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Abstract The heavy chain subunit of ferritin (FHC), a
ubiquitous protein best known for its iron-sequestering
activity as part of the ferritin complex, has recently been
described as a novel inhibitor of signaling through the
chemokine receptor CXCR4. Levels of FHC as well as its
effects on CXCR4 activation increase in cortical neurons
exposed to mu-opioid receptor agonists such as morphine, an
effect likely specific to neurons. Major actions of CXCR4
signaling in the mature brain include a promotion of
neurogenesis, activation of pro-survival signals, and modu-
lation of excitotoxic pathways; thus, FHC up-regulation may
contribute to the neuronal dysfunction often associated with
opiate drug abuse. This review summarizes our knowledge
of neuronal CXCR4 function, its regulation by opiates and
the role of FHC in this process, and known mechanisms
controlling FHC production. We speculate on the mechanism
involved in FHC regulation by opiates and offer FHC as a
new target in opioid-induced neuropathology.
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Introduction

Cytokines are a family of small, secreted proteins well
known for their ability to regulate host responses to
infection, inflammation, and trauma. Among these, the class
of chemotactic cytokines or chemokines specializes in
attracting receptor-bearing target cells (Charo and Ransohoff
2006). The functions of chemokine-induced cellular migra-
tion vary depending on the specific ligands and receptors
involved as well as tissue type and stage of development,
although two broad types of effects can be described:
classically, inducible chemokine production facilitates in-
flammatory processes through the recruitment of leukocytes
to local sites of infection, and, in a more recently appreciated
manner, constitutive chemokine production supports homeo-
static tissue maintenance and developmental processes.
Although most studies have focused on the roles of chemo-
kines in inflammatory conditions, growing evidence supports
important non-inflammatory functions, including the regula-
tion of homeostatic lymphocyte trafficking, hematopoiesis,
and cellular guidance during tissue development. In certain
conditions, chemokines may also contribute to cancer cell
proliferation, migration, and invasion.

Particularly interesting among the regulatory functions
of chemokines are those occurring in the brain, where
chemokines are constitutively expressed in both neurons
and glia (Lavi et al. 1998; Callewaere et al. 2007). Evidence
that chemokines can modify diverse brain properties,
including synaptic activity, axonal guidance, adult neuro-
genesis, neuronal survival and migration, and microglia
activation supports an important modulatory role of these
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proteins at all levels of brain function. Much of this
research has focused on the chemokine CXCL12 and its
major (if not exclusive) signaling receptor CXCR4, due to
their constitutive expression and involvement in essential
functional processes.

Interestingly, in a theme first demonstrated in immune-
modulating chemokines (Rogers and Peterson 2003; Szabo
et al. 2003), signaling of chemokines in the brain has been
shown to undergo attenuation following treatment with
opioids (Sengupta et al. 2009), a process that may
contribute to neuronal dysfunction associated with opiate
drug abuse (Nath 2010). Mu-opiate-induced neuronal
CXCR4 inhibition has recently been shown to rely on an
increased association of the receptor with ferritin heavy
chain (FHC), an unexpected protein regulator of CXCR4
signaling (Li et al. 2006; Sengupta et al. 2009). Considering
the importance of the signaling pathways modulated by
CXCR4 activity, this novel interaction likely impairs a
variety of healthy neuronal homeostatic processes. An
emerging theme of current research is that of better
characterizing the regulatory mechanisms underlying opiate
effects on FHC, as well as exploring the impact of
increased FHC levels on homeostatic neuronal functions.
This review will discuss the role of FHC in mediating
effects of opiates on CXCR4 signaling, mainly in neurons,
and will provide speculation as to the mechanisms
underlying opiate-induced changes in neuronal FHC levels.

Homeostatic roles of CXCL12 in the brain

Both CXCL12 and its major signaling receptor CXCR4
are constitutively expressed in the developing and adult
brain, suggesting a fundamental role of this signaling pair
in brain function. Indeed, knockout mice for either
CXCL12 or CXCR4 exhibit severe abnormalities in brain
development and die prenatally (Ma et al. 1998; Zou et al.
1998; Bagri et al. 2002; Lu et al. 2002). Here, we will only
briefly review the major regulatory roles of CXCL12 in
the brain, as others have discussed this topic more
comprehensively (Tran and Miller 2003; Li and Ransohoff
2008).

In the developing brain, CXCL12 promotes the prolifer-
ation, survival, and proper migration of neuronal precursor
cells (Li and Ransohoff 2008). Embryonic CXCR4 expres-
sion in the neurogenic ventricular, subventricular, and
marginal zones is vital for the production of neuronal
precursor cells. Complex neuronal migration patterns,
particularly those of cortical Cajal–Retzius cells, cerebellar
granule precursor cells, and dentate gyrus granule precursor
cells also rely on CXCR4 signaling (Li and Ransohoff
2008). Subsequent establishment of precise synaptic con-
nections, a process depending on attractive and repulsive

axonal guidance cues, is also modulated by CXCR4
signaling (Chalasani et al. 2003; Li et al. 2005; Chalasani
et al. 2007). CXCL12 similarly promotes neural precursor
cell proliferation and migration in adult brain, (Imitola et al.
2004; Dziembowska et al. 2005; Robin et al. 2006), a
process that may contribute to tissue repair or functional
adaptation.

In the mature brain, actions of CXCL12 involve a variety
of mechanisms directly and indirectly promoting neuronal
survival and neurotransmission. CXCL12 activates the anti-
apoptotic kinase Akt (Khan et al. 2004), effectively inhibit-
ing the apoptotic cascade in cultured neurons. It also
promotes differentiation of oligodendrocyte precursors and
induces remyelination in animal models (Patel et al. 2010).
CXCL12 enhances activity of the transcriptional repressor
protein Rb, whose constitutive repression of aberrant cell
cycle proteins in post-mitotic neurons prevents entry into
apoptosis (Khan et al. 2003). Notably, Rb expression was
required for the neuroprotective activity of CXCL12, as
demonstrated in the context of excitotoxic insults (Khan et
al. 2008). CXCL12 has also been shown to increase
production of soluble fractalkine or CX3CL1 (Cook et al.
2010), a chemokine capable of preventing neurotoxicity
associated with microglial activation (Cardona et al. 2006).
Another line of investigation has explored effects of
CXCL12 on synaptic transmission. In this context, CXCL12
was shown to regulate subunit composition of the NMDA-
type glutamate receptor both in vitro and in vivo, altering
NMDA-induced calcium responses associated with excito-
toxicity. Interestingly, this pathway selectively decreased
calcium responses evoked following activation of extrasy-
naptic NMDA receptors (often a pathological event), while
preserving pro-survival pathways elicited by synaptic
NMDA receptor activation (Nicolai et al. 2010). Electro-
physiologically, these findings are supported by the ability
of CXCL12 to induce synaptic depression, through a direct
modulation of voltage-dependent currents and a decrease
in evoked glutamate release (Ragozzino et al. 2002; Guyon
et al. 2005).

The role of the CXCL12/CXCR4 axis in neuronal
survival was also studied in the human brain under
pathological conditions, specifically HIV infection (Zhang
et al. 2003; Vergote et al. 2006). These authors demon-
strated that proteolytic cleavage of CXCL12 impairs its
ability to stimulate CXCR4 and leads to neurotoxicity via
interaction of cleaved CXCL12 with a different receptor
(CXCR3). Importantly, proteolytic processing of CXCL12
is increased in HIV-positive subjects, particularly those
with HIV-associated dementia. Thus, stimulation of the
CXCL12/CXCR4 axis normally exerts a neuroprotective
action through its effects on different cell types, including
neurons. Although mechanistically diverse, these various
modulatory actions of CXCL12 in the brain contribute to a
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powerful pro-survival signal, the disruption of which may
severely affect healthy brain function.

Regulation of CXCR4 function by opiates

An emergent concept in the study of opioid physiology
concerns a distinct interrelatedness with the cytokine
family, a principle known as the “opioid–cytokine connec-
tion.” Opioids and cytokines share similar properties, such
as release from immune cells, autocrine, paracrine, or
endocrine signaling mechanisms, and elicitation of a wide
variety of effects in different cell types. Moreover, both
opioids and cytokines reciprocally modulate each other's
signaling activity (Peterson et al. 1998) and may interact
to form functionally distinct heterodimers (Chen et al.
2004; Pello et al. 2008). Chemokines in the brain are no
exception to this phenomenon, and a recent series of
experiments has identified an inhibitory role of opioid
agonists in neuronal CXCR4 signaling (Patel et al. 2006;
Sengupta et al. 2009).

Multiple mechanisms have been identified contributing
to an opioid-induced decrease in CXCR4 activity. Simul-
taneous activation of delta opioid receptors (DOR) and
CXCR4 leads to the formation of non-functional DOR/
CXCR4 heterodimers incapable of responding to agonists
of either receptor (Pello et al. 2008). Although first
demonstrated in immune cells, this phenomenon likely
occurs in glia as well, providing an interactive regulatory
process between the opioid and chemokine systems
(Burbassi et al. 2010). Kappa opioid receptors (KOR) have
also been shown to undergo cross-desensitization with
CXCR4 in immune cells; in this case, opioid-induced
CXCR4 inhibition is achieved at least in part by receptor
internalization, effectively decreasing levels of surface
CXCR4 available to agonist (Finley et al. 2008). Activation
of the third major class of opioid receptors, mu (MOR),
additionally inhibits CXCR4 activity and has been explored
intensively by our laboratory in recent years.

The MOR agonist DAMGO was first shown to decrease
subsequent CXCR4 activation by CXCL12 in cortical
neurons, as measured by downstream activation of the
intracellular mediators ERK and Akt (Patel et al. 2006).
This effect was observed in cultured neurons (in the
presence or absence of glia) and occurred without apparent
changes in surface or total levels of CXCR4. Similar effects
were seen following treatment with the endogenous MOR
agonist endomorphin-1 and with morphine, a powerful
clinical analgesic and an active metabolite of heroin,
suggesting a relevance of this pathway in therapeutic as
well as illicit opiate use. Importantly, MOR agonism was
also shown to block the neuroprotective actions of
CXCL12 associated with NMDA-induced neurotoxicity,

indicating a significant loss of CXCR4 function mediated
by this pathway (Patel et al. 2006). The inhibitory effect of
morphine on CXCR4 activation was also demonstrated in
vivo, as measured by a decrease in G-protein coupling
following CXCL12 treatment of brain slices from
morphine-treated animals (Sengupta et al. 2009). Mecha-
nistically, morphine was shown to prevent CXCL12-induced
phosphorylation of CXCR4 at serine 338 (corresponding to
serine 339 in humans), a site in the C terminus tail involved
in signaling (Busillo et al. 2010) and to inhibit a CXCL12-
induced reduction in surface CXCR4 (Sengupta et al. 2009).
Interestingly, the ability of MOR agonism to inhibit
subsequent CXCR4 signaling required prolonged agonist
exposure, i.e., at least 6 h, and de novo protein synthesis
(Sengupta et al. 2009), suggesting the involvement of a
protein intermediate. Experiments conducted in glia
cultures enriched in astrocytes showed that opiates do
not alter CXCR4-mediated signaling in glia via similar
mechanisms (Sengupta et al. 2009; Burbassi et al. 2010),
though this does not exclude traditional mechanisms of
heterologous desensitization as previously reported in
various cells (Rogers et al. 2000; Devi 2001; Burbassi
et al. 2010). Together, these data support a model in which
prolonged MOR stimulation in the brain inhibits neuronal
CXCR4 activation by its natural ligand, which promotes
neurotoxicity in vulnerable cells (such as those exposed to
toxic concentrations of glutamate).

Although different opioid receptor subtypes contribute in
different ways to the inhibitory effects of opioids on
CXCR4 signaling, the role of MOR may be particularly
relevant to human pathology, given the frequent clinical use
of MOR agonists as well as their widespread abuse. This
pathway may play a major role in the neuronal dysfunction
associated with continued opiate use and was recently
discovered to involve actions of the novel CXCR4-
interacting protein, FHC, as further explained below.

Ferritin heavy chain as a regulator of CXCR4 function

Ferritin is a widely expressed protein, best known for its
ability to oxidize and sequester free intracellular iron in its
less toxic ferric form. This function involves the coordi-
nated activity of Heavy and Light Chain subunits (FHC
and FLC, respectively), which come together as a 24
subunit complex in varying but cell-specific proportions to
form an iron-sequestering shell (Hintze and Theil 2006).
Ferroxidase activity, the oxidation of Fe2+ to the less
reactive Fe3+, is inherent in FHC but not FLC, although
FLC is important in nucleation of the iron core. These two
subunits are normally co-expressed in a large variety of
cells, and little is known about subunit-specific functions
or interactions with other proteins.
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The first evidence of a novel function of FHC, which may
act independently from iron, came from a screen designed to
identify novel binding partners of CXCR4, in which FHCwas
found to associate with both N and C termini of the receptor in
human embryonic kidney (HEK293) cells (Li et al. 2006).
This interaction was shown to increase following CXCL12
treatment, peaking after roughly 30 min. A regulatory
function of the association was suggested by FHC over-
expression studies, in which CXCL12-induced ERK activa-
tion and chemotaxis were significantly attenuated (Li et al.
2006). Conversely, FHC knockdown caused a prolonged
activation of ERK and decreased CXCR4 internalization
following CXCL12 treatment, suggesting a tonic inhibitory
role in CXCR4 signaling.

Although the mechanism underlying the ability of this
novel CXCR4 binding protein to regulate receptor signaling
is not clear, the CXCL12-induced interaction of the two
proteins was found to depend on phosphorylation of FHC,
an event also required to functionally inhibit CXCR4
signaling (Li et al. 2006). Additionally, the CXCL12-
induced FHC–CXCR4 interaction was enhanced by
CXCR4 internalization in HEK293 cells (Li et al. 2006),
suggesting a model in which FHC may inhibit CXCR4
recycling or return to an active conformation.

In light of these new findings linking FHC to alterations
in CXCR4 signaling, we questioned whether FHC was
involved in the effects of morphine on neuronal CXCR4.
Initial findings demonstrated a mu-opioid-induced increase
in FHC protein levels and CXCR4 association, both in vitro
and in vivo, temporally correlating with the effects on
CXCR4 signaling (Sengupta et al. 2009). Interestingly,
prolonged stimulation of MOR by DAMGO did not
increase FHC protein levels in cultured glia cells, reflecting
our observed functional cell type specificity (i.e., as
mentioned earlier, our previous studies showed that
CXCR4 stimulation of ERK was unaffected under similar
conditions (Sengupta et al. 2009)). In order to evaluate the
relevance of FHC to CXCR4 inhibition by MOR agonists,
FHC knockdown experiments were performed, demonstrat-
ing a diminished effect of mu-opioids on CXCL12-induced
signaling. Importantly, these effects were confirmed in
vivo, as FHC knockdown decreased the effects of MOR
agonism on CXCL12-induced G-protein activation.

A relevance of these findings for human disease is
supported by preliminary studies in post mortem human
brain tissue, showing an elevation in numbers of FHC-
positive cells in the frontal cortex of opiate drug abusers
(Pitcher et al. 2010). An increase in cortical FHC was also
observed in patients with HIV-associated dementia (Pitcher
et al. 2010), a neurodegenerative complication of HIV with
increased prevalence and rate of progression among opiate
users (Davies et al. 1998; Bell et al. 2006; Hauser et al.
2006; Nath 2010). Importantly, this disease-associated

elevation of FHC coincided with a decrease in phosphor-
ylated (active) CXCR4, supporting a role of FHC-induced
CXCR4 inhibition in pathological neuronal dysfunction
(Pitcher et al. 2010).

Together, these studies identify a novel role of FHC in
the regulation of CXCR4 signaling and suggest a new
target in opiate-induced neuronal dysfunction. Although the
mechanism and full functional consequences of neuronal
FHC up-regulation are unclear, the diversity and impor-
tance of pathways likely inhibited by this effect suggest a
broad physiological and pathological relevance and warrant
further investigation into both its causes and effects. An aim
of ongoing experiments in our laboratory is to characterize
the mechanistic pathway initiated by MOR activation
leading to enhanced FHC levels and understand the reasons
for the observed differences in CXCR4 modulation by
opiates between neurons and astroglia; an understanding of
this process may suggest targets for intervention should
regulating neuronal FHC prove therapeutically useful, and
may broaden our knowledge of factors contributing to FHC
regulation in health and disease.

FHC transcriptional regulation

Levels of cellular ferritin are dynamically controlled at both
transcriptional and translational levels by a variety of
factors involved in free iron and oxidative stress responses
(Torti and Torti 2002). Although some genetic players vary
between species, broad regulatory themes are conserved,
highlighting the importance of ferritin to known iron-
binding functions. Major transcriptional and translational
regulatory mechanisms, mostly characterized in non-
neuronal cells, are described below and illustrated in Fig. 1.

Basal FHC expression in humans is regulated by
promoter activity at the so-called B box, a region of DNA
62 base pairs from the transcription start site (Fig. 1a). This
region binds a protein complex known as the B box binding
factor (Bbf), composed of the transcription factor NFY, the
co-activator p300, and the histone acetylase p300/CBP
associated factor (PCAF) (Bevilacqua et al. 1995; Faniello
et al. 1999). Various intracellular signaling mediators
modulate FHC transcription by promoting or inhibiting
Bbf formation; transcriptional activity at this site is
activated by cAMP (Bevilacqua et al. 1997) and c-Jun
(Faniello et al. 2002), and is inhibited by the adenoviral
oncogene E1A (Bevilacqua et al. 1997) and the tumor
suppressor protein p53 (Faniello et al. 2008). Additionally,
increasing amounts of PCAF may contribute to tissue-
specific or developmental differences in FHC expression
(Bevilacqua et al. 1998). A negative cis-acting element 291
base pairs from the transcription start site was discovered
and named G-fer, for its long stretch of Gs (Barresi et al.
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1994). This site likely binds inhibitory factor 1 (IF-1), a
transcription factor often associated with G-rich promoter
elements, enabling a repression of B box activity. A third
active site identified within the human FHC promoter is
the A box, 132 base pairs from the transcription start site,
containing a consensus sequence for the transcription
factor Sp1, which may promote transcriptional activity
(Bevilacqua et al. 1992).

Transcriptional induction of FHC is most notably
stimulated by inflammatory cytokines, presumably in an
effort by the cell to limit ferrous iron's contribution to free
radical generation and oxidative stress (Miller et al. 1991).
Although observed in both humans and small animals, this
molecular mechanism has been best characterized in the
mouse. Many of these studies focused on TNF, a central
mediator of the inflammatory response, which was shown
to selectively induce FHC mRNA and protein levels in a
variety of mesenchymal cell lines (Torti et al. 1988; Miller
et al. 1991), although a similar effect was also induced by
the inflammatory cytokine IL-1 (Wei et al. 1990). The
promoter region involved in this response was identified in
the mouse as separate from that interacting with Bbf-like
factors, instead containing two NF-κB binding sites
essential for transcriptional induction (Kwak et al. 1995).
Although a corresponding regulatory element mediating
this effect has not been described in the human FHC
promoter, the molecular processes regulating basal FHC
transcription in the mouse are similar to those in humans,
with the exception of being located roughly 5 kb further 5′
(Tsuji et al. 1999).

A similar stimulation of FHC transcription has been
demonstrated following pro-oxidant treatment; this effect

relies on an antioxidant response element (ARE) or
electrophile response element, common in promoters of
genes regulating the response to oxidative stress (Tsuji et al.
2000). The human ARE is found 4.5 kb from the
transcriptional start site, far upstream from other regulatory
elements (Tsuji 2005). This region contains two essential
AP1-like motifs involved in enhancer activity. Binding of
the transcription factor Nrf2 likely promotes basal FHC
expression, while oxidant treatment induces binding of
JunD, a regulatory protein involved in antioxidant defense,
mediating an increase in FHC transcription (Tsuji 2005).

A recent study (Wang et al. 2010a) identified inhibitors
of histone deacetylases (HDACs), enzymes named for
their ability to deacetylate histones and thereby inhibit
local transcription, as activators of FHC expression. The
region responsible for this effect is located 79 base pairs
from the transcriptional start site, and was named the TSA
responsive element. Unlike typical HDACs, however, in
this context, HDAC inhibitors likely function by increas-
ing recruitment of the transcription factor NFY to the
promoter independently of histone acetylation, possibly by
acetylating NFY. The physiological relevance of this
finding is unknown.

Together, these studies demonstrate a well-conserved
basal transcription apparatus in the FHC promoter, capable
of responding to inflammatory mediators or oxidative stress
by increasing gene expression. Although transcriptional
effects likely evolved to control the cell's oxidative
processes, these molecular mechanisms may also influence
CXCR4 activity or undergo alterations in response to
prolonged opiate exposure, thus mediating pathological
FHC dysregulation.
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FHC translation and beyond

In addition to processes regulating FHC transcription,
several mechanisms altering mRNA stability or rate of
translation have been described, contributing to the
dynamic control of FHC protein levels. Unlike transcrip-
tional regulatory processes, these mechanisms respond
primarily to levels of free intracellular iron (Theil 2007).

Rates of ferritin (i.e., FHC and FLC) translation are
controlled in large part by a stem-loop structure in the 5′
untranslated region of the transcript termed the iron
responsive element (IRE), present in several genes regulat-
ing iron homeostasis. The IRE can bind iron regulatory
proteins 1 and 2 (IRP1 and IRP2), both of which inhibit
ferritin translation (Torti and Torti 2002), as represented
schematically in Fig. 1b. Levels of free iron regulate
activity of both IRPs, although this is achieved through
different mechanisms. In conditions of iron abundance,
IRP1 exists as a cytosolic aconitase independent from the
IRE, but decreasing iron levels promote formation of an
iron–sulfur cluster causing the protein to bind the IRE and
inhibit translation (Haile et al. 1992). IRP2, however, is
regulated by protein abundance; IRP2 protein is expressed
and readily binds the IRE when iron is scarce, but is rapidly
degraded in the presence of iron (Guo et al. 1994, 1995).

Although several related proteins contain an IRE,
including FLC, recent studies demonstrate differential
activation of the FHC and FLC IREs in certain conditions,
suggesting some control of the FHC:FLC ratio at the level
of translation (Sammarco et al. 2008). Additionally, IRP1
and IRP2 may have distinct tissue-specific roles, as relative
proportions of these proteins vary in different cell types,
with a notable dominance of IRP1 over IRP2 levels in the
brain (Thomson et al. 1999). Brain IRP2 is not entirely
redundant or expendable, however, as IRP2 knockout mice
exhibit a severe dysregulation of CNS iron levels and
undergo neurodegeneration associated with accumulated
ferritin and ferric iron (LaVaute et al. 2001).

Although IRP activity is best characterized in response to
free intracellular iron levels, instances of iron-independent
IRP regulation have also been described, suggesting an
integration of signals occurring at the level of the IRPs.
Interestingly, phosphorylation of IRP1 and particularly IRP2
by protein kinase C was shown to stimulate IRE binding,
suggesting a possible mechanism whereby signal transduc-
tion pathways could modify rates of ferritin translation
(Schalinske and Eisenstein 1996). Alterations in IRP2
phosphorylation states may also regulate cell-cycle-
associated changes in ferritin synthesis in dividing cells
(Wallander et al. 2008). Hypoxic conditions may modify
IRP binding activities as well, although the data describing
this effect are inconsistent; hypoxia was shown to increase
IRP1 binding in human hepatoma, HEK293, and erythro-

leukemia cells (Toth et al. 1999; Christova and Templeton
2007), but to decrease its binding in rat hepatoma cells
(Hanson and Leibold 1998) and mouse macrophages
(Kuriyama-Matsumura et al. 2001). Furthermore, some
mechanisms regulating IRP activity may overlap with those
involved in gene transcription; oxidative stress has been
shown to inactivate IRP1 (Cairo et al. 1996; Tsuji et al.
2000; Zumbrennen et al. 2009), and the inflammatory
mediator NO+, released from activated macrophages, con-
tributes to the degradation of IRP2 and production of ferritin
(Mikhael et al. 2006). These oxidative and inflammatory
effects likely contribute to the cytoprotective iron-limiting
response. Interestingly, some evidence has indicated an
increase in reactive oxygen species following prolonged
morphine treatment both in vitro (Koch et al. 2009; Turchan-
Cholewo et al. 2009) and in vivo (Pereska et al. 2007; Lam
et al. 2008), which may contribute to the increase in FHC
levels—although this remains to be established.

Additional post-transcriptional mechanisms regulating
FHC synthesis involve modifying mRNA stability. An
increase in T cell intracellular calcium levels was shown to
increase FHC synthesis by increasing the mRNA half-life
(MacKenzie and Tsuji 2008). Although the mechanism
underlying mRNA stabilization and the relevance of this
process in other cell types is unclear, this effect was
thought to protect cells against reactive oxygen species
and apoptotic signaling associated with calcium-induced
T cell activation. Conversely, increased degradation or
translational inhibition of FHC mRNA may be induced
by specific microRNAs, thereby repressing protein
synthesis. A particular role of miR-200b in repressing
FHC translation was recently described in human breast
cancer cells (Shpyleva et al. 2010), an effect which may
play a role in regulating tumor-cell aggressiveness. This
miRNA has also been shown to protect neurons from cell
death associated with ischemia (Lee et al. 2010), making
this an intriguing target linking FHC repression to
neuronal survival.

Another notable mechanism regulating cellular ferritin
levels involves the transferrin receptor (TfR1), recently
described as a cell-surface receptor mediating the endocy-
tosis of human FHC (Li et al. 2010). Several cell types have
been shown to secrete ferritin, a process that is increased by
iron as well as inflammatory cytokines, including IL-1 and
TNFα (Wang et al. 2010b). Nonspecific inflammation is
also associated with elevated serum ferritin, likely as a
mechanism for cells to reduce intracellular iron levels,
which may contribute to oxidative stress (Wang et al.
2010b). Although little is known concerning the cell's
regulation of ferritin import, modification of this process
may substantially alter intracellular protein levels.

By modulating the activities of key regulatory proteins,
diverse stimuli combine to fine-tune ferritin protein levels
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within a cell. The existence of multiple independent
regulatory pathways highlights the importance of a dynamic
functional response and offers clues into the mechanism of a
newly identified FHC regulator, morphine.

FHC: a new opiate target?

Together, these studies describe a novel role of FHC in
neuronal function and survival and suggest a pathological
impact of FHC dysregulation by morphine or other MOR
agonists. Although the full extent of functional conse-
quences associated with elevated FHC levels remains to
be seen, processes regulating the expression or synthesis
of the protein should be explored as potential therapeutic
targets. Similarly, FHC may be considered as a down-
stream effector of changes induced by known FHC-
producing stimuli, such as oxidative stress. The effect of
oxidative stress on CXCR4 function, however, remains to
be investigated.

An interesting feature of FHC regulation by morphine is
its apparent specificity in the brain for neuronal cells.
Although an inhibitory association of FHC with CXCR4
was first described in HEK293, HeLa, and Jurkat T cells (Li
et al. 2006), the induction of FHC by morphine has only
been examined in the brain, where the effect seems to be
unique to neurons (Sengupta et al. 2009; Burbassi et al.
2010). Thus, FHC likely regulates CXCR4 activation in a

wide variety of cell types, but the amplification of this
effect by morphine may be specific to neurons. Major
consequences of morphine abuse include inhibition of
neuronal plasticity (Weber et al. 2006), neurodevelopmental
defects, (Sargeant et al. 2008), changes in synaptic
transmission and levels of NMDA receptor subunits (Ko
et al. 2008; Johansson et al. 2010), and increased
neurotoxicity in vulnerable cells (Gurwell et al. 2001; Lin
et al. 2004), processes all of which are antagonized by
neuronal CXCR4 activation and therefore may be modified
by FHC. Regulation of FHC by morphine in additional cell
types outside of the brain would extend the relevance of
this finding to other cellular processes, whereas a strictly
neuronal specificity would make FHC an attractive target
for modulating the pro-survival effects of CXCR4 in the
context of neurodegeneration. A neuronal specificity of this
effect may also indicate a unique regulatory mechanism,
distinct from the transcriptional and translational processes
characterized in other cell types.

Another important consideration of this work is additional
targets of elevated neuronal FHC beyond CXCR4. Although
MOR agonism and concomitant FHC induction was unable
to block survival pathways stimulated by another chemokine
(CX3CL1) or the neurotrophic factor BDNF (Sengupta et al.
2009), FHC overexpression in HEK293 cells was shown to
inhibit signaling downstream of the chemokine receptor
CXCR2 by its natural ligand CXCL8 (Li et al. 2006),
suggesting that additional receptors or signaling pathways

TfR1 

FHC 

FHC mRNA 

miR-200b 

nucleus 

decreased 
translation 

MOR 
? ? 

Fig. 2 Additional mechanisms regulating FHC levels: in addition to
transcriptional and IRP-mediated translational mechanisms, FHC
levels can be regulated by specific miRNAs and by TfR1-mediated
endocytosis. FHC mRNA is a known target of miR-200b and the
effects of morphine on miR-200b production are currently under

investigation in our laboratory. Extracellular FHC, produced in part by
non-neuronal cells, may be an important source of the protein under
certain conditions, such as chronic inflammation; the regulation of
FHC endocytosis is another current focus of our laboratory
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may be modulated by FHC depending on cell type or other
factors. Indeed, a broad role of FHC in the suppression of
hematopoietic cell proliferation and differentiation (Recalcati
et al. 2008), as well as an ability to induce apoptosis in
primary hepatocytes in an autocrine manner (Bresgen et al.
2007), supports important iron-independent functions of this
protein. FHC was furthermore shown to directly modify
expression of other proteins; FHC positively regulates
translation of an enzyme involved in folate metabolism
through an interaction with mRNA-binding proteins (Woeller
et al. 2007) and increases protein levels and transcriptional
activity of the tumor suppressor p53 during increased
oxidative stress (Lee et al. 2009). In addition to these novel
iron-independent functions of FHC, alterations in iron
homeostasis induced by FHC may also contribute to
neuronal dysfunction associated with prolonged opiate use.

Another important distinction raised by these studies
concerns the functional uniqueness of FHC apart from
FLC, whose contribution is required to efficiently sequester
iron. Although an induction of neuronal FLC in response
to morphine has not yet been excluded, the association of
FHC with CXCR4 appears to occur independently of FLC
(Li et al. 2006), suggesting unique functional and regula-
tory properties of the heavy chain subunit. Mechanisms
differentially regulating the two subunits generally operate
at the level of transcription, including a specific induction
of FHC in response to inflammation (Kwak et al. 1995)
and oxidative stress (Tsuji 2005), although translational
control by IRPs can also act subunit-specifically under
certain circumstances (Sammarco et al. 2008). Another
regulatory mechanism specific for the heavy chain subunit
is the uptake of extracellular FHC mediated by the
transferrin receptor (Li et al. 2010). In our studies, a
morphine-induced increase in FHC levels was observed in
a virtually pure neuronal culture (Sengupta et al. 2009),
requiring increased neuronal production of the protein.
However, little is known about the regulation of FHC
import or export, which may modulate its functional
capabilities in certain conditions as well.

Additional evidence supporting an important neurophys-
iological function of FHC comes from an apparent
involvement of the protein in triple A syndrome, a poorly
characterized neurological disorder. A majority of triple A
syndrome patients exhibit mutations in the AAAS gene,
which encodes a protein component of the nuclear pore
complex recently shown to interact with FHC (Storr et al.
2009). Clinical features of the disorder are likely caused by
impaired nuclear FHC uptake and decreased nuclear FHC
content (Storr et al. 2009). Although the specific functions
of nuclear FHC are unclear, nuclear translocation of the
protein is induced following CXCL12 treatment (Li et al.
2006), suggesting a relevance of this process in the
regulation of CXCR4 signaling. Furthermore, the specific-

ity of this disease-associated transport deficit for the heavy
chain subunit of ferritin and the associated neurological
symptoms support a unique and important role of this
protein in healthy neuronal function.

Although the mechanism linking MOR stimulation to
increased neuronal FHC levels remains unclear, preliminary
studies in our laboratory indicate that FHC mRNA levels
are not altered (unpublished data), suggesting a post-
transcriptional regulatory effect. Known mechanisms that
would account for this observation involve translational
inhibition mediated by changes in IRP activity or by
specific miRNAs. Additionally, changes in the protein
degradation rate may also be considered. The apparent
specificity of this effect for FHC has led us to focus on
translational regulation by miRNAs, which may underlie
broad changes in neuronal function induced by morphine.

A better understanding of the regulatory processes
contributing distinctly to FHC expression will help us
evaluate the causes and effects of elevated FHC levels in
the brain and elsewhere. As a modifier of neuronal CXCR4
function, FHC may alter a variety of homeostatic neuronal
processes, many of which are known to be affected by
chronic opiate use. Future studies, therefore, should aim to
broaden our knowledge of physiological and pathological
regulatory mechanisms specific for neuronal FHC and to
more completely assess the role of elevated FHC in opiate-
induced neuronal dysfunction. Figure 2 reports a simplified
model depicting our current research efforts in this direction,
focusing on the role of miR-200b in regulating FHC
translation, and the contribution of transferrin-mediated
endocytosis to FHC content and CXCR4 activation.
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