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Abstract: KDEL receptors (KDELRs) are ubiquitous seven-transmembrane domain proteins 

encoded by three mammalian genes. They bind to and retro-transport endoplasmic reticulum (ER)-

resident proteins with a C-terminal Lys-Asp-Glu-Leu (KDEL) sequence or variants thereof. In doing 

this, KDELR participates in the ER quality control of newly synthesized proteins and the unfolded 

protein response. The binding of KDEL proteins to KDELR initiates signaling cascades involving 

three alpha subunits of heterotrimeric G proteins, Src family kinases, protein kinases A (PKAs), and 

mitogen-activated protein kinases (MAPKs). These signaling pathways coordinate membrane 

trafficking flows between secretory compartments and control the degradation of the extracellular 

matrix (ECM), an important step in cancer progression. Considering the basic cellular functions 

performed by KDELRs, their association with various diseases is not surprising. KDELR mutants 

unable to bind the collagen-specific chaperon heat-shock protein 47 (HSP47) cause the osteogenesis 

imperfecta. Moreover, the overexpression of KDELRs appears to be linked to neurodegenerative 

diseases that share pathological ER-stress and activation of the unfolded protein response (UPR). 

Even immune function requires a functional KDELR1, as its mutants reduce the number of T 

lymphocytes and impair antiviral immunity. Several studies have also brought to light the 

exploitation of the shuttle activity of KDELR during the intoxication and maturation/exit of viral 

particles. Based on the above, KDELRs can be considered potential targets for the development of 

novel therapeutic strategies for a variety of diseases involving proteostasis disruption, cancer 

progression, and infectious disease. However, no drugs targeting KDELR functions are available to 

date; rather, KDELR has been leveraged to deliver drugs efficiently into cells or improve antigen 

presentation. 

Keywords: endoplasmic reticulum homeostasis; chaperones retrieval; unfolded protein response; 

viruses trafficking; targeted therapies 

 

1. Introduction 

KDEL receptors (KDELRs) are seven-transmembrane-domain proteins primarily 

involved in the retrieval of endoplasmic reticulum (ER)-resident proteins from post-ER 

compartments to the ER lumen; this is functionally important to the maintenance of 

proteostasis in the ER [1–3]. KDELRs were first described in yeast by Pelham’s lab, which 

identified two genes, ERD1 and ERD2, required for the retention within cells of a number 
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of ER-chaperones, all bearing the characteristic C-terminal tetrapeptide motif HDEL [4,5]. 

However, while ERD1-deleted yeasts exhibited defects in the N-glycosylation of their 

secreted proteins [4], ERD2 appeared to be closely related to the retrieval of ER-proteins, 

eventually recognizing it as the yeast HDEL receptor (or Erd2p) [5,6]. 

After these findings, human ERD2 or KDELR1 was identified [7], rapidly followed 

by the identification of KDELR2, also known as ERD-like protein 1 (ELP1) [8,9]. A third 

receptor, known as KDELR3, was later characterized [10]. Human orthologs of the yeast 

HDEL receptor have been termed KDELRs since the KDEL-retrieval motif is the most 

common in mammals [1,7,11]. The three KDELRs have highly conserved sequences in 

terms of both identity and similarity, as well as approximately 70% similarity to yeast 

ERD2 [1]. 

Over the years, H/KDEL receptor orthologues have been detected in other eukaryotic 

organisms, including a single KDELR gene in Drosophila melanogaster [12], Caenorhabditis 

elegans [13], and Plasmodium falciparum [14], several ERD2-like proteins in Arabidopsis 

thaliana [15,16], and three KDELRs genes in Xenopus laevis and Danio rerio (Figure 1) 

[12,17]. From an evolutionary perspective, the high levels of conservation suggest that 

strong selective pressure was applied to these genes to conserve their functions (Figure 1). 

More interestingly, in vertebrates, including humans, the KDELR gene underwent 

triplication, giving rise to functional redundancy with a certain degree of specificity 

among the three different isoforms (see below). Indeed, human KDELRs have been shown 

to have differential affinities for specific variants of the tetrapeptide ligand [17]. 
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Figure 1. H/KDEL receptors’ orthologues show high levels of conservation among different 

eukaryotic organisms. Phylogenetic tree showing the evolutionary relationship of KDELRs in 

several eukaryotic organisms as inferred, from protein sequence alignments, using the maximum 

likelihood method in MEGA 11 software (version 11, USA) [18] and corrected using the Poisson 

model. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary 

distances used to infer the phylogenetic tree. The evolutionary distances are in the units of the 

number of amino acid substitutions per site. The branch support values were gained by 

bootstrapping method (500 iterations). Protein sequences of KDELRs retrieved from Uniprot 

(Uniprot release 2022_01, Uniprot Consortium) [19] were aligned by ClustalW on MEGA 11 

software (version 11, USA) [18]. Asteriks indicate conserved amino acids within sequences. H.s., 

Homo sapiens; M.m., Mus musculus; X.l., Xenopus laevis; D.r., Danio rerio; D.m., Drosophila melanogaster; 

C.e., Caenorhabditis elegans; P.f., Plasmodium falciparum; S.c., Saccharomyces cerevisiae; A.t., Arabidopsis 

thaliana. 

2. Physiological and Pathological Cell Functions of KDEL Receptors 

In recent years, numerous studies have sought to elucidate the roles of KDELRs in 

mammalian cell physiology, and their possible involvement in human diseases [1–3,20]. 
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Most of the chaperones and enzymes resident in the lumen of ER are retained despite 

membrane trafficking because they are organized in large multiprotein complex and 

actively sorted out from cargo proteins that are transported anterogradely [21]. However, 

a small fraction of these proteins may be found in post-ER compartments for several 

reasons that include their involvement in ER quality control, leakage of the sorting 

machinery, perturbations of calcium ion (Ca2+) homeostasis, or unfolded protein response 

(UPR)-induced overexpression. These chaperones, by virtue of the KDEL motif present in 

their C-terminal region, bind the KDELRs in the Golgi complex. KDELR-bound 

chaperones undergo conformational changes in order to expose their di-lysine motif to 

bind COPI coatomer. The chaperone-KDELR complex retro-translocates to the ER, within 

COPI-coated vesicles, where chaperones are released [22]. 

Recently, KDELRs were also found to regulate the maturation of the epithelial 

sodium channel (ENaC) by working in concert with the endoplasmic reticulum protein 29 

kDa (ERp29). Removal of the C-terminal KEEL sequence from ERp29 or the KDELR1 itself 

impairs the functional expression of ENaC without changing the number of channels on 

the plasma membrane [23]. 

More recent studies have reported complex cycling of KDELRs between the plasma 

membrane and the Golgi, thereby passing through the RAB11- and RAB14-positive 

endosomal compartment [24]. 

Our pioneering work has shown that when Golgi-localised KDELRs are bound by 

chaperones, they initiate a signaling cascade involving the activation of Golgi-based 

Gαq/11 and Src family tyrosine kinases (SFKs), which in turn phosphorylate a number of 

proteins to modulate intra-Golgi trafficking [25,26] (Figure 2). More generally, one of the 

functions of this pathway is to provide a feed-forward circuit that controls cargo gating at 

the Golgi complex, preserving the dynamic equilibrium of this organelle during 

membrane trafficking [25,27] (Figure 2). Besides membrane trafficking, KDELR activation 

regulates invadopodia and focal adhesion dynamics. Specifically, KDELR1 and KDELR2, 

by activating SFKs, stimulate invadopodia formation and extracellular matrix (ECM) 

degradation, while KDELR3 is only marginally involved in this process [28] (Figure 2). In 

addition, KDELR promotes focal adhesion kinase (FAK) recruitment to invadopodia and 

phosphorylation on Y397 and Y861. From a functional standpoint, the phosphorylation of 

FAK Y397 is required for KDELR-stimulated ECM degradation [29]. 

 

Figure 2. Schematic illustration of the role of KDELRs in the control of multiple cellular 

functions. KDELRs regulate the homeostasis of membrane transport between ER, Golgi, and 

plasma membrane via the Gq and Gs signaling pathways. KDELRs stimulate invadopodia 

formation via activation of Gq signaling. 
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Activated KDELR also couples to Gαs and activates adenylyl cyclase type 9 (AC9) 

and protein kinase A (PKA) [30]. This signaling cascade participates in the retrograde 

Golgi to ER trafficking and is important to balance transport fluxes between these 

organelles (Figure 2). Prohibitin (PHB) and acyl-CoA binding domain-containing 3 

(ACBD3) scaffold proteins belong to the KDELR-PKA signalosome and take part in the 

retro-translocation of the KDELR [31,32]. To accomplish this task, KDELR-activated PKA 

phosphorylates numerous proteins involved in membrane trafficking, although many 

other PKA targets play a role in cell growth, motility, energy metabolism, and 

transcription [30]. 

Furthermore, KDELR can physically interact and activate Gαo on the Golgi 

membranes. Specifically, the Gαo pool localized on the plasma membrane regulates the 

formation of membrane protrusions. Instead, the Golgi pool of Gαo, which is activated by 

KDELRs, signals through the small GTPases Rab1/Rab3 and stimulates anterograde 

trafficking with the ultimate goal of delivering the material required for the growth and 

stabilization of membrane protrusions, such as neurites [33] (Figure 2). 

KDELRs contribute to the maintenance of ER homeostasis and quality control of the 

ER primarily through the recovery of ER-resident proteins [34,35], but also by 

participating in the UPR [2], a cell reaction triggered by a wide array of cell stresses 

leading to the impairment of protein folding. Cells use three stress sensors, namely protein 

kinase RNA-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating 

transcription factor 6 (ATF6), located on ER membranes, to monitor homeostasis and 

activate a complex signaling and transcription program aimed at coping with stresses. 

Cells through the IRE1/X-box-binding protein 1 (XBP1) branch of the UPR upregulate 

KDELR2 and KDELR3 to deal with the increased burden of misfolded proteins and 

counteract the loss of ER-chaperones increased by the UPR [36,37]. KDELRs seem to also 

be involved in autophagy, an important mechanism strictly related to UPR and the 

clearance of misfolded cargoes [38,39]. In fact, the activation of KDELR1, but not KDELR2 

and KDELR3, modulates the turnover of lipid droplets via autophagy and relocates 

lysosomes to a perinuclear region in order to sustain the secretory process [39]. KDELRs 

may control autophagy either through PKA signaling or through the classic mitogen-

activated protein kinase (MAPK) cascade involving dual-specificity mitogen-activated 

protein kinase 1 (MEK1) and extracellular signal-regulated kinases (ERKs) [39,40]. 

3. Structural Features of KDEL Receptors 

At first glance, the seven transmembrane (TM) domains of KDELRs together with 

their ability to bind and activate heterotrimeric G proteins might suggest that these 

receptors belong to the superfamily of G-protein-coupled receptors (GPCRs) [26,30,33]. 

However, in-depth sequence analysis indicated that KDELRs belong to the Pro-Gln-(PQ)-

loop family of proteins [41,42]. Proteins belonging to this family, also known as SWEET, 

are often sugar transporters and are found in plants, mammals, and bacteria; however, 

some members were also shown to function as amino acid transporters (e.g., cystine and 

cationic amino acids) in lysosomes and vacuoles [22,41–43]. 

From a structural standpoint, recent studies on KDELRs [22,41,42,44,45] revealed that 

the first three transmembrane helices form a three-helix bundle (THB) arranged in the 

order of TM1-TM3-TM2, and the same arrangement is found in the last three helices 

(Figure 3); this overall organization is common to eukaryotic SWEET transporters [22]. 

The two THB domains are connected by TM4, with TM1 being juxtaposed to TM6 and 

TM2 to TM5. Within this structural organization, the N-terminal portion faces the luminal 

compartment (Golgi or ER), while the C-terminal portion faces the cytoplasm (Figure 3A), 

and the PQ doublet is located towards the end of TM5. Note that, unlike SWEET 

transporters, KDELRs retained only one PQ motif during evolution [41]. The receptor 

appears to be embedded in the phospholipid bilayer in a slightly asymmetrical position, 

with the cytosolic surfaces protruding outside the membrane towards the intracellular 

compartment, while the luminal portion, towards the ER or Golgi, is flush with the 
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membrane [22]. A large polar cavity is present on the luminal side of the receptor with an 

electrostatically charged surface constituted by the side chains of TM1-3 and TM5-7. 

Specifically, there are a few cationic amino acids facing those with negative charges (e.g., 

R5-TM1 and R169-TM6 are opposite to E117-TM5 and D177-TM7). This luminal pocket 

serves as a recognition and binding site for the KDEL tetrapeptide of ER chaperones, the 

natural ligands for these receptors. The prominent cytosolic face of the receptor serves 

instead as a binding site for COP-I and COP-II, which assist receptor cycling between the 

ER and the Golgi [22]. 

 

Figure 3. Structural organization of KDELR. The images show the side (A) and top view (B) of 

Gallus gallus KDELR2 according to the PDB database coordinates (PDB DOI: 10.2210/pdb6ZXR/pdb 

27 April 2022). The two helical bundles made up of the first three and last three helices are shown 

in light green and light blue, respectively. The fourth transmembrane helix, which connects the two 

bundles, is shown in light brown. The RDEL ligand, represented in sticks, is located in the pocket 

formed by the TM1-3 and TM5-7 helices. 

These structural studies, based on chicken KDELR2, have also shed more light on the 

pH-dependent binding mechanism of KDEL carrier proteins to KDELR [44–46]. KDELR 

binds to its ligand and forms a stable complex in the Golgi lumen where the pH is acidic 

(pH 6.2). This chaperone-bound receptor recruits COP-I and initiates retrograde 

trafficking to the ER where the near-neutral pH (pH 7.2–7.4) of the lumen promotes the 

release of the ligand. At this point, the empty receptor returns to the Golgi via COP-II 

vesicles [45]. These mechanisms rely on a conserved histidine residue (H12) on TM1, 

which, due to its protonable nature, is considered the pH sensor for the retrieval of KDEL 

proteins. When the receptor is in the Golgi and is bound with KDEL proteins, H12 is 

protonated, and this is essential for the formation of a short hydrogen bond (SHB) 

between Y158 (TM6) and E127 (TM5), to which H12 itself is adjacent. SHB blocks the C-

terminal portion (position −1) of the KDEL-peptide within the receptor after it has been 

committed to the luminal portion of the KDELR in a stepwise process, known as a 

handover pattern, whereby the peptide is initially captured by R169, then transferred to 

R5, then to R47, and finally blocked by SHB [44]. As mentioned earlier, many variants of 

the tetrapeptide binding motif are present on human ER-resident proteins [17,44]. 

Structural and functional studies have shown that the −1 and −2 positions within the 

canonical binding sequence are the most important for interaction with the KDELR, likely 

because the −1 and −2 positions can interact with as many as 10 and 6 amino acids of the 

receptor, respectively [47]. On the other hand, the −3 and −4 positions of the motif contact 

only 3 and 4 amino acids of the KDELR, and, indeed, the substitution of these amino acids 
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produces less dramatic effects on receptor binding [47]. ER-resident proteins carrying 

divergent amino acids at the −3 and −4 positions, especially those lacking positively 

charged residues at the −4 position, which normally contact amino acids D50 and E117, 

can still bind the KDELR because their loss is compensated for by the positively charged 

amino acids present further upstream, for example at the −5 or −6 position. Indeed, the −5, 

−6, and −7 positions on the C-terminus of KDELR binding proteins, although less 

important than the last four positions, are able to interact with the receptor and contribute 

to binding [47]. All three KDELR isoforms exploit the upstream positions of the KDEL 

motif to bind their natural ligands. For instance, by using prototypical protein ligands, it 

was shown that a threonine at position −7 can interact with D112 of the receptor, while 

isoleucine at position −6 can interact with four amino acids of the receptor including I56 

and L116 [47]. 

Once bound to the KDEL peptide, the receptor undergoes a conformational change 

based on the detachment of TM7 from TM5, resulting in the cytoplasmic exposure of a C-

terminal lysine-rich group (K201, K204, and K206) that functions as a COP-I binding site 

[22]. In the ER, the higher pH causes the deprotonation of H12 and thus the destabilization 

of SHB, consequently inducing the release of the KDEL-peptide from the receptor [44]. 

Upon resuming the apo state, TM7 again bundles with TM5, and a negatively charged 

acidic motif is exposed on the cytosolic surface, consisting of several residues such as D87, 

E143, E145, and on the C-terminal of TM7 that are highly conserved in mammalian 

KDELRs. Interestingly, mutagenesis of these residues led to the retention of KDELRs 

within the ER, suggesting that this portion might be a kind of ER-exit motif and/or the 

specific binding site for COP-II [22,48]. 

4. Involvement of KDELRs in Human Diseases 

As can be expected, the disturbance of ER balance along with alterations in the 

KDELR-retrieval pathway may result in detrimental effects, ultimately leading to several 

pathological conditions (Table 1). KDELRs were found upregulated/relocated in the ER in 

cerebral and myocardial ischemia [49–51], diabetes [52,53], and neurodegenerative 

diseases including Parkinson’s disease, Huntington’s disease, Pelizaeus–Merzbacher 

disease, as well as in amyotrophic lateral sclerosis (ASL) [35,40,54–56]. These 

neurodegenerative diseases share pathological ER stress leading to the accumulation of 

protein aggregates [40,54] and activation of the UPR, although aberrant autophagy has 

also been involved [57]. Upregulation of KDELRs could potentially be useful in 

neurodegenerative disease and after an ischemic attack to retain ER proteins and ensure 

the protective effects exerted by factors such as cardiomyokine cerebral dopamine 

neurotrophic factor (CDNF) or mesencephalic astrocyte-derived neurotrophic factor 

(MANF) that bind KDELR itself on the plasma membrane [58,59]. 

Table 1. Pathological conditions associated with KDELRs. 

KDELR Pathological Conditions Functional Effects References 

KDELRs overexpression Diabetes 
• Not yet clarified, probably linked with 

activation of UPR and MANF interaction 
[52,53,59] 

KDELRs 

upregulation/relocated 
Neurodegeneration 

• Increase of protein aggregates  

• Activation of the UPR 
[35,40,54–56] 

KDELR1 mutations Immune-response 
• T-cell lymphopenia 

• Defective innate and adaptive immunity 
[60,61] 

KDELR2 mutations Osteogenesis imperfecta 
• Altered collagen secretion that impairs the 

proper formation of extracellular collagen fibres 
[62,63] 

KDELRs overexpression Cancer 
• Cancer cell proliferation 

• Metastasis Formation 
[64–66] 

The role of KDELR in diabetes has not yet been elucidated; its association with the 

disease is based on receptor overexpression [52,53], its contribution to UPR [2], and its 
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interaction with PHB and MANF [31,59]. It is also worthwhile to note that the IRE1/XBP1 

pathway appears to be involved in insulin metabolism in pancreatic cells [67] while PHB, 

a scaffold protein that assists in the activation of KDELR-dependent Src for the regulation 

of membrane trafficking [31], induces diabetes in transgenic mice [68,69]. Finally, MANF 

is a protective factor for diabetes, and PHB knockout mice develop the disease [68,70]. 

Regarding KDELRs and immune responses, a recent study demonstrated that a 

mutation in KDELR1 disrupts the interaction between the receptor and protein 

phosphatase 1 (PP1), a key player in the regulation of T-cell homeostasis in response to 

cell stress [60]. Mice expressing this KDELR1 mutant had an increased rate of both CD4+ 

and CD8+ T lymphocyte apoptosis and a subsequent reduction in the number of naïve T-

cells [60]. Another research group studying the effects of a different KDELR1 mutation 

confirmed T-cell lymphopenia and showed compromised antiviral immunity [61]. 

Although further examination is needed, so far, only KDELR1 has been found to be 

implicated in immune processes, thus proposing a putative functional specialization for 

this receptor isoform. The importance of KDELR1 in the immune response is also 

supported by mutations in the membrane trafficking partners of KDELRs. Homozygous 

mutation in the γ1 subunit of coat protein complex I (COPI; γ1-COP) that disrupts the 

binding of COPI to KDELRs impairs the retro-translocation of KDEL-bearing chaperones 

and causes combined immunodeficiency (CID) characterized by defective innate and 

adaptive immunity [71]. 

Bi-allelic variants of the KDELR2 gene have recently been described in patients with 

osteogenesis imperfecta (OI), a rare heterogeneous connective tissue disorder 

characterized by susceptibility to bone fractures along with neurodevelopmental 

disorders [62,63]. KDELR2-related osteogenesis imperfecta results from the inability of the 

collagen-chaperone, heat shock protein 47 (HSP47), to bind KDELR2; this prevents the 

dissociation of HSP47 from type 1 collagen. Therefore, HSP47 is not retro-translocated 

into the ER but is secreted together with collagen, impairing the formation of proper 

extracellular collagen fibers [62,63]. 

Finally, several studies described the involvement of KDELRs in the development 

and progression of cancer [64–66,72–76], but this aspect will not be fully addressed here 

because it deserves extensive and dedicated discussion. In short, interfering with 

KDELR1, KDELR2, and KDELR3 was found to reduce leukemic cell proliferation and 

hinder glioblastoma growth and invasiveness of metastatic melanoma, respectively [64–

66,72–74]. These findings repurpose a specialization among the three KDELR isoforms 

and suggest that as yet unknown signaling pathways could be exploited by KDELRs. 

Indeed, the molecular mechanisms that KDELRs put in place to control cell proliferation 

and motility are only partially known and range from cytoskeletal reorganization [28,29] 

to the activation of the mechanistic target of rapamycin complex 1 (mTORC1) pathway 

[65]. We believe that KDELRs are used to regulate so many functions because they are 

ideally placed to work as a hub that senses the metabolic state of the ER and signals to 

other cellular machinery that will adapt their activities accordingly. 

5. Role of KDELR in Intoxication and Viral Infection 

Several works have brought to light the exploitation of KDELR in the membrane 

trafficking of toxins and different types of viruses [77–85] (Figure 4). The yeast killer toxin 

K28 [78], the cholera toxin A fragment [77], the thermolabile LT toxin of E. coli [77], and 

the Pseudomonas exotoxin A [79,80] were found to hijack the KDELR retrieval pathway 

for efficient transport from the Golgi to the ER. This shuttling mechanism is made possible 

by the presence of a KDEL or KDEL-like motif at the C-terminus of protein toxins [1,86]. 

Interestingly, KDELR-mediated transport of toxins might involve not only the early 

secretory pathway, but might extend to the plasma membrane, likely to contribute to toxin 

internalization, where KDELRs have been found both in yeast and mammalian cells 

[24,58,87–89]. For example, transport of the yeast killer toxin K28 exploits the KDELR 

present on the yeast plasma membrane [78]. 
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Figure 4. KDELR is involved in the internalization, trafficking, and secretion of toxins and viral 

particles. (A) Surface-expressed KDELRs can carry the internalization of toxins. (B) Cholera toxin 

(CTX) can be internalized by endocytosis after binding to GM1 ganglioside. After uptake, the A 

subunit of CTX dissociates and is transported to the Golgi and ER. Retrograde transport of the toxin 

from the Golgi to the ER is mediated by KDELRs through COPI vesicles. Furthermore, KDELRs are 

involved in the intracellular trafficking and maturation of viral particles. 

KDELRs have also been characterized as intracellular receptors for virus trafficking 

within the host cells (Figure 4). They contribute to the maturation of viral particles and 

their consequent egress in the case of the Dengue virus [81], vaccinia viruses [82], and 

Japanese encephalitis virus [83]. In the case of Dengue viruses, the viral precursor 

membrane protein (prM) directly interacts with and activates KDELR1/2-Src signaling to 

travel on the host secretory pathway [81,90]. Cowpox and measles viruses interrelate with 

KDELRs via different mechanisms. Cowpox virus evades immunosurveillance by 

preventing antigen presentation mediated by the class I major histocompatibility complex 

(MHC-I). In the mildly acidic pH of cis-Golgi, the virus simultaneously binds MHC-I and 

KDELR, and due to the KDELR retrieval system, brings MHC-I into the ER, where this 

ternary complex dissociates [84,85]. Conversely, KDELR2 competes with measles virus 

envelope proteins to bind to ER-chaperones (e.g., calnexin or glucose-regulated protein 

78/GRP78), components necessary for the antegrade transport of virus envelope proteins. 

The overexpression of KDELR2 by increasing the retention of chaperones in the ER causes 

a reduction in the spread and titer of the virus [91]. 

Collectively, these observations pose KDELRs as potential therapeutic targets for a 

broad spectrum of disease conditions. 

6. KDELRs Are Possible Targets in the Treatment of Diseases, to Improve Drug  

Delivery and for Immunotherapeutic Production 

KDELRs are multifaceted proteins, and although further studies will be required to 

fully characterize their functions, they can be considered potential targets for the 

development of novel therapeutic strategies for a variety of diseases. Targeting KDELRs 

may have beneficial effects in pathologies involving the disruption of proteostasis 

[40,54,55], in cancer progression [64–66,73–76], as well as in infectious and intoxication 

diseases by inhibiting the spreading of viral particles and the entry of toxins [78,81,83]. 

Unfortunately, no pharmacological approach has yet been developed to specifically target 

KDELRs, with the exception of some drugs, which, by modulating ER-stress and UPR 

responses, could indirectly involve KDELRs [92–94]. 
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However, in recent years, several peptides, antibodies, immunotoxins, and 

nanoparticles functionalized with the KDEL sequence have been designed and tested in a 

broad spectrum of diseases. These molecules had different purposes, but all relied on the 

recognition of their KDEL sequence by the KDELRs. For example, the addition of a KDEL 

sequence could be used to restrict proteins within the ER. This is the case of the 

“intracellular sequestration” of the C-X-C chemokine receptor type 4 (CXCR4) enacted by 

the expression of its ligand, C-X-C chemokine ligand 12 (CXCL12), as a fusion protein 

with the KDEL peptide. The consequent reduction of the CXCR4 receptor on the plasma 

membrane decreases metastasis formation of head and neck squamous cell carcinoma 

[95]. A KDEL-tag trap assay has been proposed to control the secretion of multisubunit 

proteins with disulfide bridges. Specifically, the secretion of endogenous transforming 

growth factor beta (TGF-β) family members such as Xenopus nodal-related protein 5 

(Xnr5) and bone morphogenetic protein 4 (BMP4) was impaired by expressing one of their 

subunits fused with a KDEL sequence [96]. In the work by Zhang et al. [97,98], a fusion 

protein constituted by the human immunodeficiency virus (HIV)-derived transactivator 

of transcription (TAT) peptide, interleukin 24 (IL-24), and the KDEL motif (TAT-IL24-

KDEL) was shown to stimulate apoptosis of large-cell lung carcinoma more effectively 

than TAT-IL24 or IL24 alone. The peptide TAT-IL24-KDEL permeates the cell membrane 

due to the TAT peptide and accumulates in the ER thanks to its binding to KDELRs where 

it induces ER stress and, ultimately, apoptosis [97,98]. The Cholera toxin B (CTB) subunit 

conjugated to the KDEL sequence (CTB-KDEL) was able to enhance colonic epithelial 

repair in acute and chronic colitis models. CTB-KDEL, by interacting with KDELRs, 

collects in the ER and induces UPR, which, in turn, stimulates TGF-beta1/2-production 

and the migration of colonic epithelial cells, thereby facilitating wound healing. On the 

other hand, CTB alone or CTB fused to a mutant KDEL sequence had no effect [99,100]. In 

a recent study, the variable single-chain fragment of anti-human epidermal growth factor 

receptor 2 (HER2) (4D5) was fused to the ricin A-chain (RTA) protein carrying a KDEL 

sequence. This novel immunotoxin was efficiently transported within HER2-

overexpressing tumor cells and exhibited a strong cytotoxic and anticancer effect 

compared with RTA-4D5 or RTA alone [101]. 

Nanoparticles are widely used for drug delivery. The addition of a KDEL motif to 

gold nanoparticles (AuNP-KDEL) improved their intracellular delivery compared with 

unconjugated AuNP [102]. In addition, the overexpression of KDELRs further enhances 

the internalization of AuNP-KDEL constructs. Interestingly, AuNP-KDELs travel through 

the retrograde transport pathway and accumulate in the ER within minutes, bypassing 

the degradative lysosomal compartment [102]. AuNP-KDEL has been used to efficiently 

deliver siRNA against NADPH oxidase 4 (Nox4) in myoblasts and myotubes [103]. 

A number of vaccine studies have shown that the introduction of a KDEL sequence 

enhances antigen-specific immune responses by directing KDEL-bearing antigens into the 

ER, where they have access to the MHC-I presentation pathway, and possibly results in 

an enhanced and prolonged presentation on the surface of MHC-I/peptide complexes 

[104–108]. This novel vaccination strategy has been effective in the treatment of virus-

dependent tumors such as those induced by the hepatitis C virus [104] or the 

papillomavirus [105–108]. For example, human papillomavirus type 16 antigens E6 and 

E7 fused to the ER signal peptide (SP) and the KDEL sequence resulted in a faster and 

more efficient antitumor response and increased production of interferon-γ in comparison 

to SP sequences or E6/E7 antigens alone [107,108]. 

Finally, an interesting biotechnological application of KDELR-mediated retention 

within the ER is the preparation of anticancer immunogens and, more generally, the 

production of recombinant proteins. The inclusion of a KDEL sequence increases both the 

production and quality of recombinant proteins prepared for therapeutic purposes in 

plant systems, as reported for the epithelial cell adhesion molecule (EpCAM), one of the 

tumor-associated antigens [109–111]. It has been proposed that the introduction of a KDEL 

sequence, by retaining KDEL-labeled proteins in the ER, avoids the attachment of complex 
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glycans that could eventually trigger allergic responses in treated patients [111]. In fact, 

the presence of the KDEL sequence reduced the immunogenicity of these therapeutic 

molecules. 

7. Technologies for Assessing KDELR Function 

To date, a wide range of functions have been associated with KDELRs, although the 

list is not exhaustive, and knowledge of the molecular mechanisms involved is still 

incomplete. 

To fill these gaps, we believe that starting from multi-omic approaches, including 

transcriptomics, proteomics, and metabolomics, in cells with KDELRs activated by 

trafficking pulses [25,26,29,30], transfected ligands [28–30], or exogenous ligands [28,30] 

may be useful for inferring the role of KDELRs in cell physiology. The same omics 

approaches should be implemented on cells depleted for or overexpressing individual 

KDELRs to obtain information on isoform-specific functions. To gain further insight into 

molecular mechanisms, the indications that will emerge from these system biology 

approaches will need to be expanded by classical cell biology techniques, including 

confocal immunofluorescence, fluorescence resonance energy transfer (FRET), 

immunoelectron microscopy, and coimmunoprecipitations, as described in our recent 

manuscripts [25,30,112]. Finally, further structural biology investigations are also in 

demand, with the ideal aim to determine the structure of all three human KDELRs, which 

would, in turn, be extremely useful both to gain insight into their functional specificity 

and also to aid in the design of isoform-specific ligands. 

8. Conclusions 

KDELRs function as a sort of gate that rescues ER chaperones and prevents their 

secretion; this activity is closely linked to ER quality control and the UPR. Furthermore, 

since the number of chaperones leaving the ER is proportional to the speed of protein 

synthesis, KDELRs perceive this information and coordinate the anterograde flow of 

membranes (ER to Golgi and up to the plasma membrane) with the retrograde flow. To 

accomplish these functions, KDELRs master several signaling cascades. 

From a pathological standpoint, these receptors are involved in protein misfolding 

diseases and cancer, as well as in intoxication and infections. On the other hand, the 

regulation of KDELR expression and/or activity could be a future therapeutic strategy for 

a wide range of diseases. Furthermore, they could also be key mediators for novel 

pharmacological approaches and/or biotechnological elements in the production of 

biological drugs. 

Author Contributions: Conceptualization, M.S.; writing—original draft preparation, I.C.; writing—

review and editing, M.S., I.C., B.D., C.R., A.L., L.F. and V.D.L.; funding acquisition, M.S. All authors 

have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the Italian Telethon ONLUS Foundation, Rome, Italy, grants 

N° GGP20092 to M.S. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Capitani, M.; Sallese, M. The KDEL Receptor: New Functions for an Old Protein. FEBS Lett. 2009, 583, 3863–3871. 

2. Wires, E.S.; Trychta, K.A.; Kennedy, L.M.; Harvey, B.K. The Function of Kdel Receptors as Upr Genes in Disease. Int. J. Mol. Sci. 

2021, 22, 5436. 

3. Li, M.Y.; Bruzzone, R.; Wang, P.G. New Tricks for KDEL Receptors. Oncotarget 2015, 6, 30425–30426. 

4. Hardwick, K.G.; Lewis, M.J.; Semenza, J.; Dean, N.; Pelham, H.R.B. ERD 1, a Yeast Gene Required for the Retention of Luminal 

Endoplasmic Reticulum Proteins, Affects Glycoprotein Processing in the Golgi Apparatus. EMBO J. 1990, 9, 623–630. 



Biomedicines 2022, 10, 1234 12 of 16 
 

5. Semenza, J.C.; Hardwick, K.G.; Dean, N.; Pelham, H.R.B. ERD2, a Yeast Gene Required for the Receptor-Mediated Retrieval of 

Luminal ER Proteins from the Secretory Pathway. Cell 1990, 61, 1349–1357. https://doi.org/10.1016/0092-8674(90)90698-E. 

6. Lewis, M.J.; Sweet, D.J.; Pelham, H.R.B. The ERD2 Gene Determines the Specificity of the Luminal ER Protein Retention System. 

Cell 1990, 61, 1359–1363. https://doi.org/10.1016/0092-8674(90)90699-F. 

7. Lewis, M.J.; Pelham, H.R.B. A Human Homologue of the Yeast HDEL Receptor. Nature 1990, 348, 162–163. 

https://doi.org/10.1038/348162A0. 

8. Lewis, M.J.; Pelham, H.R.B. Sequence of a Second Human KDEL Receptor. J. Mol. Biol. 1992, 226, 913–916. 

https://doi.org/10.1016/0022-2836(92)91039-R. 

9. Hsu, V.W.; Shah, N.; Klausner, R.D. A Brefeldin A-like Phenotype Is Induced by the Overexpression of a Human ERD-2-like 

Protein, ELP-1. Cell 1992, 69, 625–635. https://doi.org/10.1016/0092-8674(92)90226-3. 

10. Collins, J.E.; Wright, C.L.; Edwards, C.A.; Davis, M.P.; Grinham, J.A.; Cole, C.G.; Goward, M.E.; Aguado, B.; Mallya, M.; 

Mokrab, Y.; et al. A Genome Annotation-Driven Approach to Cloning the Human ORFeome. Genome Biol. 2004, 5, R84. 

https://doi.org/10.1186/GB-2004-5-10-R84. 

11. Munro, S.; Pelham, H.R.B. A C-Terminal Signal Prevents Secretion of Luminal ER Proteins. Cell 1987, 48, 899–907. 

https://doi.org/10.1016/0092-8674(87)90086-9. 

12. Abrams, E.W.; Cheng, Y.L.; Andrew, D.J. Drosophila KDEL Receptor Function in the Embryonic Salivary Gland and Epidermis. 

PLoS ONE 2013, 8, e77618. https://doi.org/10.1371/JOURNAL.PONE.0077618. 

13. Mathews, E.A.; Stroud, D.; Mullen, G.P.; Gavriilidis, G.; Duerr, J.S.; Rand, J.B.; Hodgkin, J. Allele-Specific Suppression in 

Caenorhabditis Elegans Reveals Details of EMS Mutagenesis and a Possible Moonlighting Interaction between the Vesicular 

Acetylcholine Transporter and ERD2 Receptors. Genetics 2021, 218, iyab065. https://doi.org/10.1093/GENETICS/IYAB065. 

14. Elmendorf, H.G.; Haldar, K. Identification and Localization of ERD2 in the Malaria Parasite Plasmodium Falciparum: 

Separation from Sites of Sphingomyelin Synthesis and Implications for Organization of the Golgi. EMBO J. 1993, 12, 4763–4773. 

15. Xu, G.; Li, S.; Xie, K.; Zhang, Q.; Wang, Y.; Tang, Y.; Liu, D.; Hong, Y.; He, C.; Liu, Y. Plant ERD2-like Proteins Function as 

Endoplasmic Reticulum Luminal Protein Receptors and Participate in Programmed Cell Death during Innate Immunity. Plant 

J. 2012, 72, 57–69. https://doi.org/10.1111/J.1365-313X.2012.05053.X. 

16. Pastor-Cantizano, N.; Bernat-Silvestre, C.; Marcote, M.J.; Aniento, F. Loss of Arabidopsis P24 Function Affects ERD2 Trafficking 

and Golgi Structure, and Activates the Unfolded Protein Response. J. Cell Sci. 2018, 131, jcs203802. 

https://doi.org/10.1242/JCS.203802. 

17. Raykhel, I.; Alanen, H.; Salo, K.; Jurvansuu, J.; Van, D.N.; Latva-Ranta, M.; Ruddock, L. A Molecular Specificity Code for the 

Three Mammalian KDEL Receptors. J. Cell Biol. 2007, 179, 1193–1204. https://doi.org/10.1083/JCB.200705180. 

18. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing 

Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. https://doi.org/10.1093/MOLBEV/MSY096. 

19. Bateman, A.; Martin, M.J.; Orchard, S.; Magrane, M.; Agivetova, R.; Ahmad, S.; Alpi, E.; Bowler-Barnett, E.H.; Britto, R.; 

Bursteinas, B.; et al. UniProt: The Universal Protein Knowledgebase in 2021. Nucleic Acids Res. 2021, 49, D480–D489. 

https://doi.org/10.1093/NAR/GKAA1100. 

20. Kokubun, H.; Jin, H.; Aoe, T. Pathogenic Effects of Impaired Retrieval between the Endoplasmic Reticulum and Golgi Complex. 

Int. J. Mol. Sci. 2019, 20, 5614. https://doi.org/10.3390/IJMS20225614. 

21. Meunier, L.; Usherwood, Y.K.; Tae Chung, K.; Hendershot, L.M. A Subset of Chaperones and Folding Enzymes Form 

Multiprotein Complexes in Endoplasmic Reticulum to Bind Nascent Proteins. Mol. Biol. Cell 2002, 13, 4456–4469. 

https://doi.org/10.1091/MBC.E02-05-0311. 

22. Bräuer, P.; Parker, J.L.; Gerondopoulos, A.; Zimmermann, I.; Seeger, M.A.; Barr, F.A.; Newstead, S. Structural Basis for PH-

Dependent Retrieval of ER Proteins from the Golgi by the KDEL Receptor. Science 2019, 363, 1103–1107. 

https://doi.org/10.1126/SCIENCE.AAW2859. 

23. Bikard, Y.; Viviano, J.; Orr, M.N.; Brown, L.; Brecker, M.; Jeger, J.L.; Grits, D.; Suaud, L.; Rubenstein, R.C. The KDEL Receptor 

Has a Role in the Biogenesis and Trafficking of the Epithelial Sodium Channel (EnaC). J. Biol. Chem. 2019, 294, 18324–18336. 

https://doi.org/10.1074/JBC.RA119.008331. 

24. Jia, J.; Yue, X.; Zhu, L.; Jing, S.; Wang, Y.; Gim, B.; Qian, Y.; Lee, I. KDEL Receptor Is a Cell Surface Receptor That Cycles between 

the Plasma Membrane and the Golgi via Clathrin-Mediated Transport Carriers. Cell Mol. Life Sci. 2021, 78, 1085–1100. 

https://doi.org/10.1007/S00018-020-03570-3. 

25. Pulvirenti, T.; Giannotta, M.; Capestrano, M.; Capitani, M.; Pisanu, A.; Polishchuk, R.S.; Pietro, E.S.; Beznoussenko, G.V.; 

Mironov, A.A.; Turacchio, G.; et al. A Traffic-Activated Golgi-Based Signalling Circuit Coordinates the Secretory Pathway. Nat. 

Cell Biol. 2008, 10, 912–922. https://doi.org/10.1038/NCB1751. 

26. Giannotta, M.; Ruggiero, C.; Grossi, M.; Cancino, J.; Capitani, M.; Pulvirenti, T.; Consoli, G.M.L.; Geraci, C.; Fanelli, F.; Luini, 

A.; et al. The KDEL Receptor Couples to Gαq/11 to Activate Src Kinases and Regulate Transport through the Golgi. EMBO J. 

2012, 31, 2869–2881. https://doi.org/10.1038/emboj.2012.134. 

27. Sallese, M.; Giannotta, M.; Luini, A. Coordination of the Secretory Compartments via Inter-Organelle Signalling. Semin. Cell 

Dev. Biol. 2009, 20, 801–809. https://doi.org/10.1016/j.semcdb.2009.04.004. 



Biomedicines 2022, 10, 1234 13 of 16 
 

28. Ruggiero, C.; Fragassi, G.; Grossi, M.; Picciani, B.; di Martino, R.; Capitani, M.; Buccione, R.; Luini, A.; Sallese, M. A Golgi-Based 

KDELR-Dependent Signalling Pathway Controls Extracellular Matrix Degradation. Oncotarget 2015, 6, 3375–3393. 

https://doi.org/10.18632/ONCOTARGET.3270. 

29. Ruggiero, C.; Grossi, M.; Fragassi, G.; di Campli, A.; di Ilio, C.; Luini, A.; Sallese, M. The KDEL Receptor Signalling Cascade 

Targets Focal Adhesion Kinase on Focal Adhesions and Invadopodia. Oncotarget 2017, 9, 10228–10246. 

https://doi.org/10.18632/ONCOTARGET.23421. 

30. Cancino, J.; Capalbo, A.; DiCampli, A.; Giannotta, M.; Rizzo, R.; Jung, J.E.; DiMartino, R.; Persico, M.; Heinklein, P.; Sallese, M.; 

et al. Control Systems of Membrane Transport at the Interface between the Endoplasmic Reticulum and the Golgi. Dev. Cell 

2014, 30, 280–294. https://doi.org/10.1016/j.devcel.2014.06.018. 

31. Giannotta, M.; Fragassi, G.; Tamburro, A.; Vanessa, C.; Luini, A.; Sallese, M. Prohibitin: A Novel Molecular Player in KDEL 

Receptor Signalling. BioMed Res. Int. 2015, 2015, 319454. https://doi.org/10.1155/2015/319454. 

32. Yue, X.; Qian, Y.; Zhu, L.; Gim, B.; Bao, M.; Jia, J.; Jing, S.; Wang, Y.; Tan, C.; Bottanelli, F.; et al. ACBD3 Modulates KDEL 

Receptor Interaction with PKA for Its Trafficking via Tubulovesicular Carrier. BMC Biol. 2021, 19, 194. 

https://doi.org/10.1186/S12915-021-01137-7. 

33. Solis, G.P.; Bilousov, O.; Koval, A.; Lüchtenborg, A.M.; Lin, C.; Katanaev, V.L. Golgi-Resident Gαo Promotes Protrusive 

Membrane Dynamics. Cell 2017, 170, 939–955.e24. https://doi.org/10.1016/J.CELL.2017.07.015. 

34. Yamamoto, K.; Fujii, R.; Toyofuku, Y.; Saito, T.; Koseki, H.; Hsu, V.W.; Aoe, T. The KDEL Receptor Mediates a Retrieval 

Mechanism That Contributes to Quality Control at the Endoplasmic Reticulum. EMBO J. 2001, 20, 3082–3091. 

https://doi.org/10.1093/EMBOJ/20.12.3082. 

35. Jin, H.; Komita, M.; Aoe, T. The Role of BiP Retrieval by the KDEL Receptor in the Early Secretory Pathway and Its Effect on 

Protein Quality Control and Neurodegeneration. Front. Mol. Neurosci. 2017, 10, 222. https://doi.org/10.3389/FNMOL.2017.00222. 

36. Trychta, K.A.; Bäck, S.; Henderson, M.J.; Harvey, B.K. KDEL Receptors Are Differentially Regulated to Maintain the ER 

Proteome under Calcium Deficiency. Cell Rep. 2018, 25, 1829–1840.e6. https://doi.org/10.1016/J.CELREP.2018.10.055. 

37. Samy, A.; Kaneyoshi, K.; Omasa, T. Improvement of Intracellular Traffic System by Overexpression of KDEL Receptor 1 in 

Antibody-Producing CHO Cells. Biotechnol. J. 2020, 15, 1900352. https://doi.org/10.1002/BIOT.201900352. 

38. Qi, Z.; Chen, L. Endoplasmic Reticulum Stress and Autophagy. Adv. Exp. Med. Biol. 2019, 1206, 167–177. 

https://doi.org/10.1007/978-981-15-0602-4_8. 

39. Tapia, D.; Jiménez, T.; Zamora, C.; Espinoza, J.; Rizzo, R.; González-Cárdenas, A.; Fuentes, D.; Hernández, S.; Cavieres, V.A.; 

Soza, A.; et al. KDEL Receptor Regulates Secretion by Lysosome Relocation- and Autophagy-Dependent Modulation of Lipid-

Droplet Turnover. Nat. Commun. 2019, 10, 735. https://doi.org/10.1038/S41467-019-08501-W. 

40. Wang, P.; Li, B.; Zhou, L.; Fei, E.; Wang, G. The KDEL Receptor Induces Autophagy to Promote the Clearance of 

Neurodegenerative Disease-Related Proteins. Neuroscience 2011, 190, 43–55. 

https://doi.org/10.1016/J.NEUROSCIENCE.2011.06.008. 

41. Newstead, S.; Barr, F. Molecular Basis for KDEL-Mediated Retrieval of Escaped ER-Resident Proteins—SWEET Talking the 

COPs. J. Cell Sci. 2020, 133, jcs250100. https://doi.org/10.1242/JCS.250100. 

42. Saudek, V. Cystinosin, MPDU1, SWEETs and KDELR Belong to a Well-Defined Protein Family with Putative Function of Cargo 

Receptors Involved in Vesicle Trafficking. PLoS ONE 2012, 7, e30876. https://doi.org/10.1371/JOURNAL.PONE.0030876. 

43. Feng, L.; Frommer, W.B. Structure and Function of SemiSWEET and SWEET Sugar Transporters. Trends Biochem. Sci. 2015, 40, 

480–486. https://doi.org/10.1016/J.TIBS.2015.05.005. 

44. Gerondopoulos, A.; Bräuer, P.; Sobajima, T.; Wu, Z.; Parker, J.L.; Biggin, P.C.; Barr, F.A.; Newstead, S. A Signal Capture and 

Proofreading Mechanism for the KDEL-Receptor Explains Selectivity and Dynamic Range in ER Retrieval. eLife 2021, 10, e68380. 

https://doi.org/10.7554/eLife.68380. 

45. Wu, Z.; Newstead, S.; Biggin, P.C. The KDEL Trafficking Receptor Exploits PH to Tune the Strength of an Unusual Short 

Hydrogen Bond. Sci. Rep. 2020, 10, 16903. https://doi.org/10.1038/s41598-020-73906-3. 

46. Wilson, D.W.; Lewis, M.J.; Pelham, H.R.B. PH-Dependent Binding of KDEL to Its Receptor in Vitro. J. Biol. Chem. 1993, 268, 

7465–7468. https://doi.org/10.1016/S0021-9258(18)53197-5. 

47. Trychta, K.A.; Xie, B.; Verma, R.K.; Xu, M.; Shi, L.; Harvey, B.K. Computational Modeling of C-Terminal Tails to Predict the 

Calcium-Dependent Secretion of Endoplasmic Reticulum Resident Proteins. Front. Chem. 2021, 9, 689608. 

https://doi.org/10.3389/FCHEM.2021.689608. 

48. Townsley, F.M.; Wilson, D.W.; Pelham, H.R.B. Mutational Analysis of the Human KDEL Receptor: Distinct Structural 

Requirements for Golgi Retention, Ligand Binding and Retrograde Transport. EMBO J. 1993, 12, 2821. 

https://doi.org/10.1002/j.1460-2075.1993.tb05943.x. 

49. Lukovic, D.; Gugerell, A.; Zlabinger, K.; Winkler, J.; Pavo, N.; Baranyai, T.; Giricz, Z.; Varga, Z.V.; Riesenhuber, M.; Spannbauer, 

A.; et al. Transcriptional Alterations by Ischaemic Postconditioning in a Pig Infarction Model: Impact on Microvascular 

Protection. Int. J. Mol. Sci. 2019, 20, 344. https://doi.org/10.3390/IJMS20020344. 

50. Hamada, H.; Suzuki, M.; Yuasa, S.; Mimura, N.; Shinozuka, N.; Takada, Y.; Suzuki, M.; Nishino, T.; Nakaya, H.; Koseki, H.; et 

al. Dilated Cardiomyopathy Caused by Aberrant Endoplasmic Reticulum Quality Control in Mutant KDEL Receptor 

Transgenic Mice. Mol. Cell Biol. 2004, 24, 8007–8017. https://doi.org/10.1128/MCB.24.18.8007-8017.2004. 



Biomedicines 2022, 10, 1234 14 of 16 
 

51. Cai, Y.; Zhang, Y.; Ke, X.; Guo, Y.; Yao, C.; Tang, N.; Pang, P.; Xie, G.; Fang, L.; Zhang, Z.; et al. Transcriptome Sequencing 

Unravels Potential Biomarkers at Different Stages of Cerebral Ischemic Stroke. Front. Genet. 2019, 10, 814. 

https://doi.org/10.3389/FGENE.2019.00814. 

52. Levin, A.; Reznichenko, A.; Witasp, A.; Liu, P.; Greasley, P.J.; Sorrentino, A.; Blondal, T.; Zambrano, S.; Nordström, J.; Bruchfeld, 

A.; et al. Novel Insights into the Disease Transcriptome of Human Diabetic Glomeruli and Tubulointerstitium. Nephrol. Dial. 

Transpl. 2020, 35, 2059–2072. https://doi.org/10.1093/NDT/GFAA121. 

53. Neelankal John, A.; Ram, R.; Jiang, F.X. RNA-Seq Analysis of Islets to Characterise the Dedifferentiation in Type 2 Diabetes 

Model Mice Db/Db. Endocr. Pathol. 2018, 29, 207–221. https://doi.org/10.1007/S12022-018-9523-X. 

54. Xiang, C.; Wang, Y.; Zhang, H.; Han, F. The Role of Endoplasmic Reticulum Stress in Neurodegenerative Disease. Apoptosis 

2017, 22, 1–26. https://doi.org/10.1007/S10495-016-1296-4. 

55. Hetz, C.; Saxena, S. ER Stress and the Unfolded Protein Response in Neurodegeneration. Nat. Rev. Neurol. 2017, 13, 477–491. 

https://doi.org/10.1038/NRNEUROL.2017.99. 

56. Numata, Y.; Morimura, T.; Nakamura, S.; Hirano, E.; Kure, S.; Goto, Y.I.; Inoue, K. Depletion of Molecular Chaperones from the 

Endoplasmic Reticulum and Fragmentation of the Golgi Apparatus Associated with Pathogenesis in Pelizaeus-Merzbacher 

Disease. J. Biol. Chem. 2013, 288, 7451–7466. https://doi.org/10.1074/JBC.M112.435388. 

57. Valencia, M.; Kim, S.R.; Jang, Y.; Lee, S.H. Neuronal Autophagy: Characteristic Features and Roles in Neuronal 

Pathophysiology. Biomol. Ther. 2021, 29, 605–614. https://doi.org/10.4062/BIOMOLTHER.2021.012. 

58. Maciel, L.; de Oliveira, D.F.; Mesquita, F.; da Silva Souza, H.A.; Oliveira, L.; Christie, M.L.A.; Palhano, F.L.; de Carvalho, A.C.C.; 

Nascimento, J.H.M.; Foguel, D. New Cardiomyokine Reduces Myocardial Ischemia/Reperfusion Injury by PI3K-AKT Pathway 

Via a Putative KDEL-Receptor Binding. J. Am. Heart Assoc. 2021, 10, e019685. https://doi.org/10.1161/JAHA.120.019685. 

59. Henderson, M.J.; Richie, C.T.; Airavaara, M.; Wang, Y.; Harvey, B.K. Mesencephalic Astrocyte-Derived Neurotrophic Factor 

(MANF) Secretion and Cell Surface Binding Are Modulated by KDEL Receptors. J. Biol. Chem. 2013, 288, 4209–4225. 

https://doi.org/10.1074/JBC.M112.400648. 

60. Kamimura, D.; Katsunuma, K.; Arima, Y.; Atsumi, T.; Jiang, J.J.; Bando, H.; Meng, J.; Sabharwal, L.; Stofkova, A.; Nishikawa, 

N.; et al. KDEL Receptor 1 Regulates T-Cell Homeostasis via PP1 That Is a Key Phosphatase for ISR. Nat. Commun. 2015, 6, 7474. 

https://doi.org/10.1038/NCOMMS8474. 

61. Siggs, O.M.; Popkin, D.L.; Krebs, P.; Li, X.; Tang, M.; Zhan, X.; Zeng, M.; Lin, P.; Xia, Y.; Oldstone, M.B.A.; et al. Mutation of the 

ER Retention Receptor KDELR1 Leads to Cell-Intrinsic Lymphopenia and a Failure to Control Chronic Viral Infection. Proc. 

Natl. Acad. Sci. USA 2015, 112, E5706–E5714. https://doi.org/10.1073/PNAS.1515619112. 

62. van Dijk, F.S.; Semler, O.; Etich, J.; Köhler, A.; Jimenez-Estrada, J.A.; Bravenboer, N.; Claeys, L.; Riesebos, E.; Gegic, S.; Piersma, 

S.R.; et al. Interaction between KDELR2 and HSP47 as a Key Determinant in Osteogenesis Imperfecta Caused by Bi-Allelic 

Variants in KDELR2. Am. J. Hum. Genet. 2020, 107, 989–999. https://doi.org/10.1016/J.AJHG.2020.09.009. 

63. Efthymiou, S.; Herman, I.; Rahman, F.; Anwar, N.; Maroofian, R.; Yip, J.; Mitani, T.; Calame, D.G.; Hunter, J.V.; Sutton, V.R.; et 

al. Two Novel Bi-Allelic KDELR2 Missense Variants Cause Osteogenesis Imperfecta with Neurodevelopmental Features. Am. 

J. Med. Genet. A 2021, 185, 2241–2249. https://doi.org/10.1002/AJMG.A.62221. 

64. Hui, M.; Nian, J.; Wang, Z.; Li, X.J.; Huang, C.H. KDELR2 Is an Unfavorable Prognostic Biomarker and Regulates CCND1 to 

Promote Tumor Progression in Glioma. Pathol. Res. Pract. 2020, 216, 152996. https://doi.org/10.1016/J.PRP.2020.152996. 

65. Liao, Z.; She, C.; Ma, L.; Sun, Z.; Li, P.; Zhang, X.; Wang, P.; Li, W. KDELR2 Promotes Glioblastoma Tumorigenesis Targeted by 

HIF1a via MTOR Signaling Pathway. Cell Mol. Neurobiol. 2019, 39, 1207–1215. https://doi.org/10.1007/S10571-019-00715-2. 

66. Marie, K.L.; Sassano, A.; Yang, H.H.; Michalowski, A.M.; Michael, H.T.; Guo, T.; Tsai, Y.C.; Weissman, A.M.; Lee, M.P.; Jenkins, 

L.M.; et al. Melanoblast Transcriptome Analysis Reveals Pathways Promoting Melanoma Metastasis. Nat. Commun. 2020, 11, 

333. https://doi.org/10.1038/S41467-019-14085-2. 

67. Hassler, J.R.; Scheuner, D.L.; Wang, S.; Han, J.; Kodali, V.K.; Li, P.; Nguyen, J.; George, J.S.; Davis, C.; Wu, S.P.; et al. The 

IRE1α/XBP1s Pathway Is Essential for the Glucose Response and Protection of β Cells. PLoS Biol. 2015, 13, e1002277. 

https://doi.org/10.1371/JOURNAL.PBIO.1002277. 

68. Ande, S.R.; Nguyen, K.H.; Grégoire Nyomba, B.L.; Mishra, S. Prohibitin-Induced, Obesity-Associated Insulin Resistance and 

Accompanying Low-Grade Inflammation Causes NASH and HCC. Sci. Rep. 2016, 6, 23608. https://doi.org/10.1038/SREP23608. 

69. Mishra, S.; Nyomba, B.L.G. Prohibitin—At the Crossroads of Obesity-Linked Diabetes and Cancer. Exp. Biol. Med. 2017, 242, 

1170–1177. https://doi.org/10.1177/1535370217703976. 

70. Danilova, T.; Lindahl, M. Emerging Roles for Mesencephalic Astrocyte-Derived Neurotrophic Factor (MANF) in Pancreatic Beta 

Cells and Diabetes. Front. Physiol. 2018, 9, 1457. https://doi.org/10.3389/fphys.2018.01457. 

71. Bainter, W.; Platt, C.D.; Park, S.Y.; Stafstrom, K.; Wallace, J.G.; Peters, Z.T.; Massaad, M.J.; Becuwe, M.; Salinas, S.A.; Jones, J.; et 

al. Combined Immunodeficiency Due to a Mutation in the Γ1 Subunit of the Coat Protein I Complex. J. Clin. Investig. 2021, 131. 

E140494. https://doi.org/10.1172/JCI140494. 

72. Caldarelli, A.; Müller, J.P.; Paskowski-Rogacz, M.; Herrmann, K.; Bauer, R.; Koch, S.; Heninger, A.K.; Krastev, D.; Ding, L.; 

Kasper, S.; et al. A Genome-Wide RNAi Screen Identifies Proteins Modulating Aberrant FLT3-ITD Signaling. Leukemia 2013, 27, 

2301–2310. https://doi.org/10.1038/LEU.2013.83. 



Biomedicines 2022, 10, 1234 15 of 16 
 

73. Blum, A.; Khalifa, S.; Nordström, K.; Simon, M.; Schulz, M.H.; Schmitt, M.J. Transcriptomics of a KDELR1 Knockout Cell Line 

Reveals Modulated Cell Adhesion Properties. Sci. Rep. 2019, 9, 10611. https://doi.org/10.1038/S41598-019-47027-5. 

74. Zhang, G.; Wang, B.; Cheng, S.; Fan, H.; Liu, S.; Zhou, B.; Liu, W.; Liang, R.; Tang, Y.; Zhang, Y. KDELR2 Knockdown Synergizes 

with Temozolomide to Induce Glioma Cell Apoptosis through the CHOP and JNK/P38 Pathways. Transl. Cancer Res. 2021, 10, 

3491–3506. https://doi.org/10.21037/TCR-21-869. 

75. Wei, H.; Ma, W.; Lu, X.; Liu, H.; Lin, K.; Wang, Y.; Ye, Z.; Sun, L.; Huang, Z.; Pan, T.; et al. KDELR2 Promotes Breast Cancer 

Proliferation via HDAC3-Mediated Cell Cycle Progression. Cancer Commun. 2021, 41, 904–920. 

https://doi.org/10.1002/CAC2.12180. 

76. Bajaj, R.; Kundu, S.T.; Grzeskowiak, C.L.; Fradette, J.J.; Scott, K.L.; Creighton, C.J.; Gibbons, D.L. IMPAD1 and KDELR2 Drive 

Invasion and Metastasis by Enhancing Golgi-Mediated Secretion. Oncogene 2020, 39, 5979–5994. https://doi.org/10.1038/S41388-

020-01410-Z. 

77. Lencer, W.I.; Constable, C.; Moe, S.; Jobling, M.G.; Webb, H.M.; Ruston, S.; Madara, J.L.; Hirst, T.R.; Holmes, R.K. Targeting of 

Cholera Toxin and Escherichia Coli Heat Labile Toxin in Polarized Epithelia: Role of COOH-Terminal KDEL. J. Cell Biol. 1995, 

131, 951–962. https://doi.org/10.1083/JCB.131.4.951. 

78. Becker, B.; Blum, A.; Gießelmann, E.; Dausend, J.; Rammo, D.; Müller, N.C.; Tschacksch, E.; Steimer, M.; Spindler, J.; Becherer, 

U.; et al. H/KDEL Receptors Mediate Host Cell Intoxication by a Viral A/B Toxin in Yeast. Sci. Rep. 2016, 6, 31105. 

https://doi.org/10.1038/SREP31105. 

79. Hessler, J.L.; Kreitman, R.J. An Early Step in Pseudomonas Exotoxin Action Is Removal of the Terminal Lysine Residue, Which 

Allows Binding to the KDEL Receptor. Biochemistry 1997, 36, 14577–14582. https://doi.org/10.1021/BI971447W. 

80. Jackson, M.E.; Simpson, J.C.; Pepperkok, R.; Roberts, L.M.; Lord, J.M. The KDEL Retrieval System Is Exploited by Pseudomonas 

Exotoxin A, but Not by Shiga-like Toxin-1, during Retrograde Transport from the Golgi Complex to the Endoplasmic Reticulum. 

J. Cell Sci. 1999, 112, 467–475. 

81. Li, M.Y.; Grandadam, M.; Kwok, K.; Lagache, T.; Siu, Y.L.; Zhang, J.S.; Sayteng, K.; Kudelko, M.; Qin, C.F.; Olivo-Marin, J.C.; et 

al. KDEL Receptors Assist Dengue Virus Exit from the Endoplasmic Reticulum. Cell Rep. 2015, 10, 1496–1507. 

https://doi.org/10.1016/J.CELREP.2015.02.021. 

82. Zhang, L.; Lee, S.Y.; Beznoussenko, G.V.; Peters, P.J.; Yang, J.S.; Gilbert, H.Y.; Brassd, A.L.; Elledge, S.J.; Isaacs, S.N.; Moss, B.; 

et al. A Role for the Host Coatomer and KDEL Receptor in Early Vaccinia Biogenesis. Proc. Natl. Acad. Sci. USA 2009, 106, 163–

168. https://doi.org/10.1073/PNAS.0811631106. 

83. Wang, R.Y.L.; Wu, Y.J.; Chen, H.S.; Chen, C.J. A KDEL Retrieval System for ER-Golgi Transport of Japanese Encephalitis Viral 

Particles. Viruses 2016, 8, 44. https://doi.org/10.3390/V8020044. 

84. McCoy, W.H.; Wang, X.; Yokoyama, W.M.; Hansen, T.H.; Fremont, D.H. Cowpox Virus Employs a Two-Pronged Strategy to 

Outflank MHCI Antigen Presentation. Mol. Immunol. 2013, 55, 156–158. https://doi.org/10.1016/J.MOLIMM.2012.11.011. 

85. McCoy, W.H.; Wang, X.; Yokoyama, W.M.; Hansen, T.H.; Fremont, D.H. Structural Mechanism of ER Retrieval of MHC Class 

I by Cowpox. PLoS Biol. 2012, 10, e1001432. https://doi.org/10.1371/JOURNAL.PBIO.1001432. 

86. Watson, P.; Spooner, R.A. Toxin Entry and Trafficking in Mammalian Cells. Adv. Drug Deliv. Rev. 2006, 58, 1581–1596. 

https://doi.org/10.1016/J.ADDR.2006.09.016. 

87. Becker, B.; Shaebani, M.R.; Rammo, D.; Bubel, T.; Santen, L.; Schmitt, M.J. Cargo Binding Promotes KDEL Receptor Clustering 

at the Mammalian Cell Surface. Sci. Rep. 2016, 6, 28940. https://doi.org/10.1038/SREP28940. 

88. Bartels, A.K.; Göttert, S.; Desel, C.; Schäfer, M.; Krossa, S.; Scheidig, A.J.; Grötzinger, J.; Lorenzen, I. KDEL Receptor 1 

Contributes to Cell Surface Association of Protein Disulfide Isomerases. Cell Physiol. Biochem. 2019, 52, 850–868. 

https://doi.org/10.33594/000000059. 

89. Bauer, A.; Santen, L.; Schmitt, M.J.; Shaebani, M.R.; Becker, B. Cell-Type-Specific Differences in KDEL Receptor Clustering in 

Mammalian Cells. PLoS ONE 2020, 15, e0235864. https://doi.org/10.1371/JOURNAL.PONE.0235864. 

90. Li, M.Y.; Naik, T.S.; Siu, L.Y.L.; Acuto, O.; Spooner, E.; Wang, P.; Yang, X.; Lin, Y.; Bruzzone, R.; Ashour, J.; et al. Lyn Kinase 

Regulates Egress of Flaviviruses in Autophagosome-Derived Organelles. Nat. Commun. 2020, 11, 5189. 

https://doi.org/10.1038/S41467-020-19028-W. 

91. Tiwarekar, V.; Fehrholz, M.; Schneider-Schaulies, J. KDELR2 Competes with Measles Virus Envelope Proteins for Cellular 

Chaperones Reducing Their Chaperone-Mediated Cell Surface Transport. Viruses 2019, 11, 27. 

https://doi.org/10.3390/V11010027. 

92. Yadav, R.K.; Chae, S.-W.; Kim, H.-R.; Chae, H.J. Endoplasmic Reticulum Stress and Cancer. J. Cancer Prev. 2014, 19, 75–88. 

https://doi.org/10.15430/JCP.2014.19.2.75. 

93. Healy, S.J.M.; Gorman, A.M.; Mousavi-Shafaei, P.; Gupta, S.; Samali, A. Targeting the Endoplasmic Reticulum-Stress Response 

as an Anticancer Strategy. Eur. J. Pharmacol. 2009, 625, 234–246. https://doi.org/10.1016/J.EJPHAR.2009.06.064. 

94. Hetz, C.; Chevet, E.; Harding, H.P. Targeting the Unfolded Protein Response in Disease. Nat. Rev. Drug Discov. 2013, 12, 703–

719. https://doi.org/10.1038/NRD3976. 

95. Zhang, W.; Wang, X.; Yue, K.; Liu, S.; Liu, X. Construction of a CXCL12-KDEL Fusion Gene to Inhibit Head and Neck Squamous 

Cell Carcinoma Metastasis by Intracellular Sequestration of CXCR4. BioMed Res. Int. 2015, 2015, 195828. 

https://doi.org/10.1155/2015/195828. 



Biomedicines 2022, 10, 1234 16 of 16 
 

96. Matsukawa, S.; Moriyama, Y.; Hayata, T.; Sasaki, H.; Ito, Y.; Asashima, M.; Kuroda, H. KDEL Tagging: A Method for Generating 

Dominant-Negative Inhibitors of the Secretion of TGF-Beta Superfamily Proteins. Int. J. Dev. Biol. 2012, 56, 351–356. 

https://doi.org/10.1387/IJDB.123514SM. 

97. Zhang, J.; Sun, A.; Xu, R.; Tao, X.; Dong, Y.; Lv, X.; Wei, D. Cell-Penetrating and Endoplasmic Reticulum-Locating TAT-IL-24-

KDEL Fusion Protein Induces Tumor Apoptosis. J. Cell Physiol. 2016, 231, 84–93. https://doi.org/10.1002/JCP.25054. 

98. Zhang, J.; Xu, R.; Tao, X.; Dong, Y.; Lv, X.; Sun, A.; Wei, D. TAT-IL-24-KDEL-Induced Apoptosis Is Inhibited by Survivin but 

Restored by the Small Molecular Survivin Inhibitor, YM155, in Cancer Cells. Oncotarget 2016, 7, 37030–37042. 

https://doi.org/10.18632/ONCOTARGET.9458. 

99. Royal, J.M.; Oh, Y.J.; Grey, M.J.; Lencer, W.I.; Ronquillo, N.; Galandiuk, S.; Matoba, N. A Modified Cholera Toxin B Subunit 

Containing an ER Retention Motif Enhances Colon Epithelial Repair via an Unfolded Protein Response. FASEB J. 2019, 33, 

13527–13545. https://doi.org/10.1096/FJ.201901255R. 

100. Royal, J.M.; Reeves, M.A.; Matoba, N. Repeated Oral Administration of a KDEL-Tagged Recombinant Cholera Toxin B Subunit 

Effectively Mitigates DSS Colitis Despite a Robust Immunogenic Response. Toxins 2019, 11, 678. 

https://doi.org/10.3390/TOXINS11120678. 

101. Jiao, P.; Zhang, J.; Dong, Y.; Wei, D.; Ren, Y. Construction and Characterization of the Recombinant Immunotoxin RTA-4D5-

KDEL Targeting HER2/Neu-Positive Cancer Cells and Locating the Endoplasmic Reticulum. Appl. Microbiol. Biotechnol. 2018, 

102, 9585–9594. https://doi.org/10.1007/S00253-018-9291-Z. 

102. Wang, G.; Norton, A.S.; Pokharel, D.; Song, Y.; Hill, R.A. KDEL Peptide Gold Nanoconstructs: Promising Nanoplatforms for 

Drug Delivery. Nanomedicine 2013, 9, 366–374. https://doi.org/10.1016/J.NANO.2012.09.002. 

103. Acharya, S.; Hill, R.A. High Efficacy Gold-KDEL Peptide-SiRNA Nanoconstruct-Mediated Transfection in C2C12 Myoblasts 

and Myotubes. Nanomedicine 2014, 10, 329–337. https://doi.org/10.1016/J.NANO.2013.07.015. 

104. Koutsoumpli, G.; Ip, P.P.; Schepel, I.; Hoogeboom, B.N.; Boerma, A.; Daemen, T. Alphavirus-Based Hepatitis C Virus 

Therapeutic Vaccines: Can Universal Helper Epitopes Enhance HCV-Specific Cytotoxic T Lymphocyte Responses? Ther. Adv. 

Vaccines Immunother. 2019, 7, 2515135519874677. https://doi.org/10.1177/2515135519874677. 

105. Yin, R.; Zheng, W.; Hao, F.; Yang, X.C.; Zhong, B.Y.; Li, Q.J. HPV16E7 Tumor Antigen Modified by KDEL Sequence Induce 

Specific Cytotoxic T Lymphocytes-Dependent Antitumor Immunity. J. Dermatol. Sci. 2009, 55, 116–122. 

https://doi.org/10.1016/J.JDERMSCI.2009.04.008. 

106. Perez-Trujillo, J.J.; Garza-Morales, R.; Barron-Cantu, J.A.; Figueroa-Parra, G.; Garcia-Garcia, A.; Rodriguez-Rocha, H.; Garcia-

Juarez, J.; Muñoz-Maldonado, G.E.; Saucedo-Cardenas, O.; Montes-De-Oca-Luna, R.; et al. DNA Vaccine Encoding Human 

Papillomavirus Antigens Flanked by a Signal Peptide and a KDEL Sequence Induces a Potent Therapeutic Antitumor Effect. 

Oncol. Lett. 2017, 13, 1569–1574. https://doi.org/10.3892/OL.2017.5635. 

107. Pérez-Trujillo, J.J.; Robles-Rodríguez, O.A.; Garza-Morales, R.; García-García, A.; Rodríguez-Rocha, H.; Villanueva-Olivo, A.; 

Segoviano-Ramírez, J.C.; Esparza-González, S.C.; Saucedo-Cárdenas, O.; Montes-De-Oca-Luna, R.; et al. Antitumor Response 

by Endoplasmic Reticulum-Targeting DNA Vaccine Is Improved by Adding a KDEL Retention Signal. Nucleic. Acid. Ther. 2018, 

28, 252–261. https://doi.org/10.1089/NAT.2017.0717. 

108. Martínez-Puente, D.H.; Pérez-Trujillo, J.J.; Gutiérrez-Puente, Y.; Rodríguez-Rocha, H.; García-García, A.; Saucedo-Cárdenas, O.; 

Montes-de-Oca-Luna, R.; Loera-Arias, M.J. Targeting HPV-16 Antigens to the Endoplasmic Reticulum Induces an Endoplasmic 

Reticulum Stress Response. Cell Stress Chaperones 2019, 24, 149–158. https://doi.org/10.1007/S12192-018-0952-8. 

109. Kim, K.; Kang, Y.J.; Park, S.R.; Kim, D.S.; Lee, S.W.; Ko, K.; Ponndorf, D.; Ko, K. Effect of Leaf Position and Days Post-Infiltration 

on Transient Expression of Colorectal Cancer Vaccine Candidate Proteins GA733-Fc and GA733-FcK in Nicotiana Benthamiana 

Plant. PeerJ 2021, 9, e10851. https://doi.org/10.7717/PEERJ.10851. 

110. Lee, Y.R.; Lim, C.Y.; Lim, S.; Park, S.R.; Hong, J.P.; Kim, J.; Lee, H.E.; Ko, K.; Kim, D.S. Expression of Colorectal Cancer Antigenic 

Protein Fused to IgM Fc in Chinese Cabbage (Brassica Rapa). Plants 2020, 9, 1466. https://doi.org/10.3390/PLANTS9111466. 

111. Park, S.R.; Lee, J.H.; Kim, K.; Kim, T.M.; Lee, S.H.; Choo, Y.K.; Kim, K.S.; Ko, K. Expression and In Vitro Function of Anti-Breast 

Cancer Llama-Based Single Domain Antibody VHH Expressed in Tobacco Plants. Int. J. Mol. Sci. 2020, 21, 1354. 

https://doi.org/10.3390/IJMS21041354. 

112. Ruggiero, C.; Cancino, J.; Giannotta, M.; Sallese, M. Signaling Initiated by the Secretory Compartment. Methods Enzymol. 2014, 

534, 133–154. https://doi.org/10.1016/B978-0-12-397926-1.00008-1. 


