate that the
DOHHmRNA 3�-UTR contains a 182-nt element that is a spe-
cific and direct target of miR-331-3p and miR-642-5p.
RT-qPCR studies indicate that DOHH mRNA expression is
increased, whereas miR-331-3p/miR-642-5p expression is
decreased in PCa cell lines relative to normal prostate epithelial
cells. Transfection of DU145 cells with miR-331-3p and/or
miR-642-5p decreased DOHH mRNA and protein expression
and reduced cell proliferation. Combining miR-331-3p and/or
miR-642-5p overexpression with mimosine treatment pro-
duced synergistic growth inhibition. Finally, analysis of nine
matched PCa and normal adjacent tissue samples demon-
strated an inverse association between DOHH mRNA expres-
sion and miR-331-3p or miR-642-5p. Taken together, our
results support a role for miR-331-3p andmiR-642-5p asmedi-
ators of eIF5A activity and prostate epithelial cell proliferation
via their modulation of DOHH expression.

EXPERIMENTAL PROCEDURES

Cell Culture, PlasmidDNA,miRNAPrecursorMolecules, and
DOHH Inhibitor—RWPE-1, LNCaP, C4–2B, DU145, PC3, and
22RV1 PCa cells were obtained from the American Type Cul-
ture Collection (ATCC) and cultured at 37 °C in 5% CO2 with
RPMI 1640 supplementedwith 10% fetal bovine serum. DOHH
3�-UTR reporter clones were generated by GenScript, Inc. (Pis-
cataway) and consisted of a firefly luciferase reporter gene vec-
tor backbone (pmiR-REPORT; Ambion) to which was fused (i)
full-length DOHH 3�-UTR (nt 1072–1761) of GenBankTM
accession no. (NM_031303.4), (ii) a 182-nt DOHH 3�-UTR
element (nt 1343–1525) of GenBankTM accession no.
(NM_031303.4), or (iii) full-length DOHH 3�-UTR (nt 1072–
1761) with deletion of the 182-nt element (nt 1343–1525) (see
Fig. 2A). All plasmids were verified byDNA sequencing prior to
use. Synthetic miRNA precursor molecules corresponding to
human miR-331-3p (pre-miR miRNA precursor product ID
PM10881), human miR-642-5p (pre-miR miRNA precursor
product IDPM11477) and a negative controlmiRNA (miR-NC;
pre-miR miRNA precursor negative control 1, product ID

AM17110) were obtained from Ambion. The DOHH inhibitor
mimosine was purchased from Sigma-Aldrich (M0253) and
prepared as per manufacturer’s instructions.
RNA Extraction, Reverse Transcription, and Quantitative

Polymerase Chain Reaction (RT-qPCR)—Total RNA was
extracted from cell lines and tissue samples using Qiazol re-
agent (Qiagen). For RNA extractions from tissue, samples were
first homogenized in Qiazol by 2 � 45-s pulses using 2.8-mm
ceramic beads in a Precellys 24 Homogenizer (Bertin Technol-
ogies). For RT-qPCRanalysis of RNAexpression, 125 ng of total
RNA was reverse-transcribed to cDNA using a Quantitect
reverse transcription Kit (Qiagen). Quantitative PCR was per-
formed on a Corbett 6000 Rotor-Gene thermocycler (Corbett
Research) using Quantitect SYBR Mix (Qiagen) and validated
Quantitect primer assays (Qiagen) for ACTB (catalog no.
QT01680476), GAPDH (catalog no. QT00060746), andDOHH
(catalog no. QT00235536) and primers for luciferase (Luc-F,
5�-TAC TGG GAC GAA GAC GAA CAC-3�; Luc-R, 5�-GTT
CAC CGG CGT CAT CGT CG-3�). Expression of DOHH
mRNA or luciferase mRNA expression relative to GAPDH
and/or �-actin mRNA was determined using the 2���Ct

method (33), and statistical analyses of RT-qPCR data were
performed using GENEX software (MultiD).
For miRNA detection, TaqMan® miRNA assays (Invitrogen)

for hsa-miR-331-3p, hsa-miR-642-5p and RNU6B small
nuclear RNA (Invitrogen; Assay IDs 000545, 001592, and
001093, respectively), were used with 10 ng of total RNA and a
Corbett 6000 Rotor-Gene thermocycler. Expression of mature
miR-331-3p andmiR-642-5pmiRNAs relative to RNU6B small
nuclear RNA was determined using the 2���Ct method (33).
Statistical analysis of RT-qPCR data were performed using
GenEx software (MultiD).
Transfection of miRNA Precursor Molecules and Reporter

Gene Assays—PCa cells were seeded into six-well or 12-well
plates or 10-cm2 dishes and transfected using Lipofectamine
2000 (Invitrogen) and precursor miRNA molecules at a final
concentration of 30 nM, unless stated. Cellswere harvested after
24 h for RNA isolation and 3 days for protein extraction.
Reporter gene assays were performed as described (34).

Briefly, PCa cells were seeded in 12-well plates and co-trans-
fected with 100 ng of firefly luciferase reporter plasmid DNA
and 5 ng of control (Renilla luciferase; pRL-SV40) plasmid
DNAand 1–30 nM final concentration of pre-miRNA (Ambion;
pre-miR-331-3p, pre-miR-642-5p, pre-miR-NC, using Lipo-
fectamine 2000. After 24 h, lysates were assayed for firefly and
Renilla luciferase activities using the Dual-Luciferase Reporter
Assay System (Promega) and a Fluostar OPTIMA microplate
reader (BMG Labtech). Firefly luciferase activity for each sam-
ple was normalized to Renilla luciferase activity to yield a rela-
tive luciferase activity.
Protein Extraction and Western Blotting—Cytoplasmic pro-

tein extracts were prepared, and Western blotting was per-
formed as described (34). Briefly, protein sampleswere resolved
on NuPAGE 4–12% Bis Tris gels (Invitrogen) and transferred
to PVDF membranes (Roche Diagnostics). Membranes were
blocked in 5% skim milk/Tris Buffered Saline Tween and
probed with anti-tubulin rat polyclonal antibody (1:1000,
Abcam, ab6161-100) and anti-DOHH (C-19) goat polyclonal
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antibody (1:1000, Santa Cruz Biotechnology, sc-55157). Detec-
tion was performed using horseradish peroxidise-linked anti-
rat-IgG (ab6734-1; Abcam) and anti-sheep/goat-IgG (AB324P;
Chemicon) secondary antibodies with ECL Plus detection rea-
gent and ECL-Hyperfilm (GE Healthcare).
Cell Proliferation Assays—For cell proliferation assays,

DU145 cells were transfectedwithmiRNAprecursormolecules
(see “Transfection ofmiRNAprecursormolecules and reporter
gene assays” above) and treated with or without mimosine (75
�M) at 24 h post transfection. Cell proliferation was assessed at
5 days post transfection with the CellTiter 96 Aqueous One
Solution Cell Proliferation System (Promega) and a Fluostar
Optima plate reader (BMG Scientific).
Matched Prostate Tumor andNormalAdjacent Tissue (NAT)

Samples—Matched prostate tumor and normal adjacent tissue
samples were obtained from Dr. Ronald Cohen (Uropath,
Perth, Western Australia). Clinical characteristics of patient
tumor samples are described in Table 1. All samples were ver-
ified to contain �80% tumor by a pathologist. Tissue samples
were obtained with consent (institutional human ethics appli-
cation number EC 2008/118).
Statistical Analysis—Statistical analysis of RT-qPCR data

were performed using GENEX software (MultiD). All analyses

were performed at aminimumconfidence interval of 95% (con-
fidence interval � 0.95), and normality of data were confirmed
by Kolmogorov-Smirnoff test.
For NAT versus tumor data, the expression of miR-331-3p,

miR-642-5p, and DOHH between NAT versus tumor pairs was
determined using Box-Whisker plots and Wilcoxon matched
pairs signed rank testing using GraphPad Prism software (ver-
sion 5, GraphPad Software, Inc.).
Statistical analysis of reporter gene assay data were per-

formed using Student’s t test, where p � 0.05 represented a
significant difference. Error bars represent S.D. Synergy in
combined miRNA and mimosine experiments was assessed
according to the method of Bliss (35), where synergy occurs
when EBliss � EObserved.

RESULTS

A 182-nt Element within the DOHH 3�-UTR Is a Target for
miR-331-3p and miR-642-5p—We are interested in under-
standing the action of the tumor suppressor miR-331-3p in
cancer (31, 32). To identify new putative targets, we utilized
TargetScan (36) analysis (release 6.2, June 2012), which
revealed that the highest confidence predicted target of miR-
331-3p is DOHH, an enzyme involved in the hypusination and
activation of eIF5A. We identified a 182-nt element within the
DOHH3�-UTR, unusual in that it contains seven putativemiR-
331-3p binding sites (Fig. 1), with TargetScan context scores
(37) ranging from 34–91%. Of interest, the 182-nt DOHH
3�-UTR element also contains six putative miR-642-5p binding
sites (Fig. 1), with TargetScan context scores ranging from
29–35%. Although the element is not conserved between
human, rat, and mouse, the presence of multiple putative miR-
331-3p and miR-642-5p binding sites within this DOHH
3�-UTR fragmentwarranted further investigation.We analyzed

FIGURE 1. The DOHH 3�-UTR contains a 182-nt element with multiple predicted miR-331-3p and miR-642-5p target sites. Shown is a schematic repre-
sentation of the DOHH mRNA with its 182-nt 3�-UTR element containing seven miR-331-3p and six miR-642-5p binding sites predicted by TargetScan (version
6.2). miR-331-3p seed sequences are shown in boxes in boldface type, and miR-642-5p seed sequences are shown in boldface type within shaded boxes.

TABLE 1
Characteristics of NAT versus tumor prostate tissues with DOHH mRNA
overexpression (n � 5) used in this study
T, tumor.

Matched T
vs.NAT Age

Gleason
score Stage

Extra-prostatic
spread

Grade
% 4/5

1 63 7 T2c No 60
2 59 7 T2c No 10
3 63 9 T3a Yes 100
4 59 8 T3a Yes 100
5 65 7 T3b No 70
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DOHHmRNA expression in a panel of PCa cell lines (LNCaP,
C4–2B, DU145, PC3, and 22RV1) compared with a normal
prostate epithelial cell line (RWPE-1) and foundDOHHmRNA
to be significantly up-regulated in all PCa cell lines (Fig. 2A).
Next, we used TaqManmiRNART-qPCR assays to detectmiR-
331-3p and miR-642-5p expression in LNCaP and C4–2B PCa
cells compared with RWPE-1 cells and found both miRNAs to
be significantly down-regulated in the PCa cell lines (Fig. 2B).
The inverse relationship between DOHH mRNA and miR-
331-3p and miR-642-5p in PCa cell lines suggested the poten-
tial for these miRNAs to regulate DOHH expression in the
prostate.
We performed assays using LNCaP and C4–2B cells with

miR-331-3p and/or miR-642-5p and luciferase reporter con-
structs that contained the full-length DOHH 3�-UTR, the
182-nt DOHH 3�-UTR element, or a DOHH 3�-UTR deletion
mutant lacking the 182-nt element (Fig. 3A). Transfection with
miR-331-3p and/or miR-642-5p significantly down-regulated
activity of the full-length DOHH 3�-UTR luciferase reporter
(Fig. 3B). miR-331-3p and/or miR-642-5p produced a similar
down-regulation of reporter activity with the 182-nt DOHH
3�-UTR element alone; an effect that was not observed with the
182-nt DOHH 3�-UTR element deletion mutant reporter (Fig.
3B). Taken together, these data indicate that the 182-nt element

within the 3�-UTR of DOHH is a direct target of both miR-
331-3p and miR-642-5p.
miR-331-3p and miR-642-5p Regulate DOHH Expression in

DU145 PCa Cells—We next investigated the capacity for miR-
331-3p and miR-642-5p to regulate endogenous DOHH
expression. Transfection of DU145 cells with miR-331-3p
and/or miR-642-5p significantly reduced expression of DOHH
mRNA (Fig. 4A). We also found reduced luciferase RNA levels
in DU145 cells transfected with the luciferase reporter carrying
the DOHH 3�-UTR element (Fig. 3A) and miR-331-3p/miR-
642-5p (supplemental Fig. S1), consistent with a post-tran-
scriptional effect of thesemiRNAs. In parallelWestern blotting
experiments, transient transfection ofmiR-331-3p and/ormiR-
642-5p inhibited expression of DOHH protein (Fig. 4A). Taken
together, these results suggest that miR-331-3p and miR-
642-5p regulate DOHH expression in the prostate by inducing
decay of its mRNA, resulting in reduced levels of DOHH
protein.
Overexpression of miR-331-3p and/or miR-642-5p Inhibits

Growth of DU145 PCaCells and Produces a Synergistic Effect on
Proliferation with the DOHH inhibitor Mimosine—We investi-
gated the functional significance of miR-331-3p and miR-
642-5p overexpression in DU145 cells. Cells were transfected
with synthetic precursor molecules for miR-331-3p and/or

FIGURE 2. Inverse association between DOHH overexpression and miR-331-3p and miR-642-5p levels in PCa cell lines compared with an immortalized
prostate epithelial cell line. A, RT-qPCR analysis of DOHH mRNA expression in RWPE-1 normal prostate epithelial cells and LNCaP, C4 –2B, DU145, and 22RV1
PCa cells. Data are expressed relative to RWPE-1 cells, where DOHH mRNA expression was normalized to �-actin and GAPDH using GENEX software. Error bars
represent S.D. *, p � 0.05. B, miR-331-3p and miR-642-5p expression in LNCaP and C4 –2B PCa cell lines compared with RWPE-1 cells. Error bars represent S.D.
*, p � 0.005.
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miR-642-5p or with the negative control miRNA (miR-NC).
Cell proliferation was assessed 5 days post transfection using a
cell titer assay. miR-331-3p and/or miR-642-5p significantly
reduced DU145 cell proliferation when compared with
miR-NC (Fig. 4B), an effect likely to be due in part to decreased
DOHH expression and hence eIF5A activity.
We next used cell titer assays to assess the combination of

miR-331-3p and/or miR-642-5p and the DOHH inhibitor
mimosine, which has been shown to inhibit the growth of mul-
tiple cancer cell lines in vitro and in vivo (14–18). We hypoth-
esized that the combined effect of DOHHdown-regulation and
inhibition might produce a synergistic growth inhibitory effect
on cancer cell proliferation. DU145 cells were transiently trans-

fected with synthetic miRNA precursor molecules, and after
2 days were treated with mimosine (75 �M) or vehicle for a
further 3 days. The combination of miR-331-3p and/or miR-
642-5p, and mimosine produced a synergistic inhibition of
DU145 cell growth (Fig. 4B). Using the Bliss model (35),
synergy occurs when the observed fractional inhibition for
the combination of miR-331-3p and/or miR-642-5p and
mimosine (defined as Eobserved) exceeds the sum of the com-
bined miRNA effect and the mimosine effect (defined as
EBliss) (Fig. 4B; Table 2). Taken together, these results indi-
cate that down-regulation of DOHH expression by miR-
331-3p and/or miR-642-5p is associated with reduced
DU145 PCa cell proliferation and that this decrease in

FIGURE 3. A 182-nt element within the DOHH mRNA 3�-UTR is a target for miR-331-3p and miR-642-5p in PCa cells. A, schematic representation of firefly
luciferase reporter constructs containing either the full-length DOHH 3�-UTR, the 182-nt DOHH 3�-UTR element, or a DOHH 3�-UTR deletion mutant lacking the
182-nt element. nt positions of the DOHH 3�-UTR sequences are indicated (GenBank accession no. NM_031304.4). B, luciferase reporter assays using LNCaP and
C4 –2B cells co-transfected with miR-331-3p and/or miR-642-5p and the reporter gene constructs described above. For each sample, firefly luciferase activity
was normalized to Renilla luciferase activity. Data for each reporter construct are expressed relative to miR-NC transfected cells. Error bars represent S.D. *, p �
0.05; **, p � 0.0001.
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DOHH levels results in a synergistic growth inhibition when
combined with the DOHH inhibitor mimosine.
miR-331-3p andmiR-642-5pAreDown-regulated in a Subset

of PCa Samples, Which Overexpress DOHH—We and others
(31, 32, 38–40) have identified a putative role for miR-331-3p
as a tumor suppressor in PCa. To further investigate its role and
in particular the functional association between miR-331-3p,
miR-642-5p and DOHH in PCa, we examined RNA expression
levels in human PCa tissue samples. We used RT-qPCR to
determine expression of DOHH mRNA in a cohort of nine
prostate tumor samples with matched NAT. We observed
DOHH mRNA expression was elevated in five of nine (56%)

tumor samples compared with matched normal adjacent tis-
sues (data not shown). As we observed an inverse association
between DOHH mRNA expression and miR-331-3p and miR-
642-5p in PCa cell lines (Fig. 2), we focused on the subset of five
tumor samples with increased DOHH expression and using
TaqMan miRNA RT-qPCR, we found expression of miR-
331-3p and miR-642-5p was significantly reduced in each
instance versus itsmatchedNAT (Fig. 5). miR-331-3p andmiR-
642-5p expression was also reduced in the subset of four tumor
samples lacking DOHH overexpression (supplemental Fig. S2).
These findings suggest that loss ofmiR-331-3p andmiR-642-5p
may facilitate the elevated expression of DOHH and subse-
quent cellular growth, in part via eIF5A activation, in PCa.

DISCUSSION

Previously, we reported that miR-331-3p is down-regulated
in PCa.We demonstrated that by restoring miR-331-3p to PCa
cells, ERBB2 expression and signaling was blocked (31). Others
have since confirmed the reduced expression of miR-331-3p in
PCa (39, 41). The present study sought to extend our under-
standing of the functional significance of miR-331-3p in PCa
cells. Bioinformatic analysis identified DOHH, an enzyme crit-
ical for activation of eIF5A and cell cycle progression, as a pre-
dicted target of miR-331-3p. Within the DOHH 3�-UTR is a
182-nt element that contains seven putative miR-331-3p and
six putative miR-642-5p binding sites. There is an inverse asso-
ciation between DOHH mRNA expression and the levels of
miR-331-3p and miR-642-5p in PCa cell lines and a normal
prostate epithelial cell line. The capacity of miR-331-3p and
miR-642-5p to regulate DOHH expression was confirmed at
themRNAand protein levels, andmiR-331-3p andmiR-642-5p
inhibited proliferation of DU145 cells and synergistically
repressed cell proliferation by the DOHH inhibitor mimosine.

FIGURE 4. miR-331-3p and miR-642-5p down-regulate DOHH mRNA and
protein expression in DU145 PCa cells. A, RT-qPCR and Western blotting
analysis of DOHH mRNA and protein expression 24 and 48 h, respectively,
after transfection of DU145 cells with miR-331-3p and/or miR-642-5p or miR-
NC. �-Tubulin is included as a loading control. *, p � 0.005. B, cell proliferation
assay 5 days post transfection of DU145 PCa cells with miR-331-3p and/or
miR-642-5p, or miR-NC. Error bars represent S.D., and data are expressed rel-
ative to miR-NC/vehicle. *, p � 0.05. In some instances, mimosine (75 �M) was
added 48 h post transfection, and cell proliferation was analyzed at 3 days
later. Error bars represent S.D., and data are expressed relative to miR-NC/
mimosine. **, p � 0.001. †, synergy according to the Bliss Additivity model
(35).

FIGURE 5. Reduced miR-331-3p and miR-642-5p expression in a subset of
PCa with elevated DOHH mRNA expression. RT-qPCR analysis of DOHH
mRNA, miR-331-3p, and miR-642-5p expression in a cohort of five matched
tumor versus NAT (N) pairs, with expression of each RNA shown in a box plot
as a ratio of tumor/normal (T/N), where �1 indicates higher expression in
tumor than normal tissue, and �1 indicates lower expression in tumor than
normal.

TABLE 2
Growth inhibition values for synergy calculations

E values
Growth inhibition

miR-331-3p/Mimosine
Growth inhibition

miR-642-5p/Mimosine
Growth inhibition

miR-331-3p/miR-642-5p/Mimosine

Ea (miRNA) 0.572 0.523 0.532
Eb (mimosine) 0.632 0.632 0.632
EBliss 0.842 0.825 0.828
Eobserved 0.933a 0.961a 1.014a

a Synergy according to the Bliss Additivity model (35).
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Finally, we have demonstrated the inverse relationship between
DOHHmRNA and miR-331-3p and miR-642-5p in a subset of
PCa patients.
Amajor limitation in understanding the functional effects of

specific miRNAs is the paucity of validated target genes. Many
studies rely on exhaustive lists of predictedmiRNA target genes
generated by algorithms such asTargetScan (36),miRanda (42),
or PicTar (43), followed by experimental confirmation of the
regulation of a target gene by a specificmiRNA (44). Alternative
approaches to identify miRNA target genes typically involve
microarray analysis of cells in which activity of a specific
miRNA has been modulated, allowing the identification of a
series of candidatemiRNA target genes (45). Underpinning this
approach is the observation that a majority of endogenous
miRNA targets are regulated at the mRNA level (46). More
recently, immunoprecipitation of cross-linked Argonaute
(Ago) protein-RNA complexes (HITS-CLIP) and RNA se-
quencing has allowed the identification of genome-wide
miRNA and target mRNA interaction maps, expanding our
knowledge of miRNA target genes and understanding of the
nature of miRNA-mRNA interactions (47).
We investigated DOHH as a putative miR-331-3p and miR-

642-5p target based upon its TargetScan prediction and the
presence of multiple putative target sites for each miRNA
within a 182-nt DOHH 3�-UTR element. This element is
unusual due to its concentration of seed binding sites for miR-
331-3p andmiR-642-5p. It is thought that the presence of mul-
tiple sites for a singlemiRNAwithin the 3�-UTRof a target gene
confers tighter regulatory control over that mRNA (48). Using
experimental techniques, we confirmedDOHHas a target gene
ofmiR-331-3p andmiR-642-5p in PCa cells.We are unaware of
any reported targets for miR-642-5p to date; however, a num-
ber of studies have implicated miR-331-3p in the regulation of
cell cycle progression and cell growth. miR-331-3p expression
is significantly elevated in human fibroblasts induced to enter
quiescence by serum starvation (49), suggesting it might regu-
late a network of genes involved in controlling growth and cell
cycle. Comparing miRNA and mRNA expression profiles of
immortalized lymphoblastoid cell lines, Wang and co-workers
(50) identified a significant inverse correlation in expression
between miR-331-3p and genes involved in DNA replication,
DNA metabolism, and cell cycle. It was subsequently shown
that miR-331-3p expression was significantly decreased in
aggressive PCa, where it regulates the cell cycle control genes
KIF23 (kinesin family member 23) and CDCA5 (cell division
cycle-associated 5) (39). Interestingly, this study also reported
decreased proliferation and increased apoptosis in PCa cell
lines transfected with miR-331-3p, a finding that is consistent
with our data showing that DU145 cell proliferation is inhibited
by ectopic expression ofmiR-331-3p. Another report identified
loss of miR-331-3p in gastric cancer and demonstrated that
transfection of gastric cancer cell lines with miR-331-3p
reduced expression of its direct target E2F1 (38), a protein with
a crucial role in controlling cell cycle progression (51). Further-
more, miR-331-3p transfection decreased proliferation of gas-
tric cancer cell lines and induced G0/G1 phase cell cycle arrest.
Of interest, Lee and co-workers (52) demonstrated that miR-
330 acts as a tumor suppressor in PCa via suppression of E2F1,

further supporting a role for miRNAs in cell cycle regulation.
Our data suggest that miR-331-3p, in conjunction with miR-
642-5p, acts as a PCa tumor suppressor to regulate proliferation
not only via decreased ERBB-2/Akt signaling and E2F1 expres-
sion, but also through control of DOHH expression, which in
turn alters the hypusination and activation of eIF5A (Fig. 6).
eIF5A is of considerable interest as a potential therapeutic

target in human disease. Inhibition of eIF5A hypusination with
the drugs ciclopirox and deferiprone decreases HIV-1 gene
expression (53), whereas eIF5A and DOHH promote inflam-
mation and pancreatic �-cell dysfunction, with inhibition of
DOHH or depletion of eIF5A protecting against glucose intol-
erance in murine inflammatory models of diabetes (54). Over-
expression of eIF5A has been shown in ovarian and colorectal
cancers, and eIF5A promotes anchorage-independent growth
in vitro and tumor formation in vivo (55, 56). A recent report
demonstrated overexpression of eIF5A and its hypusine-form-
ing enzymes DOHH and deoxyhypusine synthase in glioblas-
toma patient samples (57). Interestingly, deoxyhypusine syn-
thase and DOHH expression was significantly higher in
glioblastoma (grade IV) samples compared with grade I–III
tumors, and the deoxyhypusine synthase inhibitor GC7
reduced proliferation of glioblastoma cell lines but not normal
human astrocytes. We observed elevated DOHH expression in
five of nine prostate tumor samples relative to matched NAT,
and in each of these cases, there was a significant down-regula-

FIGURE 6. miR-331-3p and miR-642-5p regulate PCa cell proliferation via
down-regulation of multiple target mRNAs. miR-331-3p directly regulates
ERBB-2 expression and downstream signaling (31) and also targets cell cycle
molecules, including E2F1, KIF23, and CDCA5 (38, 39). Both miR-331-3p and
miR-642-5p target DOHH, an enzyme critical for the activation of eIF5A via
hypusination, a process essential for cell cycle progression and cell growth.
Synergistic growth inhibition is observed with the combination of miR-331-
3p, miR-642-5p, and the DOHH inhibitor mimosine. DHS, deoxyhypusine
synthase.
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tion of miR-331-3p and miR-642-5p. We propose a model in
which the decreased expression of miR-331-3p and miR-
642-5p in PCa permits the up-regulation of DOHH and other
pro-proliferative gene targets, such as E2F1 (Fig. 6). Therefore,
restoration ofmiR-331-3p andmiR-642-5pmayhave therapeu-
tic potential in the treatment of PCa. Furthermore, the syner-
gistic action of miR-331-3p and miR-642-5p with the DOHH
inhibitor mimosine suggests that therapeutic up-regulation of
these miRNAs could augment the efficacy of DOHH/eIF5A
inhibitors in the treatment of PCa.
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