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Abstract

Human untranslated region (UTR) databases were searched to identify novel proteins potentially regulated by an iron responsive
element (IRE), and found two candidates—cell cycle phosphatase Cdc14A variant 1 and myotonic dystrophy kinase-related Cdc42-bind-
ing kinase o (MRCKua), both possessing a putative IRE in their 3’UTR. In further experiments, we focused on MRCKua. Biochemical
analyses of the MRCKua IRE revealed that it was functional and mediated the response to iron level in the same way as transferrin
receptor 1 IREs (TfR) did. Similar to 7fR mRNA, MRCKx mRNA is stabilized, when iron supply is low, while it is destabilized under
iron-rich conditions. The expression of M RCKo mRNA was found to be ubiquitous; the highest levels were noted in testes, the lowest in
skeletal muscle. The level of MRCKo mRNA in various tissues strongly positively correlates with the level of 7fR mRNA, indicating its

possible role in the transferrin iron uptake pathway.
© 2006 Elsevier Inc. All rights reserved.
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RNA-binding proteins play a key role in RNA posttran-
scriptional processing, such as splicing, nucleo-cytoplasmic
transport, localization, translation, stability or degrada-
tion. It is therefore of great importance to identify
RNA-binding proteins and their respective RNA recogni-
tion elements to understand basic cellular processes.

Binding of iron regulatory proteins (IRP1 and IRP2) to
iron responsive elements (IREs) located in 3’ or 5’ untrans-
lated regions (3’ or 5’UTR) of some mRNAs is among the
best characterized RNA/protein interactions [1]. IREs are
phylogenetically conserved in vertebrates and form hairpin
structures consisting of ~30 nucleotides. The IRE loop
sequence CAGU/AGH (H is A, U, and C) is well con-
served; an upper stem of five perfectly paired bases is sep-
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arated from a lower stem by a single cytosine (or two
nucleotides and cytosine in ferritin) [2,3].

The list of IRE-regulated proteins in humans comprises
H-ferritin, L-ferritin, the erythroid isoform of 5-aminolev-
ulinate synthase, mitochondrial aconitase and ferroportin
with an IRE in 5’UTR, and transferrin receptor 1 (TfR)
and one isoform of divalent metal ion transporter 1
(DMT1, SLC11A2) with an IRE in 3’UTR [1,4]. In iron-
depleted cells, IRPs bind to the IRE with high affinity,
while in iron-replete cells they fail to bind IREs. It is
believed that binding of IRPs to the SUTR IRE blocks
translation, while binding to the 3’UTR IRE increases
mRNA stability [2]. By these mechanisms, cellular process-
es dependent on the intracellular iron level (mainly iron
metabolism) can be controlled.

Using a computer search in UTR databases we identi-
fied two human proteins with a putative IRE sequence in
their 3’UTR——cell cycle phosphatase Cdcl4A variant 1
and myotonic dystrophy kinase-related Cdc42-binding
kinase o (MRCKa, official symbol CDC42BPA). Biochem-
ical analyses of MRCKa IRE revealed that it was recog-
nized by IRPs, and it mediated the response to iron levels
in the same way as IREs in the transferrin receptor 1 did.
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MRCKua is the effector of a small Rho GTPase Cdc42 and
together they promote cytoskeletal reorganization [5]. The
identification of an IRE sequence in the MRCKx mRNA
represents a novel molecular link between iron metabolism
and the cellular cytoskeleton.

Materials and methods

Databases, bioinformatics. To search for putative IREs, the PatSearch
program was used at bighost.area.ba.cnr.it/BIG/PatSearch. The pattern
for an IRE was defined as rl = {au,ua,gc.cg,gu,ug} (pl=2...8 ¢
p2=>5...5 cagwgh rl ~p2 rl ~pl | p3=2...8 nnc p4=5...5 cagwgh
rl ~p4 n rl ~p3), and it was run against human 3'UTR or 5UTR
databases [6]. This pattern comprises classical as well as ferritin type IREs
with G-U pairing allowed in stems. Proteins with known IREs in their
mRNA were discarded from the results; for the remaining IREs a sec-
ondary structure was proposed. IREs best fitting the consensus sequence
were subjected to further analyses. All sequence alignments were done
using National Center for Biotechnology Information (NCBI) BLAST at
www.ncbi.nlm.nih.gov/BLAST; sequences used in this study were
obtained from NCBI GenBank, and when necessary they were verified by
sequencing.

Electrophoretic mobility-shift assay. The human erythroleukemic cell
line K562 and the rat intestinal IEC-6 cell line were cultured in RPMI-
1640 and DMEM supplemented with insulin, respectively, with 10% fetal
calf serum. During the final 24 h, they were treated with 200 uM desfer-
rioxamine (Desf; Desferal, Novartis). Cells were washed twice with ice-
cold PBS buffer. The pellet was lysed with ice-cold buffer (40 mM KCI,
25 mM Tris—HCI, pH 7.4, and 1% Triton X-100 [all reagents from Sigma—
Aldrich] and protease inhibitor cocktail CompleteMini [Roche]) for
30 min at 4 °C and centrifuged. Supernatant was collected and immedi-
ately frozen in liquid nitrogen. Protein concentration was determined by a
Bio-Rad protein assay (Bio-Rad).

IRE A from transferrin receptor 1 (TfR) was used as a positive control.
DNA templates for T3 RNA polymerase were generated by PCR using
T3-TfR and T3-MRCKa primers (Fig. 1A). PCR products were purified
by the Wizard SV Gel and PCR Clean-Up System (Promega) and used for
RNA preparation. Radioactive probe using [a->’PJATP as well as a
competitor RNA were synthesized in parallel by T3 RNA polymerase
(Fermentas) according to the manufacturer’s manual. The sequences of
expected RNA probes are shown in Fig. 1B. Electrophoretic mobility-shift
assay (EMSA) was performed as previously described [7]. Where used, a
competitor RNA (0.5, 1, or 2 multiples of the probe concentration) was
added to protein lysates (100 pg) for 10 min before the addition of a
radioactive probe. Where indicated, 2% (v/v) 2-mercaptoethanol (2ME;
Sigma-Aldrich) was added to extracts 5 min before the addition of the
probe. Cellular extracts with probe were incubated for 30 min at room
temperature; 3 mg/ml heparin was then added for an additional 10 min.
RNA/protein complexes were analyzed by 6% non-denaturing polyacryl-
amide gel electrophoresis, bands visualized by a PhosphorImager
FLA2000 (Fuji). Control reactions with TfR IRE probe/TfR IRE com-
petitor and MRCKa IRE probe/MRCKa IRE competitor were run in
parallel. All experiments were done several times; representative results are
shown.

Change in MRCKo and TfR mRNA expression in response to iron level.
Cells of the human hepatocellular carcinoma cell line HepG2 were cul-
tured in DMEM supplemented with 2% fetal calf serum. During the final
24 h they were treated with either 5 uM diferric transferrin (Tf) or 200 pM
Desf. Cells grown in quadruplicates were lysed by the direct addition of
RNA-Bee (TEL-TEST) and pooled before RNA isolation. RNA isolation
was done according to the manufacturer’s manual; cDNA was produced
using oligo(dT(18)) and SuperScriptIl reverse transcriptase (Invitrogen)
following the enclosed protocol. The level of MRCKo and TfR mRNA
was measured four times using SYBR Green (Roche) and RotorGene 3000
equipment (Corbett Research). Expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal standard. PCR primers

A OMRCKo

F: GTAATGTAAAGGGTGGAAAGEC R: GATGGAAGGGATCAGAGGTG
oTR

F: GGCCARAGTGTTAATCTTAGG R: AGGGAATTATAGGAGTTCGG
+GAPDH

F: AACAGCGACACCCACTCCTC R: GGTCTCTCTCTTCCTCTTGTGE

oT3-MRCKq
F. AATTAACCCTCACTAAAGGGAGACCTGECGAGCTGTAGRARR
R: ceccateccecaaace

oT3-TR
F: AATTAACCCTCACTARAGGGAGATATTTATTGTTTATTT
R: T7CTATTAARARRACACC

oTfRIRE cloning
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Fig. 1. (A) Sequences of primers (5’ to 3'direction) used in this study. T3
promoter and restriction sites in primers are in bold. F, forward; R,
reverse. (B) Expected sequences of RNAs used in EMSA. Predicted IRE
hairpin is in bold; nucleotides originating from T3 promoter are in italic.

for MRCKu, TfR, and GAPDH are shown in Fig. 1A. PCR conditions
were as follows: initial denaturation (94 °C/5min) was followed by 40
cycles of denaturation (94 °C/15s), primer annealing (55°C/15s) and
elongation (72 °C/45 s). Student’s ¢ test was used for statistical evaluation.

FACS analysis of the MRCKua IRE activity. To assess the MRCKao
IRE activity in vivo, we adopted a system similar to that in references [8,9].
All five TfR IREs with flanking regions (61 bp upstream of IRE A and
75 bp downstream of IRE E) were PCR cloned (primers in Fig. 1A) into
the pd2EGFP-NI plasmid (BD Biosciences Clontech) behind the desta-
bilized variant of the wild type GFP with a half-life of ~2 h. NotI and Xbal
restriction sites were used for cloning. The MRCKa IRE with flanking
regions (121 bp upstream and 199 bp downstream of the IRE) was first
PCR cloned (primers in Fig. 1A) into the pCR2.1 plasmid using a TA
Cloning Kit (Invitrogen). The MRCKa IRE was then excised by Eco521
and recloned into the NotI site in the pd2EGFP-N1 plasmid. Sequences of
all resulting plasmids were verified by direct sequencing.

The human K562 cell line grown in RPMI-1640 with 10% fetal calf
serum was transfected with either TfR IREs-, MRCKa IRE-containing
vectors or with an empty vector using FuGENE 6 Transfection Reagent
(Roche), and stable clones were selected by G418 (1 mg/ml; Sigma-Al-
drich). Prior to FACS experiments, the cells were placed in RPMI-1640
supplemented with 2% fetal calf serum and during the final 36 hours were
treated with either 5 pM Tf or 200 uM Desf. GFP and DAPI fluorescence
was measured by BD FACSAria (BD Biosciences). DAPI staining was
used to evaluate the cell viability that was overall >85%. Student’s ¢ test
was used for a statistical evaluation.

Measurement of MRCKuo and TfR mRNA stability. Cells of the human
hepatocellular carcinoma cell line HepG2 were grown in quadruplicate in
DMEM supplemented with 2% fetal calf serum. Where indicated, Desf
(200 uM) or Tf (50 pg/ml) was added for 24 h prior to the addition of an
inhibitor of transcription. 5,6-dichlorobenzimidazole riboside (DRB, final
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concentration 30 pg/ml; Sigma-Aldrich) was added to the culture medium
for either 0.5, 1, or 2 h to inhibit transcription. Cells were then lysed by the
direct addition of RA1 buffer (Macherey—Nagel) and pooled before RNA
isolation. RNA isolation was done using NucleoSpin system (Macherey—
Nagel) according to the manufacturer’s manual; cDNA was produced
using oligo(dT(18)) and SuperScriptll reverse transcriptase (Invitrogen)
following the enclosed protocol. The level of MRCKo and TfR mRNA
was measured four times in real time using the same conditions as
described above. GAPDH was used as an internal standard because its
mRNA is stable under various iron concentrations [10].

Tissue specific expression. Relative MRCKo, and TfR mRNA expres-
sion was measured in various tissues contained in Human MTC Panel 1
and Panel II (BD Biosciences). Real-time quantification was done three
times using the same conditions as described above.

Results
Identification of putative IREs in 3'UTR of human mRNAs

Using the PatSearch program, we obtained 22 human
sequences of a putative IRE lying in 5UTR and 69 puta-
tive IREs lying in 3’'UTR. The human UTR database cur-
rently comprises more than 150,000 entries, -either
redundant or non-redundant. Proteins known to carry an
IRE in their mRNA were discarded from the set. In the
next step, a secondary structure was proposed for all IREs,
and the resulting hairpins were evaluated. Criteria for the
evaluation were based on the secondary structures of
known canonical IRE hairpins: (a) in the upper stem only
one G-U pairing allowed within the three middle base
pairs; (b) a lower stem at least five base pairs long with less
than three G-U. All IREs fulfilling these criteria were fur-
ther analyzed to answer the following questions: (a) can
they be found in EST databases or are they genomic
sequences? (b) is the protein known or was it predicted in
silico? (c¢) can orthologs be found in other model organ-
isms? Based on these prerequisites we identified no IRE
in 5UTR and only two putative IREs in 3'UTR—cell cycle
phosphatase Ccdi4A4 variant 1 (GenBank Accession No.
AF000367) and KIAA0451 (GenBank Accession No.
AB007920) (Fig. 2A).

The whole CDC14A IRE is 33 nucleotides long with one
mismatch in the middle of the lower stem. CDCI4 A4 variant 1
has only recently been presented to have an IRE in its 3’UTR
[11]. CDCI4A4 is known to have three transcription variants,
but only the variant 1 has IRE inits 3'UTR (Entrez Gene ID:
8556). We therefore focused on K14A40451, which turned out
to be identical with myotonic dystrophy kinase-related
Cdc42-binding  kinase o (MRCKo; official symbol
CDC42BPA). The MRCKua IRE starts 784 nt downstream
of the stop codon (for comparison, TfR IREs start 882 nt
downstream); the remaining part of its 3’UTR from the
IRE to the polyA signal is 3600 nt long (in TfR 1200 nt long)
(Fig. 2B). The loop contains adenine at the fourth position,
and closely resembles TfR IRE A. The stem base pairs are
nearly identical with TfR IRE C including the G—U pair in
the middle of the stem—of eight base pairs, only one is chan-
ged (AU instead of G-C at the fifth position). The lower
stem is A—U rich, which is typical for TfR IREs, with one

A CA U ca 6U 6U 6U [
A G A G A G A G A G
A G A 6 cC U c C cu cC 2 CU
c C cvu AU e-C ¢-C A AT
G-C AU &C AU AU GC AT
U-A U-A U-a A-U GU A-U G-C
G-C G-C G-C G-C G-C
UG 6-C AU 6-C 6-C 6-C 6-C
c-G U-a c c [ C C
= U-2 U-A U-A U-2 U-a
CA-U ¢ A AU AU AU AU AU
L E L h
AU U-aA U-2 A-U A-U UG A-U
U U AU A-U c-G A-U
A-U - U6 U-A AU
A 4 UG A-U
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Ue UG
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Fig. 2. Identification of putative IREs in human mRNAs. (A) The
sequences and secondary structures of human KIAA0451 (MRCKua) and
Cdcl4A variant 1 IREs are shown. In both cases, the IRE is located in
3'UTR of their mRNA. For comparison, all TfR IRE hairpins are also
shown. (B) A putative IRE was identified in 3'UTR of human KI4A40451
mRNA (GenBank Accession No. AB007920). Nucleotide sequence
alignment revealed nearly 100% identity with human MRCKu (official
symbol CDC42BPA). Reference mRNA for human MRCKo is shown
(GenBank Accession No. NM_003607. For comparison, the structure of
TfR 3'UTR is also depicted.

mismatch in the middle. The whole hairpin is 31 nucleotides
long. Further biochemical analyses were done only with the
MRCKo IRE. MRCK« orthologs can be found in a number
of organisms, but the IRE hairpin is unique to humans.

IRPs bind the MRCKo IRE in electrophoretic mobility-shift
assay

To demonstrate the specificity of the MRCKao IRE/
IRPs interaction, three modifications of EMSA were per-
formed. TfR or ferritin IRE is usually used as the compet-
itor in a competitor assay to demonstrate the specificity of
IRP binding to the analyzed IRE. In our experiments we
used the TfR IRE A hairpin as a competitor in concentra-
tions 0.5, 1, and 2 multiples of the probe concentration.
When added to the EMSA prior to the addition of the
MRCKa IRE probe, the gradual displacement of the
MRCKo IRE from IRE/IRPs complexes can be seen
(Fig. 3A).



R. Cmejla et al. | Biochemical and Biophysical Research Communications 341 (2006) 158-166 161

A Probe: TR IRE A

Competitor
§ TIRIREA
x 0

Probe: MRCKo. IRE

Competitor Competitor
TRIREA < MRCK« IR
x 0

C [}
g%
¥ 2
<|RE/IRP1
<|RE/IRP < |RE/IRP2
Free
*’probe

Fig. 3. IRPs bind MRCKua IRE in electrophoretic mobility-shift assay (EMSA). (A) Human TfR IRE A was used as a competitor in EMSA reaction to
show the binding of IRPs to the MRCKua IRE. Increasing amount of the competitor (0.5; 1 and 2 multiples of the probe; black triangle above the gels) was
added to K562 cell lysates prior to the addition of the radioactively labeled probe. Samples were run on 6% polyacrylamide gel electrophoresis, and gels
were scanned by Phosphorlmager FLA2000. TfR IRE A used as the competitor can gradually displace the MRCKa IRE from IRP/MRCKa IRE
complexes in the concentration-dependent manner. Control reactions with TfR IRE probe/TfR IRE competitor and MRCKao IRE probe/MRCKa IRE
competitor were run in parallel. (B) The addition of 2ME increases the activity of IRPs. Control K562 cells [C] exhibited lower, though relatively high,
IR Ps-binding capacity in comparison with cells treated with iron chelator Desf [D]. The addition of 2ME, however, further increased IRPs activity,
resulting in the same values in both groups. The MRCKo IRE was used as a probe. (C) Lysates from rat cells are often used to discriminate between IRP1/
IRE and IRP2/IRE complexes. If the MRCKo IRE probe is used with lysates from the rat IEC-6 cell line in EMSA, a typical pattern is observed with two

bands likely corresponding to the IRP1/IRE and IRP2/IRE complexes [12].

2ME is used to activate IRPs-binding activity towards
IREs. In our conditions, control K562 cells exhibited low-
er, though relatively high, IRPs-binding capacity in com-
parison with cells treated with iron chelator
desferrioxamine (Desf). The addition of 2ME, however,
further increased IRPs activity, resulting in the same values
in both groups (Fig. 3B).

Next, we were interested whether the human MRCKa
IRE can be also recognized by IRPs from other species,
especially whether it can be recognized by both IRP1 and
IRP2. For that purpose, we used lysates from rat intestinal
IEC-6 cells for two reasons—in rodents two bands can be
identified in EMSA, corresponding to the IRE/IRP1 and
IRE/IRP2 complexes [12]; and the highest IRP2-binding
activity was detected in rat intestine [12]. As shown in
Fig. 3C, two distinct bands can be identified, correspond-
ing likely to the IRE/IRPI and IRE/IRP2 complexes, when
lysates from rat intestinal IEC-6 cells were used.

The human MRCKo IRE mediates the response to iron

In the next step, we tested whether the human MRCKao
IRE can mediate the response to iron level. Two types of

experiments were carried out. To manipulate intracellular
iron level, cells of the hepatocellular carcinoma cell line
HepG2 were treated with either diferric transferrin (Tf)
or iron chelator desferrioxamine (Desf), and the level of
MRCKo and TfR mRNA was measured by real-time quan-
titative PCR. The level of MRCKx mRNA decreased after
the Tf treatment (by 8.2%), while after the Desf treatment
it increased significantly by nearly 60%, as would be expect-
ed for the IRE located in 3’UTR (Fig. 4). Under the same
conditions, TfR mRNA followed the same behavior, how-
ever, with greater dynamics—the level of TfR mRNA
dropped significantly after the Tf treatment by 60%, while
it increased significantly by nearly 700% after the Desf
treatment.

To assess the function of the human MRCKa IRE in
vivo, MRCKa IRE as well as TfR IREs with flanking
regions were cloned behind the destabilized version of the
wild type GFP. Transfected K562 cells were selected by
G418, and the fluorescence was measured after the addition
of Tf or Desf (Fig. 5). After the Tf treatment, the fluores-
cence of cells carrying the pd2EGFP-MRCKa IRE con-
struct decreased, though not significantly. On the other
hand, the addition of Desf led to a significant increase in
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Fig. 4. Changes in the expression of human MRCKox and 7fR mRNA in
response to iron. Cells of the human hepatocellular carcinoma cell line
HepG?2 were treated with either 5 uM Tf or 200 uM Desf for 24 h. After
the addition of Tf, the level of mRNA dropped by 8.2% and 60.2% in
MRCKo and TfR, respectively. When Desf was added, an increase in
mRNA level by 59.4% and 670.9% was noted for MRCKo and TfR,
respectively. Means and standard deviations of four experiments are
indicated. Expression was normalized to non-treated controls. Student’s ¢
test was used for statistical evaluation. **p < 0.005.
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Fig. 5. FACS analysis of the K562 cell line transduced with the pd2EGFP
plasmid carrying either MRCKo IRE or TfR IREs A to E cloned behind
GFP. In the Tf-rich medium (5 pM) the fluorescence decreased by 7% and
30.4% in pd2EGFP-MRCKa IRE and -TfR IREs, respectively. After the
addition of Desf (200 pM), the fluorescence increased by 23% and 48.2%
in pd2EGFP-MRCKa IRE and -TfR IREs, respectively. Fluorescence
was normalized to non-treated controls. Means and standard deviations of
five experiments are indicated. Student’s ¢ test was used for statistical
evaluation. *p < 0.05; **p < 0.005.

H Control

mean cellular fluorescence by 23%. Cells with EGFP con-
trolled by all five TfR IREs acted in the same manner,
although again with greater dynamics (decrease by 30%
after the Tf treatment; increase by 48% after the Desf addi-
tion). Results from both types of experiments therefore

indicate that the human MRCKoa IRE mediates the
response to iron level in the same way as TfR IREs.

The human MRCKo mRNA stability is controlled by iron
levels

To be flexibly posttranscriptionally regulated by IRPs,
mRNA must be short-lived. We therefore measured the
half-life of the human MRCKz mRNA in the HepG?2 cell
line. DRB was added to the cell culture for up to 2h to
stop transcription, and kinetics of MRCKo and TfR
mRNA decay was studied (Fig. 6). If Desf was added to
the culture medium, both MRCKo and TfR mRNA
became stable with a half-life >2 h. On the other hand,
after the Tf treatment, both MRCKo and TfR mRNA were
more rapidly degraded (half-lives 45 and 30 min, respec-
tively) in comparison with untreated controls (half-lives
70 and 90 min, respectively). We also used another inhibi-
tor of transcription, actinomycin D, but unfortunately it
interferes with an iron-dependent degradation of TfR
mRNA [13] as well as MRCKo mRNA (our unpublished
observation). However, in Desf- and Tf-untreated controls
we obtained results similar to those from DRB experiments
(the half-lives 75 min and nearly 2 h for the MRCK« and
TfR mRNA, respectively; data not shown). The level of
the control gene GAPDH did not change in response to a
treatment. We conclude that MRCKo mRNA is short-
lived, and its stability is regulated by iron levels.

Expression of the human MRCKou mRNA correlates with
TfR expression in various tissues

Finally, we tested the level of MRCKo and TfR mRNA
expression in various tissues. MRCKo is differentially
expressed in all tissues tested, with the highest levels found
in testes, and the lowest in skeletal muscle (Fig. 7). Surpris-
ingly, the level of mRNA expression of human MRCKa
strongly positively correlates with the TfR expression (15
tissues, Spearman’s rank correlation coefficient 0.8393;
p=0.0017 at the 95% confidence level), indicating that
MR CKo might be somehow involved in the Tf iron uptake
pathway.

Discussion

In this study, we used a biocomputational approach in
combination with biochemical methods to identify novel
IREs in human mRNAs. Out of more than 73,000 entries
in the non-redundant and 76,000 entries in the redundant
human UTR databases, only two new IREs fulfilled the
criteria we set for a consensus IRE—cell cycle phospha-
tase Cdcl4A variant 1 and KIAA0451 (Fig. 2A). Interest-
ingly, cell cycle phosphatase Cdci4A variant 1 has
recently been presented to possess an IRE in its 3’'UTR
[11], confirming the feasibility of our approach. With
respect to the number of entries in UTR databases that
very likely cover the whole human transcriptome (it is
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Fig. 6. Stability of MRCKox and TfR mRNA. HepG2 cells were grown in a medium supplemented with either transferrin (Tf; 50 pg/ml) or desferrioxamine
(Desf; 200 uM) for 24 h. For times indicated, the inhibitor of transcription DRB (30 pg/ml) was added to a culture medium, and the stability of MRCKux
and 7fR mRNA was measured. Both MRCKx and TfR mRNA became stable after the Desf treatment, while they are more rapidly degraded after the Tf
treatment in comparison with untreated controls. GAPDH was used as a control gene. Means and standard deviations of four experiments are shown.
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Fig. 7. The relative expression of MRCKo and TfR mRNA in various
tissues. The highest expression of MRCKo mRNA among tissues tested
was observed in testes; the lowest expression was noted in skeletal muscle.
Three measurements were done; means and standard deviations are
indicated. Spearman rank correlation test was used to evaluate the
relationship between the level of MRCKa and Tfr mRNA expression in
various tissues. Spearman rank correlation coefficient was 0.8393,
indicating that a highly significant positive correlation exists between
MRCKo and Tfr mRNA expression (15 tissues, p =0.0017 at the 95%
confidence level).

estimated that human genome contains 20,000-25,000
genes encoding proteins [14]), we believe that we have
possibly identified all canonical IREs in humans. The
command used for the PatSearch program, however, does
not cover non-canonical IREs (e.g., IRE in one isoform
of DMTI), and thus some functional IREs can still be
awaiting identification.

In further analyses, we focused on KI4A40451 that was
identical with MRCKa. The MRCKa IRE loop sequence
CAGAGTC has already been studied during the investiga-
tion of the optimal sequence and structure of IRE. In both
studies (clone 21 in the reference [15]; clone 155 in the ref-
erence [16]), the loop sequence CAGAGC exhibited nearly
the same or even higher-binding affinity towards both IRP1
and IRP2 proteins in comparison with the wild type
sequence CAGUGC. Binding to both IRPs was also con-
firmed by our EMSA results. When lysates from the rat
intestinal IEC-6 cell line were used in the EMSA reaction,
two similarly intensive bands likely corresponding to IRP1/
IRE and IRP2/IRE complexes [12] can be observed
(Fig. 3C). As for the stem structure, its base pairing is near-
ly the same as in the TfR IRE C (7 base pairs out of 8 are
identical; Fig. 2A). It was shown that the TfR IRE C alone
had the ability to function as the translational IRE [17]. In
summary, the MRCKa IRE should be in theory one of the
“strongest” IRE elements, and our results support this
assumption.

We employed several techniques to show that the
MRCKa IRE binds to IRPs, and it functions in response
to iron level in the same manner as TfR IREs do, though
with lower dynamics. Under conditions of low iron, the
MRCKa IRE mediated the significant increase in mRNA
and protein level (Figs. 4 and 5), while after the Tf treat-
ment a decrease in mRNA and protein levels, though
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non-significant, was observed. The lower response of the
MRCKa IRE could be attributed to three facts — (1)
MRCKox mRNA contains only one IRE compared to
TfR with five IREs (Fig. 2B); (2) the TfR expression is also
regulated at the transcriptional level by hypoxia inducible
factor (HIF-1) under conditions of low iron [18]; (3) cells
in the Tf-rich medium rapidly internalize surface transfer-
rin receptors and degrade 7fR mRNA, saving the cells
from an acute iron overload. Indeed, the addition of Tf
to a culture medium resulted in a rapid degradation of
TfR mRNA (the half-life decreased 3-4 times from 1.5-
2h to 30 min), while the half-life of MRCKx mRNA
decreased less than 2 times from 70-75 min to 45 min
(Fig. 6). On the other hand, under conditions of iron depri-
vation both MRCKx and TfR mRNA are stabilized with a
half-life >2 h. These findings were probably also reflected
in the observation that both the MRCKa IRE and TfR
IREs responded with greater dynamics to iron chelator
desferrioxamine, in contrast to lower dynamics when Tf
(i.e., receptor-mediated uptake) was used as a source of
iron. Taken together, our results indicate that MRCKu
mRNA is unstable, and its stability is controlled by intra-
cellular iron levels via the IRE in its 3'UTR.

However, how is MRCKx mRNA degradation regulat-
ed? It was demonstrated that the 7fR mRNA degradation
involved an endonucleolytic cleavage and did not involve
poly(A) tail shortening [19,20]. The cleavage site was local-
ized directly behind the IRE C, but the recognition site is
not found in MRCKx mRNA. We therefore searched the
MRCKa 3'UTR for AU-rich elements AUUUA (AREs)
that are typically located in the 3’UTR of short-lived
mRNAs such as protooncogenes and cytokines [21]. AREs
act as regulators of mRNA stability, because they can usu-
ally promote its degradation by activating both decapping
and deadenylation processes. The human MRCKo 3'UTR
contains eight AREs, three are clustered within 200 nt
upstream of the IRE; the rest is dispersed throughout the
3’UTR. The last ARE is located 100 nt from the polyA site,
being perfectly complementary to miR16. miR16 is a
human microRNA containing a UAAAUAUU sequence
that is complementary to the ARE sequence, and it seems
to be essential in ARE-mediated mRNA degradation
[22]. Further experiments should therefore address rela-
tionships between miR16/AREs-RNA decay and IRE/
IRPs stabilization of MRCKo mRNA.

MRCKa protein is well conserved among various spe-
cies, but the IRE hairpin is unique to humans. It is not
for the first time for a functional IRE to be identified in
only one species. For instance, a functional IRE was iden-
tified in 5UTR of Drosophila melanogaster succinate dehy-
drogenase b [23,24], or in 3'UTR of mouse glycolate
oxidase [25]. Interestingly, when the human MRCKa IRE
with flanking regions (cca. 340 bp) is compared with the
chimpanzee genome (build 1), only two mismatches can
be found, and both are located in the chimp IRE-like
sequence (one in the loop, the second in the upper stem),
likely disrupting the hairpin folding. It is therefore tempt-

ing to speculate that the functional MRCKa IRE in
humans represents an evolutionary advantage. While chim-
panzees remained during evolution mostly plant eating
(>87-98% of their annual diet is taken from plant sources),
it is believed that the routine inclusion of meat and animal
source foods in the diet was mandatory for emergence of
the human lineage [26]. MRCKo may thus be one of
“meat-adaptive’” genes that were selected to confer resis-
tance to disease risks associated with meat eating [27].

MRCKua is a serine/threonine kinase that acts as a
downstream effector of Cdc42, which is a member of the
Rho subfamily of small GTPases (together with Rho and
Rac) [28], which are known to regulate the cytoskeleton.
MRCKa and Cdc42 were shown to be involved in neurite
outgrowth [29], in filopodia formation [28,30], and together
with Rho-ROCK signaling they cooperate in cell invasion
[31]. It has been published recently that Cdc42-MRCKa
also regulates nuclear movement in polarizing cells in a
myosin II-dependent manner [32]. As for the underlying
molecular mechanisms, MRCKa can regulate myosin
assembly by phosphorylation of the myosin-binding sub-
unit (MBS, MYPT1) of myosin-light chain phosphatase
[31] and myosin regulatory-light chain II, at least in vitro
[5]. It can also phosphorylate LIMK1 and LIMK2 kinases
that regulate actin assembly [33]. MRCKua therefore seems
to regulate the cytoskeleton in response to signals transmit-
ted by Cdc42 by influencing actin/myosin filament assem-
bly and activity [34].

Why should be MRCKx mRNA regulated by iron lev-
els? It is of interest to note that Cdc42 was found taking
part in endocytosis, but the direct cooperation with
MRCKa during this process has not yet been studied
[35,36]. Recently, endosome involvement in iron targeting
to mitochondria was documented in erythroid cells [37].
More importantly, the authors have demonstrated that
both the myosin light-chain kinase inhibitors, wortmanin
and the calmodulin antagonist W-7, caused significant inhi-
bition of iron incorporation from iron-loaded Tf endo-
somes into heme, suggesting that myosin is required for
Tf-vesicle movement. Since Cdc42 was localized within a
transferrin receptor-positive endosomal compartment (at
least in breast carcinoma cells) [38], these findings open
up the possibility of a direct involvement of MRCKa in
this process.

Interestingly, the highest expression of MRCKa was
found in testes. Indeed, iron is essential for male fertility,
and disruption of iron balance leads to impairment of tes-
ticular function (e.g., in hemochromatosis; OMIM:
235200). It has been known for some time that spermato-
cytes carry TfR on their surface, and as a source of iron
they exclusively utilize Tf, which is produced by Sertoli
cells [39]. Moreover, DMT1 was immunolocalized to both
Sertoli and germ cells, and was suggested to play a role in
transporting iron between intracellular compartments as it
does in other tissues [40]. It is therefore tempting to specu-
late that MRCKa could regulate Tf-vesicle movement
through actin/myosin filament assembly in response to iron
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level, and in cooperation with other IRE-regulated proteins
(TR, ferritin, and DMT1), they could precisely tune iron
uptake from Tf. This hypothesis is also supported by our
finding that the level of MRCKe mRNA in various tissues
strongly positively correlates with the level of T7fR mRNA
(15 tissues, Spearman’s rank correlation coefficient 0.8393;
p=0.0017 at the 95% confidence level; Fig. 7), further
emphasizing the intriguing possibility of MRCKua involve-
ment in the Tf iron uptake pathway.

Taken all together, our results indicate that human
MRCKa should be added to the list of proteins, whose
mRNA stability is regulated by intracellular iron levels
via the IRE sequence present in their 3’'UTR. Additional
studies should then unveil the precise role of MRCKua in
cellular machinery and its link to iron metabolism.
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