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ABSTRACT

Iron chelation is a promising therapeutic strategy for cancer that works, in part, by inducing over-
expression of N-myc downstream-regulated gene 1 protein (NDRG1), a known growth inhibitor and
metastasis suppressor. However, details of the signaling cascades that convert physical stress into a
biological response remain elusive. We investigated the role of RGS19, a regulator of G-protein signaling,
in iron chelator-induced NDRG1 overexpression in HeLa cells. Knockdown of RGS19 diminished the
expression of genes involved in desferrioxamine (DFO)-induced growth inhibition. Conversely, over-
expression of RGS19 enhanced the expression of these genes. Moreover, overexpression of RGS19
reduced cell viability. Overexpression of G-protein alpha subunit i3 (Gai3) repressed the induction of
NDRG1 expression. Selective inhibition of downstream targets of Gai3 abrogated DFO-induced over-
expression of NDRG1. DFO protected RGS19 from proteolysis induced by GAIP interacting protein N
terminus (GIPN); moreover, an iron-deficient RGS19 mutant was stable in the presence of GIPN and
retained GTPase-activating protein activity. RGS19 was co-purified with iron and showed unique UV-
absorption characteristics frequently observed in iron-binding proteins. This study demonstrates that
RGS19 senses cellular iron availability and is stabilized under iron-depleted conditions, resulting in the

induction of a growth-inhibitory signal.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Iron is fundamental to DNA synthesis, cellular respiration, en-
ergy metabolism, and protein activation. Cancer cells have a high
iron uptake to maintain their rapid proliferation [1]. Consequently,
iron chelation is widely considered a plausible approach for effec-
tive treatment of several cancers [2].

N-myc downstream-regulated gene 1 protein (NDRG1) is a well-
known prognostic marker; its low expression predicts a poor

Abbreviations: AC, adenylyl cyclase; CCI, CREB-CBP binding inhibitor; CCK-8, cell
counting kit-8; CREB, cAMP response element-binding protein; CSM, cysteine
string motif; DDA, 2’,5'-dideoxyadenosine; DFO, desferrioxamine; FAC, ferric
ammonium citrate; GAP, GTPase-activating protein; GIPN, GAIP interacting protein
N terminus; Ga, G-protein alpha subunit; HIF-1a, hypoxia-inducible factor 1a; HRE,
hypoxia response element; ICP-MS, inductively coupled plasma—mass spectrom-
etry; MBP, maltose-binding protein; NDRG1, N-myc downstream-regulated gene 1
protein; PKA, cAMP-dependent protein kinase; PCR, polymerase chain reaction;
RGS, regulator of G-protein signaling.
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outcome in patients with cancer [3]. In addition, it increases the
expression of p21, a cyclin-dependent kinase inhibitor [4]. Iron
chelators significantly increase the expression of NDRG1 [5].
Although iron chelator-induced overexpression of NDRG1 is an
attractive method for cancer treatment, the signaling cascade from
iron depletion stress to growth-inhibitory signaling has not been
defined.

Iron has an inhibitory effect on adenylyl cyclase (AC), but this
effect was shown to be antagonized by stimulation of the G-protein
alpha subunit (Ga), which activates AC [6]. In contrast to iron, iron
chelators may activate AC and additional downstream targets such
as cAMP-dependent protein kinase (PKA) and cAMP response
element-binding protein (CREB) by modulating G-protein
signaling. Surprisingly, it has been reported that CREB binds to
cAMP response elements as well as hypoxia response elements
(HREs) [7]. Since NDRG1 possesses putative HREs, it is possible that
CREB directly promotes NDRG1 expression [8]. Therefore, we
postulated that iron chelators induce NDRG1 overexpression
through the AC-PKA-CREB signaling cascade via termination of Gai
signaling, which has an inhibitory effect on AC [9,10].
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Regulators of G-protein signaling (RGS proteins) constitute a
large family of proteins containing a ~130 amino acid RGS or RGS-
like domain. Through GTPase-activating protein (GAP) activity of
the conserved domain, RGS proteins facilitate the hydrolysis of
GTP bound to the active Go subunit, resulting in the termination of
G-protein signaling [11]. Among a large number of RGS family
members, RGS19 has the strongest interaction with Gai3; this
interaction results in termination of the inhibitory Gai3 signal
[12]. Considering these findings, we postulated that RGS19 acti-
vates the AC-PKA-CREB-NDRG1 signaling cascade by inhibiting
Guai3.

RGS19 belongs to the RZ/A subfamily, which is characterized by
a highly conserved cysteine string motif (CSM) at the N-terminus.
The CSM is not found in other RGS subfamilies. Moreover, this motif
is completely conserved among RZ/A subfamily members in several
different species [11]. Although the CSM is very short, most of the
cysteine residues of RGS19 are found in this region: 8 of 11 are
located in the CSM, 2 are found between the CSM and the RGS
domain, and 1 is located in the RGS domain. We focused on the
highly conserved and condensed CSM as a potential target site for
the regulation of RGS19 function. Interestingly, the CSM of RGS19
possesses a consensus iron—sulfur binding motif (CXXCXXC),
implying that RGS19 may be regulated by cellular iron availability
[13].

In the present study, RGS19 was analyzed as a possible key
molecule for sensing cellular iron availability. We determined that
the CSM of RGS19 is an iron-incorporating domain and that RGS19
plays an important role in iron chelator-induced overexpression of
NDRG1.

2. Materials and methods
2.1. Cell culture, transfection, and treatments

HeLa cells were cultured in complete minimum essential me-
dium containing 10% fetal bovine serum, 100 units/mL penicillin,
and 100 ug/mL streptomycin (Thermo Fisher Scientific, Waltham,
MA, USA) at 37 °C in ambient air with 5% CO,. Plasmid transfection
was performed using FUGENE HD Transfection Reagent (Promega,
Fitchburg, WI, USA) according to the manufacturers' instructions.
Cells were treated with 100 pg/mL ferric ammonium citrate (FAC;
Thermo Fisher Scientific); 100 uM desferrioxamine mesylate (DFO;
Sigma—Aldrich, St. Louis, MO, USA); various concentrations of 2',5'-
dideoxyadenosine (DDA), H-89, or CREB-CBP binding inhibitor
(CCI; Millipore, Billerica, MA, USA); and/or 25 uM MG132 (Enzo Life
Sciences, Farmingdale, NY, USA).

2.2. Plasmid construction and site-directed mutagenesis

The full-length RGS19 mRNA sequence (NM_005873) flanked
with 5’-EcoRI and 3’-Xbal restriction sites was amplified by poly-
merase chain reaction (PCR) using PrimeSTAR polymerase (TaKaRa
Bio, Otsu, Shiga, Japan). Purified PCR product was cloned into the
pcDNA3.1/HisC mammalian expression vector (Thermo Fisher Sci-
entific, Waltham, MA, USA) to introduce 6 x His into the N-ter-
minus of the protein. To prepare recombinant proteins for
subsequent purification, sequences encoding full-length RGS19 and
the N-terminal region containing the CSM (Met1 to Thr78) were
amplified by PCR. Purified PCR products were cloned into the Xmnl
and Ncol sites of the pMAL-c5X bacterial expression vector (New
England Biolabs, Ipswich, MA, USA) to generate maltose-binding
protein (MBP) fusion proteins. Site-directed mutagenesis was per-
formed using cysteine (TGC and TGT) to serine (AGC, AGT, and TCT)
substituted synthetic oligonucleotides. The codons for serine were
based on human codon usage. Primer sequences were designed and

modified empirically. Dpnl (New England Biolabs) was used to
remove parental DNA strands. The full-length Ga.i3 mRNA sequence
(NM_006496) flanked with 5-EcoRI and 3’-Xbal restriction sites
was amplified by PCR. Purified PCR product was cloned into the
p3 x FLAG-CMV-10 mammalian expression vector (Sigma—Aldrich,
St. Louis, MO, USA) to introduce 3 x FLAG into the N-terminus of the
protein. A sequence encoding full-length GAIP interacting protein N
terminus (GIPN; NM_014028) flanked by 5’-EcoRI and 3’-Xbal re-
striction sites was amplified by PCR. Purified PCR product was
cloned into a pcDNA3.1(+)/myc-HisA mammalian expression vec-
tor (Thermo Fisher Scientific) slightly modified by the insertion of a
stop codon in the 3’ region of myc to remove the 6 x His tag. All
constructs were verified by sequencing.

2.3. Construction of short hairpin RNA (shRNA)

Oligonucleotides 5-GCCAGATCTGCGAGGAGAACATGCTCTTCTTT
CAAGAGAAGAAGA-3' and 5-CGGAAGCTTAAAAAGCGAGGAGAA-
CATGCTCTTCTTCTCTTGAAA-3' were synthesized and annealed to
produce a double-stranded shRNA template, which was amplified
by PCR. Purified shRNA was digested with Bglll and HindIIl and
inserted into pSUPER-retro-GFP/Neo. Constructs were verified by
sequencing.

2.4. Total RNA isolation and quantitative real-time PCR

Total RNA was isolated from cells treated with 100 pg/mL FAC or
100 puM DFO for 6 h using an RNeasy Mini Kit (QIAGEN, Venlo, the
Netherlands). After single-stranded cDNA synthesis using Super-
Script Il Reverse Transcriptase (Thermo Fisher Scientific, Waltham,
MA, USA), a PCR mixture was prepared using SYBR Premix Ex Taq
(TaKaRa Bio, Otsu, Shiga, Japan). The PCR mixture (25 pL) contained
1 x SYBR Premix Ex Taq, 0.2 uM of each primer, and template
(10 ng). PCR was performed using a StepOnePlus Real-Time PCR
System (Thermo Fisher Scientific). Expression levels of each gene
were normalized to expression of the B-actin gene in the same
preparation.

2.5. Immunoblotting

Cell lysates were prepared on ice using lysis buffer (20 mM Tris,
300 mM Nadl, 0.5% Triton X-100, and protease inhibitor cocktail;
Hoffmann-La Roche, Basel, Switzerland). After removal of cell
debris, quantified lysates were mixed with Laemmli sample buffer
and boiled for 5 min. Proteins were separated by SDS-PAGE and
transferred onto Immobilon-P PVDF membranes (Millipore, Bill-
erica, MA, USA). For protein detection, we used primary antibodies
to RGS19, GIPN, His, myc (Abcam, Cambridge, UK), p21, FLAG (Cell
Signaling Technology, Danvers, MA, USA), NDRG1, and a-tubulin
(Bioworld Technology, St. Louis Park, MN, USA) and appropriate
secondary antibodies conjugated with horseradish peroxidase.
Proteins were visualized with Clarity Western ECL Substrate (Bio-
Rad Laboratories, Hercules, CA, USA). Images were acquired using a
Davinch-Chemi Imager, and densitometry analysis was performed
using Image] [14].

2.6. Assessment of viability

Cells were transfected with control vector or His-RGS19
expression vector and incubated for the indicated times in a 96-
well plate. Ten microliters of cell counting kit-8 (CCK-8) solution
(Dojindo Molecular Technologies, Kamimashiki, Kumamoto, Japan)
was added to each well and cells were incubated for 1 h. Absor-
bance at 450 nm was measured using a microplate reader.
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Fig.1. RGS19 is required for DFO-induced overexpression of NDRG1 and p21. (A, F) After HeLa cells stably expressing control or RGS19 shRNA were treated with 100 pug/mL FAC
or 100 uM DFO for 6 h, endogenous protein levels of RGS19, NDRG1, and p21 were analyzed. (C, H) Control vector or His-RGS19 expression vector was transfected into HeLa
cells and expression levels of His-RGS19, NDRG1, and p21 were analyzed. (E) HeLa cells stably expressing RGS19 shRNA were transfected with control vector or His-RGS19
expression vector and treated with DFO. The expression level of NDRG1 was analyzed. (B, D, G, I) Densitometry analysis of the protein levels of RGS19, NDRG1, and p21.
(J) HeLa cells were transfected with control vector or His-RGS19 expression vector for the indicated times and viability was analyzed using a CCK-8 kit.
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2.7. Purification of recombinant proteins

Recombinant protein expression and purification were per-
formed according to the manufacturer's instructions. Briefly,
Escherichia coli 2523 cells (New England Biolabs, Ipswich, MA, USA)
transformed with wild-type or mutant constructs were inoculated
into LB broth (10 g tryptone, 5 g yeast extract, 5 g sodium chloride,
2 g glucose, and 100 mg ampicillin per liter) and incubated over-
night at 37 °C with shaking. Overnight cultures were inoculated
into fresh medium and incubated for another 1.5 h. Protein
expression was induced by adding 0.3 mM IPTG and incubating for
an additional 3 h. Cells were harvested, resuspended in lysis buffer
(20 mM Tris, pH 8.0, 1 M NaCl), and sonicated until protein release
reached a maximum level. Soluble fractions were loaded on
amylose resin and columns were washed intensively. MBP-tagged
proteins were recovered with elution buffer (20 mM Tris, pH 8.0,
1 M Nacl, 10 mM maltose; Sigma—Aldrich, St. Louis, MO, USA).

2.8. Inductively coupled plasma—mass spectrometry (ICP-MS)

To minimize signal variation caused by any solute in the buffer,
purified MBP-tagged proteins (200 pg/mL) were intensively dia-
lyzed against double-distilled water using an Amicon Ultra 0.5 mL
3 K centrifugal filter (Millipore, Billerica, MA, USA). Proteins were
mixed with 8 volumes of 2% OPTIMA-grade nitric acid. Subse-
quently, 20 pL of a 5-ppm aqueous scandium ion solution (ICP-MS
grade) was added to each tube as an internal standard and contents
were mixed vigorously. ICP measurements were then conducted on
a NexION 300X ICP-MS spectrometer (PerkinElmer, Waltham, MA,
USA) in extended dynamic range mode. Reported measurements of
iron in each sample represent the mean of 3 measurements. Indi-
vidual measurements were typically obtained with a relative
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standard deviation of approximately 3% or less per sample. An
equivalent amount of purified protein (2.5 pg/lane) was separated
by SDS-PAGE and stained with Coomassie Brilliant Blue (Sigma-
—Aldrich, St. Louis, MO, USA) to verify quality and quantity.

2.9. UV—visible absorption spectra

Purified RGS19 and C135S or CSM deletion mutants (10 mg/mL)
were dialyzed against 20 mM Tris, pH 7.5, 150 mM Nacl buffer and
treated with or without 5 mM sodium dithionite (Sigma—Aldrich,
St. Louis, MO, USA) for 1 h. Absorption spectra from 280 nm to
700 nm were obtained with a NanoVue spectrometer (GE Health-
care, Little Chalfont, UK).

2.10. GTPase-activating protein activity

GAP activity of MBP-tagged RGS19, C135S, and CSM deletion
mutants was analyzed using a High Throughput Colorimetric
GTPase Assays kit (Innova Biosciences, Cambridge, UK). Purified
Gai3-His (1 uM) was prepared as a substrate in 50 mM Tris, pH 7.5,
2.5 mM MgCl,, 0.5 mM GTP, and 0.5 mM B-mercaptoethanol. Go.i3-
His was pre-charged with GTP at 4 °C for 1 h and then 2 pM wild-
type or mutant RS19 was added. After incubation for 1 h at room
temperature, PiColorLock Gold reagent and stabilizer were added.
The absorbance at 590 nm of a non-substrate control was
subtracted.

2.11. Data analysis

Data are presented as the mean + standard deviation of at least

three independent experiments. Statistical significance was
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Fig. 2. DFO induces overexpression of NDRG1 through the G-protein signaling cascade. (A) HeLa cells expressing 3 x FLAG-tagged Gai3 were treated with 100 pg/mL FAC or 100 uM
DFO for 6 h and the endogenous expression pattern of NDRG1 was analyzed. (B) Densitometry analysis of DFO-induced expression of NDRG1 in HeLa cells overexpressing FLAG-
Guai3. Hela cells were pretreated with DMSO or various concentrations of DDA (C), H-89 (D), or CCI (E) for 1 h, followed by treatment with 100 uM DFO.
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analyzed using Student's t test. ** indicates P < 0.01 and * indicates
P < 0.05. All experiments were performed at least in triplicate.

3. Results

3.1. DFO induces NDRG1 expression through RGS19, resulting in
inhibition of cell proliferation

To determine whether RGS19 participates in DFO-induced
NDRG1 overexpression, control vector or shRNA against RGS19
was transfected into HeLa cells and selection was performed to
establish a cell line stably expressing RGS19 shRNA. DFO-induced
iron deprivation stress significantly increased the NDRG1 expres-
sion level in control cells (1.9-fold). However, when endogenous
RGS19 was downregulated, DFO-induced overexpression of NDRG1
was significantly reduced (Fig. 1A and B). Conversely, when RGS19
was overexpressed, NDRG1 expression was significantly upregu-
lated without DFO (Fig. 1C and D). These results indicate that RGS19
plays an important role in the signaling cascade of iron chelation-
induced NDRG1 overexpression. Ectopic expression of His-RGS19
partially restored the NDRG1 expression level (Fig. 1E and
Supplementary Fig. 1).
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Previously, NDRG1 was reported to be an inducer of p21, one of
the cyclin-dependent kinase inhibitors [4]. In DFO-treated cells,
NDRG1 was overexpressed and p21 was significantly upregulated.
However, the increased expression of p21 was abolished by the
knockdown of RGS19 (Fig. 1F and G). These results indicate that
RGS19 is required for DFO-induced overexpression of NDRG1 target
genes. As expected, ectopic expression of His-RGS19 increased the
protein level of p21 (Fig. 1H and I). The viability of cells expressing
His-RGS19 was significantly decreased (around 1.5-fold) 6 days
after transfection (Fig. 1]). The growth-inhibitory effect of His-
RGS19 was also confirmed in the SW480 cell line (Supplementary
Fig. 2). These results indicate that RGS19 promotes a growth-
inhibitory signal, possibly through an NDRG1 target, the p21 gene.

3.2. Iron depletion stress induces NDRG1 overexpression via the G-
protein signaling cascade

We postulated that G-protein signaling may be related to the
DFO-RGS19-NDRG1 signaling cascade as a target of RGS19. To
confirm this hypothesis, HeLa cells expressing Gai3 were treated
with DFO to induce NDRG1 expression. DFO-induced over-
expression of NDRG1 was significantly reduced by Gai3 (Fig. 2A
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Fig. 3. The stability of RGS19 is regulated by GIPN through cellular iron availability. (A) HeLa cells were treated with various concentrations of DFO for 6 h and the endogenous
protein level of RGS19 was analyzed. (B) After treatment with 100 pug/mL FAC or 100 uM DFO for 6 h, total RNA was isolated and cDNA was synthesized. The expression levels of
endogenous RGS19, transferrin receptor (TFRC), and (-actin genes were analyzed. The TFRC gene was used as a DFO-induced positive control. (C) His-RGS19 was co-expressed with or
without GIPN-myc for 24 h and expression levels of His-RGS19 and GIPN-myc were detected using antibodies against His and myc, respectively. (D) Cells were co-transfected with
His-RGS19 and GIPN-myc expression vectors and treated with 100 pg/mL FAC or 100 pM DFO for 6 h with or without MG132. (E) Densitometry analysis of the protein level of His-
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J. Hwang et al. / Biochemical and Biophysical Research Communications 464 (2015) 168—175 173

and B). This implies that RGS19 propagates DFO-induced growth-
inhibitory signaling by inactivating the negative regulator Gai3.
Additionally, the involvement of downstream targets of Gai3 was
analyzed. AC, PKA, and CREB activities were specifically inhibited
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plays a role in the induction of iron depletion-induced stress
signaling.

3.3. GIPN regulates the stability of RGS19 through cellular iron
availability

Interestingly, the endogenous protein level of RGS19 was
increased by DFO treatment (Fig. 1A). To analyze the mechanism by
which DFO induces upregulation of endogenous RGS19, cells were
treated with DFO at different doses. The level of endogenous RGS19
was significantly increased by DFO in a dose-dependent manner
(Fig. 3A). However, transcription of RGS19 was not altered, whereas
transcription of the transferrin receptor gene (TFRC), which en-
codes the carrier responsible for iron uptake, was significantly
increased under iron-depleted conditions (Fig. 3B). These results
indicate that iron depletion may enhance protein stability but has
no effect on the transcription of RGS19.

Co-expression of GIPN-myc significantly decreased the expres-
sion level of His-RGS19 (Fig. 3C). However, DFO antagonized the
negative effect of GIPN-myc on His-RGS19 stability. The specific
proteasome inhibitor MG132 protected RGS19 from GIPN-induced
downregulation (Fig. 3D and E). These results indicate that RGS19
may be targeted for proteasomal degradation by GIPN but is sta-
bilized under iron-depleted conditions.

3.4. RGS19 incorporates iron through the CSM and shows
characteristics of iron-binding proteins

Since iron chelation has a protective effect on RGS19, we
postulated that iron is incorporated into RGS19 as a key molecule
that determines protein stability. To test this hypothesis, we puri-
fied recombinant CSM and measured the amount of co-purified
iron. Site-directed mutagenesis was performed to generate
combinatorial mutant constructs. Recombinant wild-type CSM and
cysteine-to-serine substituted mutants CSMs were produced and
subjected to ICP-MS (Fig. 4A). The results indicated that a single
cysteine mutation had no significant effect on iron incorporation, as
mutants with a single substitution were co-purified with a signif-
icant amount of iron. However, as the number of mutated residues
increased, the amount of co-purified iron was significantly reduced.
A single mutation reduced the amount of co-purified iron by
approximately 25%, and double and triple mutations reduced the
amount by approximately 50—70%. When more than 4 cysteine
residues were substituted, the iron content was dramatically
reduced. The arrangement of 1st, 3rd, and 5th cysteine residues
(C135) in CSM (CXXCXXC, Fig. 4A inlet) is similar to those of iron-
—sulfur binding proteins. Similar to CSM, the amount of iron was
significantly reduced in the full-length C135S mutant (Fig. 4B).
UV—visible absorption spectra indicated that RGS19 has peaks
around 325, 420, 460, and 550 nm (Fig. 4C; black solid line), which
is characteristic of [2Fe—2S] cluster-containing proteins [15].
However, the C135S and CSM deletion (ACys) mutants did not have
such a pattern (Fig. 4C; black dashed and dotted lines). Further-
more, sodium dithionite-mediated reduction diminished these
characteristics (Fig. 4C; grey lines). These results suggest that the
1st, 3rd, and 5th cysteines are pivotal residues for incorporation of
iron into RGS19.

To confirm that iron is required for the degradation of RGS19,
wild-type RGS19 or the C135S mutant was co-expressed with GIPN.
The expression of His-C135S was moderately downregulated by
GIPN-myc, whereas His-RGS19 expression was significantly
downregulated, by more than 80% (Fig. 4D and E). Interestingly,
GAP activity of MBP-RGS19 was not altered by cysteine substitution
or CSM deletion (Fig. 4F). These results confirm that iron incorpo-
ration is required for GIPN-dependent degradation of RGS19.

4. Discussion

Hela cells were used in this study because this cell line ex-
presses endogenous RGS19 and GIPN. When His-RGS19 or His-
C135S was co-expressed with GIPN-myc, the protein level was
significantly reduced for His-RGS19 but retained for His-C135S. To
mimic co-expression with GIPN-myc, His-RGS19 and His-C135S
expression vectors were transfected into other cell lines that ex-
press endogenous GIPN more strongly than HeLa cells do. In SW480
and HEK293 cells, His-RGS19 had a significantly lower expression
level than His-C135S without ectopic expression of GIPN
(Supplementary Fig. 3).

Interestingly, intensive mutagenesis revealed that C1-5S and
C1-7S, including other moderate iron-free mutants, were still co-
purified with a trace of iron whereas the CSM-deleted mutant
contains negligible amount of iron (Fig. 4A). This result indicates
that remaining cysteine residues may act as supporting sulfur
donor for iron incorporation.

HREs have been found in the promoter region of NDRG1
at —1376 bp and —7503 bp. Additionally, hypoxia-inducible factor
1a (HIF-1a) was previously determined to be a transcription factor
for NDRG1 [16,17]. Although NDRG1 does not possess a cAMP
response element, it was reported that CREB also binds to the HIF-
1a response element and significantly enhanced the expression of
HRE-controlled luciferase in HeLa cells treated with a cAMP analog
[7]. Moreover, a previous report described the induction of NDRG1
expression by an iron chelator in HIF-1e.~/~ murine embryo fibro-
blasts [8]. These reports suggest that an iron chelator may induce
NDRGT1 expression through CREB in addition to HIF-1a. Although
partial induction of NDRG1, putatively by HIF-1a, was detected in
cells transfected with RGS19 shRNA (Fig. 1A), ectopic expression of
His-RGS19 significantly enhanced the expression level of NDRG1
and its downstream target genes without iron chelation. Together,
these results suggest that NDRG1 could be regulated by CREB and
that this regulatory mechanism is controlled by iron-sensitive
RGS19.

Although iron chelation is a promising cancer treatment,
chelating drugs can cause side effects such as visual disturbances,
vomiting, diarrhea, stomach or leg cramps, rapid heartbeat, hypo-
tension, anaphylactic shock, and pain or swelling at the site of
intravenous entry. Therefore, it is important to understand iron
chelator-induced antiproliferative mechanisms and find new mo-
lecular targets. In this study, we found that RGS19 is involved in
iron deprivation-induced growth-inhibitory signaling, which sug-
gests that specific chemicals that increase the expression level of
endogenous RGS19 may be useful for cancer treatment.
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