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Endoplasmic reticulum-mitochondrial crosstalk: a 
novel role for the mitochondrial peptide humanin

Introduction
As one of the largest organelles in eukaryotic cells, the en-
doplasmic reticulum (ER) is a membrane bound network of 
branching tubules and flattened sacs that plays a major role 
in the synthesis, folding, and structural maturation of pro-
teins, especially those destined for secretion or to the plas-
ma membrane (Oakes and Papa, 2015). Multiple cellular 
stresses, such as oxidative stress, altered protein glycosyla-
tion, or protein folding defects, lead to accumulation of un-
folded or misfolded proteins in the ER lumen and disturb 
ER function causing “ER-stress”. These ER-stress signals 
activate transcriptional and translational pathways that deal 
with unfolded and misfolded proteins, known as the un-
folded protein response (UPR). Abnormally folded proteins 
in the ER can be flushed out through the ER-associated 
protein degradation (ERAD) pathway, in which misfolded 
proteins are translocated to the cytosol, where they undergo 
ubiquitylation and proteasome-mediated degradation. Fur-
ther, UPR signaling promotes autophagy, which operates as 
an active mechanism to eliminate protein aggregates and 
damaged organelles via the lysosomal pathway (Oakes and 
Papa, 2015).

Recent studies have revealed the significance of ER-mito-

chondrial crosstalk in pathophysiological situations. The ER 
and mitochondria join together at several contact sites to 
form specific domains, termed mitochondria-ER associated 
membranes (MAMs) or mitochondria-associated ER mem-
branes (MERCs) (Giacomello and Pellegrini, 2016). These 
contact sites help them to reciprocally transmit signals and 
communications with one another under stress conditions, 
triggering multiple, synergistic responses (Marchi et al., 
2014). The roles played by the ER-mitochondria interface 
range from the coordination of calcium transfer to the reg-
ulation of mitochondrial fission, autophagy, accumulation 
of reactive oxygen species (ROS) and inflammasome for-
mation. The relationship between the ER-mitochondria in-
terface and inflammation was revealed with the observation 
that ROS promote the activation of NLRP3 inflammasomes 
which serve as a platform for caspase 1 activation (Bronner 
et al., 2015). Overall, it is revealed that the ER-mitochon-
dria connection plays a fundamental role in the regulation 
of mitochondrial dynamics (Marchi et al., 2014). 

ER Stress in Retinal Disease
A growing number of reports have suggested that accumu-
lation of misfolded proteins plays an important role in the 
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pathogenesis of several degenerative eye diseases such as 
retinitis pigmentosa, glaucoma, and age-related macular 
degeneration (AMD) (Salminen et al., 2010; Zhang et al., 
2014). Even though there is no definitive evidence that ER 
stress is directly involved in AMD pathogenesis, oxidative 
stress, inflammation, cell death and angiogenesis are closely 
linked with ER stress and AMD (Salminen et al., 2010). For 
example, high concentrations of oxidized lipids that accu-
mulate in the extracellular deposits found in AMD (drusen) 
could stimulate vascular endothelial growth factor (VEGF) 
via PERK/ATF4 signaling pathway and activate inflammato-
ry stimuli which could trigger ER stress (Zhang et al., 2014). 
It has been proposed that misfolded protein-induced ER 
stress in retinal pigment epithelium (RPE) and/or choroid 
could lead to chronic oxidative stress, complement deregula-
tion and AMD (reviewed in Zhang et al., 2014). Work from 
our laboratory demonstrated the involvement of ER stress in 
the regulation of cell death in RPE cells, the site of the early 
primary pathology in AMD (Dou et al., 2012). Induction of 
ER stress in the retina and RPE/choroid complex from mice 
exposed to cigarette smoke, a risk factor for AMD has been 
reported (Zhang et al., 2014). ER stress induced angiogen-
esis by up-regulating VEGF via UPR pathway and down 
regulating the antiangiogenic pigment epithelium-derived 
factor (PEDF) and promoting choroidal neovascularization 
(Salminen et al., 2010). Further, some ER inhibitors such as 
sterculic acid are reported to reduce inflammation and CNV 
formation (Zhang et al., 2014). 

The Mitochondrial-Derived Peptide Humanin
Humanin is a mitochondria-derived 21–24 amino acid pep-
tide encoded within the mitochondrial DNA that was first 
discovered through a search for neuroprotective factors from 
a cDNA library constructed from an unaffected brain frac-
tion of an Alzheimer patient (Yen et al., 2013). Subsequently, 
multiple studies demonstrated its neuroprotective, anti-in-
flammatory, antiapoptotic, antiaging and antifibrilogenic 
properties in various cells and tissues (Yen et al., 2013). We 
have recently provided evidence that HN protected human 
RPE cells from oxidative cell death (Sreekumar et al., 2016). 
We found that HN exerted its protective function by utilizing 
intracellular and extracellular pathways involving mitochon-
dria as well as STAT-3 signaling (Sreekumar et al., 2016).  

Humanin Protection from ER Stress
The recent publication by Matsunaga et al. (2016) is the first 
study to evaluate the critical role of HN in protection from 
ER stress in any cell type. In this study, multiple ER stressors 
(tunicamycin, brefeldin A, and thapsigargin), induced RPE 
cell apoptosis, and HN pretreatment rendered dose-depen-
dent protection from apoptosis. Tunicamycin (TM) treat-
ment resulted in mitochondrial perturbations as evidenced 

by increased mitochondrial superoxide as well as decreased 
mitochondrial glutathione (GSH). HN co-treatment re-
stored GSH synthesis by elevating the catalytic subunit of the 
rate-limiting glutamylcysteine ligase and inhibited super-
oxide production while other antioxidants such as catalase, 
Trx1, Grx1 and Grx2 and SOD II did not show appreciable 
change. The protective action of HN was not cell specific 
since HN also protected U-251 glioma cells exposed to TM 
(Matsunaga et al., 2016).

The study by Matsunaga et al. (2016) raises interesting 
possibilities to further our understanding of ER stress re-
lated mechanisms in the RPE and retina and potential roles 
of mitochondrial peptides in cellular protection. As alluded 
to earlier, chronic ER stress has been linked to an array 
of neurodegenerative diseases and inhibition of ER stress 
may provide a novel and effective therapeutic approach 
in the treatment of retinal diseases. In particular, small 
molecule inhibitors of the ER pathways could be potential 
drugs. However, targeting only one branch of the ER stress 
pathway might not be sufficient to prevent cell death giv-
en the close interaction via mitochondria-ER associated 
membranes (Giacomello and Pellegrini, 2016). Therefore, 
it is ideal to select drugs or agents that target both of these 
organelles for an effective therapy. Given the multipotent 
effects of HN in protecting against mitochondrial and ER 
stress, HN and its analogs could prove to be a valuable 
therapeutic approach for AMD especially since HN analogs 
have been reported to be several fold more potent than HN 
(Yen et al., 2013). HN being a short chain, low molecular 
peptide, has rapid tissue clearance resulting in less avail-
ability and hence may require frequent administrations. In 
order to overcome this problem, and to improve retention 
time, one approach would be to utilize thermally responsive 
elastin-like polypeptides (ELP) (Wang et al., 2014) recom-
binantly fused with HN. 

Humanin and ER-Mitochondrial Crosstalk
With respect to mechanism of HN action in mitochondria, 
it would be of interest to study factors that affect ER-induced 
mitochondrial dysfunction and the pathways involved in 
this process. However, the localization of endogenous HN 
in subcellular compartments and sites of synthesis remain a 
topic of discussion. HN is expressed from an open reading 
frame (ORF) within the mitochondrial 16S ribosomal RNA. 
It is encoded from a 75 bp ORF sequence within the 1,567 
bp cDNA, which yields either a 21 or 24 amino acid depend-
ing on the location of translation machinery. HN could also 
be encoded within one or more of the nuclear regions with 
92% and 95% similarity to the original HN cDNA dispersed 
in multiple copies throughout the human genome. It is not 
clear whether HN is translated in the mitochondria (21-ami-
no acid peptide) or the cytoplasm (24 amino acid peptide). 
Using fluorescein labeled HN and a mitotracker, we obtained 
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evidence that there is rapid and abundant uptake of HN 
by RPE mitochondria using confocal microscopy (Figure 
1). These experiments also showed the presence of HN in 
the cytoplasm under the experimental conditions (Figure 
1). However, it is not known whether HN enters the ER 
compartment and whether it is found on the ER surface 
or is internalized. Thus, additional studies in unstressed 
and ER-stressed RPE will be needed to settle that question. 

Secondly, how ER stressors affect mitochondrial respira-
tion and biogenesis in RPE and the nature of the salutary 
effects of HN will be an important issue to address. In this 
context, we showed recently that oxidative stress-induced 
decrease in mitochondrial bioenergetics and decrease in 
mitochondrial DNA copy number in human RPE cells was 
prevented by HN co-treatment (Sreekumar et al., 2016). 
Further, inhibition of the translocation of Bax from cytosol 

Figure 1 Uptake and translocation of FITC-labeled HN peptide in human 
RPE cells. 
Serum-starved nonpolarized RPE cells were incubated with 10 µg FITC la-
beled HN for 2 hours. Fluorescent signal was evident in the cytosol and mi-
tochondria (yellow orange). Arrow points to mitochondria colocalized with 
HN (inset). Red: Mitotracker. Green: Humanin. Yellow: Merge. Scale bar = 
10 µm. Modified from Figure 4 in Sreekumar et al., 2016. FITC: Fluorescein 
isothiocyanate; HN: humanin; RPE: retinal pigment epithelium.

Figure 2 Schematic representation of the ER stress induced by tunicamycin leading to apoptosis in RPE and the protective effect of exogenous Humanin 
on RPE apoptosis. 
TM induced ER stress activates procaspase 4 to active caspase 4 which leads to increased apoptosis via activation of caspase 3. TM treatment caused increased 
ROS and decreased GSH in mitochondria. HN enters mitochondria in RPE co-treated with TM and HN and an inhibition of the formation of active caspase 
4 and caspase 3 is found which blocks apoptosis. Attenuation of ROS generation and an increase in mitochondrial GSH occur with TM and HN co-treatment. 
The zones of close contact between ER and mitochondria called MAM is also shown. EM: Endoplasmic reticulum; HN: humanin; GSH: glutathione; MAM: 
mitochondria associated membranes; TM: tunicamycin; ROS: reactive oxygen species; RPE: retinal pigment epithelium.
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to mitochondria by HN was also observed (Sreekumar et 
al., 2016). The modulatory effect of ER stress on pro- and 
anti-apoptotic factors in RPE such as Bax, Bcl-2 and the 
effect of HN on these factors remains to be examined. Fi-
nally, the role of mitochondrial HN on mitochondrial-ER 
crosstalk mediated through MAMs (e.g. calcium signaling) 
should be evaluated. 

Based on the information available so far, a scheme for 
ER stress-induced mitochondrial dysfunction and protec-
tion by HN can be presented (Figure 2). According to this 
scheme, treatment of RPE by an ER stressor such as TM 
causes activation of caspase 3 resulting from the activa-
tion of ER-resident caspase 4 that eventually results in cell 
death. There is also a depletion of the antioxidant GSH in 
mitochondria with ER stress. In ER stress, exogenous HN 
rapidly enters mitochondria and protects RPE from apop-
totic cell death by upregulating the rate-limiting enzyme of 
GSH biosynthesis and increasing mitochondrial GSH levels 
(Figure 2). 

Does the ER-induced oxidative stress involve mitochon-
drial inflammatory response such as the activation of in-
flammasome via NLRP3 and how does HN mediate this 
process? This question is important since stimulation of 
inflammatory cytokines with oxidative stress is well known 
and involvement of the inflammasomal component NLRP3 
in AMD has been described. Further, a mechanism inte-
grating cellular stress with innate immunity was reported 
in an infection model of ER stress sensor IRE1α (Bronner 
et al., 2015). 

Humanin and Glutathione
As stated earlier, exposure of RPE to TM attenuated mi-
tochondrial GSH and HN restored mitochondrial GSH 
levels suggesting that HN may be acting at least in part by 
upregulation of antioxidant enzymes. Glutathione (GSH) is 
a critical component of mitochondrial antioxidant defense 
system. GSH synthesis occurs exclusively in cytosol and mi-
tochondria do not possess the synthetic machinery for GSH. 
However, GSH is found mostly in intracellular organelles in-
cluding mitochondria and ER to maintain organelle-specific 
functions and cell survival. Specific carriers for import of 
GSH from cytosol to mitochondria are known (Ribas et al., 
2014), whether HN activates the mitochondria specific GSH 
carriers in RPE cells remains to be determined. 

Conclusions
A better understanding of the mechanisms that orchestrate 
the ER stress responses and its crosstalk with mitochondria 
may help to devise future strategies of safely modulating this 
process for therapeutic benefit in retinal neurodegenerative 
diseases such as AMD, and HN seems to be a promising 
candidate in this regard. 
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