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The adaptor protein PICK1 targets 
the sorting receptor SorLA
Lars Binkle, Marcel Klein, Uwe Borgmeyer, Dietmar Kuhl and Guido Hermey*   

Abstract 

SorLA is a member of the Vps10p-domain (Vps10p-D) receptor family of type-I transmembrane proteins conveying 
neuronal endosomal sorting. The extracellular/luminal moiety of SorLA has a unique mosaic domain composition 
and interacts with a large number of different and partially unrelated ligands, including the amyloid precursor protein 
as well as amyloid-β. Several studies support a strong association of SorLA with sporadic and familial forms of Alz-
heimer’s disease (AD). Although SorLA seems to be an important factor in AD, the large number of different ligands 
suggests a role as a neuronal multifunctional receptor with additional intracellular sorting capacities. Therefore, under-
standing the determinants of SorLA’s subcellular targeting might be pertinent for understanding neuronal endosomal 
sorting mechanisms in general. A number of cytosolic adaptor proteins have already been demonstrated to deter-
mine intracellular trafficking of SorLA. Most of these adaptors and several ligands of the extracellular/luminal moiety 
are shared with the Vps10p-D receptor Sortilin. Although SorLA and Sortilin show both a predominant intracellular 
and endosomal localization, they are targeted to different endosomal compartments. Thus, independent adaptor pro-
teins may convey their differential endosomal targeting. Here, we hypothesized that Sortilin and SorLA interact with 
the cytosolic adaptors PSD95 and PICK1 which have been shown to bind the Vps10p-D receptor SorCS3. We observed 
only an interaction for SorLA and PICK1 in mammalian-two-hybrid, pull-down and cellular recruitment experiments. 
We demonstrate by mutational analysis that the C-terminal minimal PDZ domain binding motif VIA of SorLA medi-
ates the interaction. Moreover, we show co-localization of SorLA and PICK1 at vesicular structures in primary neurons. 
Although the physiological role of the interaction between PICK1 and SorLA remains unsolved, our study suggests 
that PICK1 partakes in regulating SorLA’s intracellular itinerary.
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Introduction
SorLA (also known as LR11 or SORL1) a transmem-
brane protein with a short cytosolic and a large extra-
cellular/luminal part is prominently, but not exclusively, 
expressed in the brain [1–3]. It constitutes together 
with Sortilin, SorCS1, SorCS2 and SorCS3 the vacu-
olar protein sorting 10 domain (Vps10p-D) receptor 
family [4, 5]. SorLA’s extracellular/luminal moiety has a 

unique domain composition. It consists of an N-termi-
nal Vps10p-D, followed by EGF- and complement-type 
repeats, which are also characteristics of the low-density-
lipoprotein receptor (LDLR) family, and fibronectin type-
III domains. A large number of different ligands have 
been described to interact with SorLA. Some neuropep-
tides and growth factors, such as neurotensin, amyloid-β 
(Aβ), and ciliary and glial cell line-derived neurotrophic 
factor bind to the Vps10p-D [6–10]. Other ligands are 
shared with LDLRs and probably all interact with the 
cluster of complement-type repeats, including apolipo-
proteins, lipoprotein lipase, plasminogen activators and 
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the amyloid precursor protein (APP) [1, 8, 11–14]. In 
addition, SorLA binds and regulates endosomal traffick-
ing of ERBB2 (also termed HER2) [15].

Genetic analysis revealed an association of SORL1 with 
both sporadic and familial forms of Alzheimer’s disease 
(AD) [16]. AD brains show lower expression of SorLA 
[17], which was also observed in mouse models follow-
ing amyloidosis [18, 19]. In mice, deletion of SorLA leads 
to elevated Aβ-levels in the brain and increased SorLA 
levels go along with a reduced Aβ load [20]. In neurons, 
SorLA alters the intracellular trafficking of APP and this 
reduces amyloidogenic processing [14, 20, 21]. Depend-
ing on pH, SorLA also binds Aβ in its monomeric form, 
which probably regulates lysosomal targeting of Aβ [6, 
22]. These data substantiate SorLA’s sorting function for 
APP and Aβ. Although SorLA seems an important fac-
tor in AD, the large number of different ligands suggests 
a role as a multifunctional receptor with additional, APP-
independent, cellular functions.

SorLA locates to the TGN and endosomes and only 
a minority is found on the cell surface [8, 23, 24]. In 
polarized MDCK cells, SorLA is targeted to the basolat-
eral membrane and to sorting endosomes, in cultured 
neurons, to the somato-dendritic area [25]. In SorLA 
deficient hiPSC-derived neurons, altered endosomal traf-
ficking of APP was confirmed, but an overall endosome 
enlargement was also observed [26, 27]. SorLA abla-
tion seemed to disrupt endosomal cargo processing and 
cause intracellular traffic jams, supporting a broader role 
in regulating endosomal transport and sorting [26, 27]. 
Therefore, understanding the determinants of SorLA’s 
subcellular itinerary might be pertinent for understand-
ing neuronal endosomal sorting in general.

Cellular uptake of ligands conveyed by SorLA is rather 
slow when compared to LDLRs such as LRP1 [11]. The 
cytoplasmic domain contains canonical binding motifs, 
and the interaction of several cytosolic adaptors has been 
reported. SorLA interacts with adaptor protein-2 (AP-
2), AP-1, GGAs, and retromer [28–31]. It is of note, that 
these adaptors and many ligands of the extracellular/
luminal moiety are shared with the Vps10p-D receptor 
Sortilin. Although SorLA and Sortilin show both a pre-
dominant intracellular and endosomal localization, they 
are targeted to different endosomal compartments [24, 
28]. This indicates differential subcellular sorting of both 
receptors by exclusive adaptor proteins interacting only 
with one of the two receptors. So far, the cytosolic adap-
tor HSPA12A has been shown to target specifically the 
cytoplasmic domain of SorLA but not of Sortilin [32].

To date, only a few adaptor proteins have been 
described to bind the cytosolic domains of the SorCS 
subset of Vps10p-D receptors. SorCS1 interacts with 
AP-2 that likely mediates the internalization of all 

Vps10p-D receptors [33]. The SorCS3 cytosolic domain 
binds the PDZ (postsynaptic density-95/disc-large/
zona-occludens-1) domain proteins PSD95 and PICK1 
[34]. Here, we hypothesized that Sortilin and SorLA 
share these interactions. We assessed the binding of 
PSD95 and PICK1 to Sortilin and SorLA and observed 
an interaction only for SorLA and PICK1.

PICK1 has a unique domain composition with a sin-
gle N-terminal PDZ domain followed by a BAR (Bin-
Amphiphysin-Rvs) domain [35, 36]. PICK1 has been 
first described as an interactor and substrate of protein 
kinase C [37]. In addition, the PDZ domain mediates 
binding to the C-termini of many transmembrane pro-
teins, ion channels and kinases, including the AMPA 
receptor subunit GluA2, mGluR7, monoamine trans-
porters, ADP ribosylation factors, and ERBB2 [36, 
38–44]. The BAR domain is a protein module thought 
to induce and stabilize lipid membrane curvature [45]. 
In agreement, an amphipathic helix N-terminal to the 
PICK1 BAR domain conveys membrane curvature 
sensing [46]. Initial studies demonstrated a prominent 
perinuclear localization of PICK1 [37]. Subsequent 
studies demonstrated localization of PICK1 to Golgi 
compartments and secretory vesicles [47, 48]. It plays 
a critical role in the budding of immature secretory 
vesicles from the TGN [48], and in secretory vesicle 
biogenesis [47, 49]. In neurons, PICK1 localizes to pre- 
and postsynaptic membranes [38, 50, 51]. It controls 
activity-regulated synaptic endosomal cargo retrieval 
at presynaptic nerve terminals [50]. At postsynaptic 
membranes, PICK1 binds GluA2 and is participating in 
NMDA receptor-induced calcium-dependent internali-
zation of AMPA receptors, a critical process for multi-
ple forms of synaptic plasticity [35, 52–57].

The PICK1 PDZ domain tethers transmembrane 
proteins as cargo and the BAR domain binds curved-
membranes which can bud and form transport vesicles. 
It becomes fully functional through homo- or hetero-
dimerization with another BAR domain protein. PICK1 
constitutes a heteromeric BAR-domain complex with 
ICA69 [47, 48]. These complexes are mainly localized to 
the TGN, on budding immature dense core vesicles con-
taining either proinsulin (in pancreactic beta cells) or 
growth hormone (in pituitary cells). In contrast, PICK1-
positive but ICA69-negative complexes that are likely 
PICK1 homomeric complexes are found at mature secre-
tory granules [47, 48]. Moreover, a change from PICK1-
ICA69 heterodimers to PICK1 homodimers has been 
suggested to control the neuronal trafficking of AMPA 
receptors to synapses [58].

Although the physiological significance of the inter-
action of PICK1 and several of its ligands remains 
poorly understood, PICK1 regulates the trafficking of 
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transmembrane proteins through binding their C-ter-
mini with its PDZ domain.

Results
We investigated the potential interaction of the cyto-
plasmic domains of SorLA and Sortilin with PICK1 by 
mammalian-2-hybrid analysis (Fig. 1A, B). The mamma-
lian 2-hybrid system is based on the yeast DNA-binding 
domain (DBD) of GAL4 and the transcription activation 
domain (TAD) VP16 of the herpes simplex virus. Both 
domains are separated and reconstitution occurs only 
by interaction of fused proteins (Fig.  1A). When recon-
stituted, DBD binds to an upstream activating sequence 
(UAS) and TAD drives firefly luciferase (Luc) expression 
from a reporter plasmid. To analyze the interaction of 

SorLA and Sortilin with PICK1, we fused the cytoplas-
mic domain of SorLA as well as of Sortilin with the DBD 
and fused PICK1 with the TAD (Fig. 1A). The luciferase 
activity of transfected N2a cells showed binding of PICK1 
to the cytoplasmic domain of SorLA (SorLA-CD), but 
not to the cytoplasmic domain of Sortilin (Sortilin-CD) 
(Fig. 1B, C). To demonstrate the specificity of the inter-
action, we generated SorLA-CD mutants and analyzed 
their binding capabilities to PICK1 (Fig.  1C). PICK1 
binding was abolished by mutating I53 or V52 and I53 to 
alanine (Fig. 1C). Mutation of only V52 showed an attenu-
ated interaction. There was no detectable PICK1 binding 
when the C-terminal amino acids were removed. Muta-
tions of M51 or P50 to alanine or to a basic or acidic amino 
acid did not affect the binding. Moreover, mutations of 

Fig. 1  SorLA interacts with PICK1. A Principle of the mammalian-2-hybrid system. DBD, DNA-binding domain; Luc, firefly luciferase; Pol, polymerase; 
TAD, transcription activation domain; UAS, upstream activating sequence. B Primary sequence of the SorLA cytoplasmic domain (CD) (top) and 
of the Sortilin cytoplasmic domain. Protein interaction motifs mutated in (C) are underlined. C Mammalian-2-Hybrid analysis of PICK1 with the 
cytoplasmic domain of Sortilin or SorLA. Co-transfections of N2a cells with fusion constructs of the GAL4 DNA binding domain with wild-type 
Sortilin or SorLA or the mutant cytoplasmic domain of SorLA and a fusion construct of the VP16 transcriptional activation domain with full length 
PICK1 were analyzed. Terminal or mutated amino acid sequences of the cytoplasmic domains are indicated on the left. Motifs marked in (B) are 
indicated with the same color code. Luciferase activity was normalized to the fluorescence generated by a co-transfected eGFP vector. Relative 
luciferase activity (mean ± SD) based on a typical experiment performed in septuplicate. D Detection of PICK1-Myc in stably transfected CHO-cells 
by immunoblotting using an anti-Myc or anti-PICK1 antibody (left). Pull-down of PICK1-Myc from stably transfected CHO-cells (right). Precipitation 
was performed with GST or GST fused to the cytoplasmic domain of SorLA and analyzed by immunoblotting using an anti-Pick1 antibody. E Pull 
down of PICK1 from murine brain lysates. GST or GST fused to the cytoplasmic domain of SorLA was used to pull down from brain lysates and 
analyzed by immunoblotting using an anti-PICK1 antibody
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the pentameric acidic cluster E34-D38 to AAAAA (Fig. 1B, 
C indicated in green), which is essential for interaction 
with AP-1 and AP-2 [28] as well as alanine mutations of 
the retromer interaction motif FANSHY to AANSHA 
[29] (Fig.  1B, C indicated in orange) did not alter the 
binding. These analyses demonstrate an interaction of 
PICK1 with the C-terminus of SorLA-CD of which the 
three C-terminal amino acids appear critical for binding. 
To corroborate the observed interaction, we performed 
GST pull-down experiments. We stably transfected CHO 
cells with Myc-tagged PICK1 and confirmed the expres-
sion through immunoblot analysis using anti-Myc and 
anti-PICK1 antibodies demonstrating the specificity of 
the applied anti-PICK1 antibody (Fig. 1D). A fusion pro-
tein of GST and SorLA-CD but not GST alone pulled 
down PICK1-myc from lysates of the stable transfect-
ants (Fig.  1D). Subsequently, we used GST and GST-
SorLA to pull-down proteins from mouse brain extracts 
and PICK1 was detected only in the GST-SorLA fraction 
(Fig. 1E).

To study the interaction in a physiological cellular 
environment, we ectopically expressed the SorLA-CD 
or Sortilin-CD in COS7 cells and analyzed subsequent 
recruitment of PICK1, GGA2 or PSD95 to the ectopic 
site. GGA2 has been shown before to interact with Sor-
tilin and SorLA [30, 59]. Ectopic expression of the SorLA 
and Sortilin cytoplasmic domains on mitochondria was 
achieved by their fusion to the first 88 amino acids of the 
yeast mitochondrial protein Tom70 (T70). The fluoro-
phore mVenus (mV) was inserted between T70 and the 
cytoplasmic domains (CD) for visualization and these 
constructs were named T70mV-SorLA-CD and T70mV-
Sortilin-CD respectively. We used the fusion of nanoLuc 
luciferase (nanoLuc) to T70mV as a negative control. 
Co-expression of T70mV-SorLA-CD and tdTomato-
PICK1 or tdTomato-GGA2, but not of PSD95-tdTomato, 
resulted in the recruitment of tdTomato tagged proteins 
to mitochondria (Fig. 2A). T70mV-Sortilin-CD recruited 
tdTomato-GGA2, but not tdTomato-PICK1 or PSD95-
tdTomato. Co-expression of T70mV-nanoLuc with tdTo-
mato-PICK1, tdTomato-GGA2 or PSD95-tdTomato led 
to no recruitment and a diffuse tdTomato staining was 
observed (Fig.  2A). However, the ectopic expression of 
T70mV-nanoLuc on mitochondria was confirmed by 
immunostaining for the mitochondrial marker protein 
Tom20 (Fig. 2C). These results confirm the interaction of 
SorLA-CD with GGA2 and PICK1 whereas Sortilin-CD 
interacts with GGA2 but not with PICK1. Mutating the 
last three C-terminal amino acids of SorLA from VIA 
to AAA in T70mV-SorLA-CD abolished the recruit-
ment of tdTomato-PICK1 (Fig.  2B). Mutating the sec-
ond last amino acid of the SorLA-CD (I53) to alanine 
(T70mV-SorLA-CD-VAA) strongly reduced, but did not 

impede completely the recruitment of tdTomato-PICK1 
(Fig.  2B). None of these mutations affected the recruit-
ment of tdTomato-GGA2 to mitochondria (Fig. 2B). Fig-
ure  2D summarizes the results of these analyses. Next, 
we asked if the SorLA-CD fused to a transmembrane 
domain of a type-I transmembrane receptor recruits 
PICK1 in COS7 cells which do not express PICK1. To 
this end, we expressed a chimeric receptor composed of 
the extracellular and transmembrane moiety of the inter-
leukin 2 receptor alpha (IL2R) fused to the SorLA-CD 
(IL2R-SorLA-CD). This construct was expressed together 
with tdTomato-PICK1 in COS7 cells and we observed 
co-localization of both proteins to perinuclear and vesic-
ular structures (Fig.  3A). Expression of constructs with 
a deletion of the three terminal amino acids of SorLA 
(IL2R-SorLA-CD-Del3) or mutation of the second last 
amino acid of SorLA (I53) to alanine (IL2R-SorLA-CD-
VAA) resulted in a similar subcellular localization as 
compared to IL2R-SorLA-CD (Fig.  3A). However, both 
did not co-localize with tdTomato-PICK1, which shows 
a diffuse distribution (Fig.  3A). These results suggest 
that expression of IL2R-SorLA-CD leads to perinuclear 
and vesicular localization of the interacting tdTomato-
PICK1 in cells with no endogenous PICK1 expression. 
In contrast, the subcellular localization of GGA2 and of 
the trans-Golgi marker protein Arfip1 expressed as tdTo-
mato fusion proteins appeared not altered in cells co-
expressing IL2R-SorLA-CD mutants as compared to the 
wild type construct (Fig.  3A). These experiments dem-
onstrate the interaction of SorLA-CD and PICK1 under 
physiological conditions in cells. They also corroborate 
the results obtained by mammalian-2-hybrid analysis, 
showing that the interaction of PICK1 with SorLA-CD 
depends on the three C-terminal amino acids.

A previous study showed that the truncation of the 
terminal four amino acids of SorLA (M51-A54) does not 
change its internalization rate in CHO cells [28]. We used 
SY5Y cells that express PICK1 endogenously to deter-
mine its role in SorLA internalization. PICK1 interacts 
with the three C-terminal amino acids of SorLA-CD. If 
PICK1 plays a prominent role in SorLA internalization, 
deletion of the three terminal amino acids of SorLA 
should impede its endocytosis. We expressed IL2R-
SorLA-CD and the mutant IL2R-SorLA-CD-Del3 in 
SY5Y cells, incubated cells at 4 °C with an anti-IL2R anti-
body, washed the cells and incubated the cells for 0 or 
30  min at 37  °C (Fig.  3B). Without incubation at 37  °C, 
IL2R-SorLA-CD and IL2R-SorLA-CD-Del3 showed a 
prominent surface localization. After incubation at 37 °C 
for 30  min, both constructs were detected to a similar 
degree in intracellular vesicular structures. As we did not 
detect any differences between the uptake of the two con-
structs, the results strongly suggest that the interaction of 
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PICK1 with SorLA-CD does not mediate internalization 
of SorLA.

In order to assess localization of endogenous SorLA 
and PICK1, we immunostained SY5Y cells using anti-
bodies against PICK1 and SorLA and observed co-
localization at larger vesicular structures (Fig.  4A, 
D). We expressed IL2R-SorLA-CD together with 
tdTomato-PICK1 in dissociated primary cultured 
hippocampal neurons, which have no endogenous 

expression of IL2R. Immunocytochemical analysis 
demonstrated for both proteins a predominant somatic 
distribution that extended into neurites. We observed 
co-localization to a large number of vesicular struc-
tures in the soma and in proximal neurites (Fig.  4B, 
D). Finally, we immunostained dissociated primary 
cultured hippocampal neurons for endogenous SorLA 
and PICK1 and observed colocalization at endosomal 
structures in the soma and proximal parts of neurites 
(Fig. 4C, D).

Fig. 2  Ectopically localized SorLA cytoplasmic domain recruits PICK1. A COS7 cells were transfected with T70mV-SorLA-CD, T70mV-Sortilin-CD or 
T70mV-nanoLuc (green) and co-transfected with tdTomato-PICK1, tdTomato-GGA2 or PSD95-tdTomato (magenta) as indicated. Magnifications 
of selected areas (boxes) are shown as insets. mVenus and tdTomato signals were enhanced by immunostainings with respective antibodies. B 
COS7 cells were transfected with the mutated SorLA constructs T70mV-SorLA-CD-AAA or T70mV-SorLA-CD-VAA (green) and co-transfected with 
tdTomato-PICK1 or tdTomato-GGA2 (magenta) as indicated. C Ectopic localization of T70mV-nanoLuc at mitochondria. COS7 cells were transfected 
with T70mV-nanoLuc (green) and stained with an antibody against the mitochondrial protein Tom20 (magenta). D Summary of the recruitment of 
the tdTomato fusion constructs of PICK1, GGA2 and PSD95 by the analyzed cytoplasmic domains to mitochondria. Scale bars: 10 µm
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Discussion
Here, we show an interaction of PICK1 with SorLA 
mediated by the last three C-terminal amino acids, 
VIA, of SorLA. This corresponds to a type II PDZ 
domain interaction motif. The canonical classification 
of PDZ domain interactions with C-termini assorts 
four major classes; I interacts with (S/T)-X-Φ, II inter-
acts with Φ-X-Φ, III interacts with Ψ-X-Φ, and IV 
which interacts with (D/E)-X-Φ as preferred C-termi-
nal motif, where X is any residue, Φ is a hydrophobic 

residue and Ψ is a basic hydrophilic residue [60]. Most 
PDZ domains interact with only one classified sequence 
type. In contrast, the PICK1 PDZ domain belongs to 
a small group of promiscuous PDZ domains with a 
mixed specificity. PICK1 binds sequences of class I and 
II interaction motifs and also some atypical motifs [61, 
62]. Thus, it is highly likely that the PICK1 PDZ domain 
mediates the interaction with SorLA-CD. Another 
PICK1 interactor is ERBB2, which is also forming a 
complex with SorLA [39]. It is tempting to speculate 
that a SorLA ERBB2/HER2 complex recruits PICK1, 

Fig. 3  The extreme C-terminus of SorLA recruits PICK1 but is dispensable for internalization. A COS7 cells were transfected with IL2R-SorLA-CD, 
IL2R-SorLA-CD-Del3, IL2R-SorLA-CD-VAA (green) and co-transfected with tdTomato-PICK1, tdTomato-Arfip1 or tdTomato-GGA2 (magenta) as 
indicated. Magnifications of selected areas (boxes) are shown as insets. IL2R-SorLA and tdTomato constructs were stained with anti-IL2Rα and 
anti-tdTomato respectively. B SY5Y cells were transfected with IL2R-SorLA-CD and IL2R-SorLA-CD-Del3. Cells were incubated with anti-IL2Rα at 4 °C, 
fixed after 0 or 30 min at 37 °C to allow internalization and immunostained. Three cells per time point and transfected construct are shown. Scale 
bars: 10 µm
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which homodimerizes through its BAR domain and 
facilitates endosomal transport of the complex.

Our study adds PICK1 to the portfolio of cytosolic 
SorLA interacting proteins. In general, short linear amino 
acid motifs mediate the binding of cytosolic domains of 
transmembrane proteins to adaptor proteins. A number 
of previous studies addressed the interaction of SorLA-
CD with adaptor proteins, identified specific amino acid 
motifs that mediate the interaction and analyzed the 
consequences of their mutation or deletion for the sub-
cellular localization of SorLA. The cytoplasmic domain 
of SorLA interacts through the F12ANSHY17 motif with 
retromer [29], the acidic cluster D30–D38 facilitates bind-
ing of AP-1, AP-2 and PACS1, the heat shock protein 
HSPA12A binds the SorLA-CD via the acidic residues 
E34-D38 and D47D48 in an ADP/ATP-dependent manner 
and D47DXXM is regarded as the minimal GGA inter-
action motif (Fig. 4E) [28, 30–32]. Accordingly, the here 
identified PICK1 binding site is located adjacent to the 
minimal GGA binding motif (Fig. 4E).

Partial ablation or mutation of the retromer interac-
tion motif in SorLA-CD caused endosomal accumulation 
of SorLA, altered APP sorting and increased APP pro-
cessing [29, 63]. Additional mutational analysis revealed 
that the pentameric acidic cluster (E34-D38) is crucial for 

SorLA’s internalization, TGN to endosome transport and 
polarized neuronal targeting [25, 28]. SorLA’s antero-
grade TGN to endosome transport relies on the acidic 
cluster in combination with the minimal GGA-binding 
motif D48XXM51 [28]. Here, we observed unaltered 
uptake of a chimeric construct in SY5Y cells after dele-
tion of the terminal three amino acids (V52-A54). Trun-
cation of the terminal four amino acids (M51-A54) does 
also not change the internalization rate in CHO cells 
[28] nor the polarized sorting of SorLA in neurons [25]. 
However, the subcellular distribution of such a mutant is 
changed towards a reduced TGN and increased endoso-
mal localization as compared to the wild-type receptor 
[28, 31]. Taken together, we demonstrate that SorLA-CD 
interacts with PICK1 via its three C-terminal residues 
(VIA). In addition, a function of the last four amino acids 
in the transport of SorLA between Golgi and endosomes 
has already be shown. Considering the role of PICK1 in 
endosomal transport, it is likely that PICK1 is capable of 
regulating SorLA’s intracellular itinerary.

Methods
Antibodies and DNA constructs
The following primary antibodies were used: rabbit anti-
dsRed (tdTomato) (632496, Clontech Takara); chicken 

Fig. 4  SorLA and PICK1 co-localize. A SY5Y cells were stained with anti-PICK1 (green) and anti-SorLA (magenta) antibodies. Magnifications of 
two selected areas (boxes) are shown. B Immunocytochemical localization of IL2R-SorLA and tdTomato-PICK1 in transfected dissociated primary 
cultured hippocampal neurons using anti-IL2R (green) and anti-tdTomato (magenta) antibodies. Magnification of a selected area (boxes) are 
shown. C Immunolocalization of endogenous SorLA and PICK1 in dissociated primary cultured hippocampal neurons using anti-SorLA (green) 
and anti-PICK1 (magenta) antibodies. Magnification of a selected area (boxes) are shown. D Respective Manders’ coefficient of SorLA and PICK1 
using antibodies (AB) against the endogenous proteins or of overexpressed (OE) IL2R-SorLA and tdTomato-PICK1. E Primary sequence of the SorLA 
cytoplasmic domain. Amino acid motifs mediating interaction with retromer, AP-1 and AP-2 and GGA1 and GGA2 are indicated in grey. The here 
described PICK1 interaction motif is indicated in blue. Scale bars: 10 µm
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anti-GFP (mVenus) (ab139701, Abcam); mouse mono-
clonal anti-interleukin receptor 2 alpha (IL2R-alpha, Tac/
CD25) (ab8235, Abcam); mouse monoclonal anti-Myc 
– 9E10 (MMS-150P, Covance); rabbit polyclonal anti-
PICK1 (ab3420, Abcam); mouse monoclonal anti-PICK1 
(MABN75, Millipore); rabbit anti-SorLA (SorLA-Vps10p 
domain) (a gift from C.M. Petersen, Aarhus University, 
Denmark) [8]; rabbit anti-Tom20 (sc-11415, Santa Cruz 
Biotechnology Inc.). As secondary antibodies, fluores-
cent Alexa Fluor-conjugated (Invitrogen) or horseradish 
peroxidase (HRP)-conjugated (Dianova) antibodies were 
used.

The construct of the SorLA-cd inserted in pGEX4T-1 
(Amersham Pharmacia) has been described before [28]. 
To generate expression constructs encoding PICK1-
Myc, the PICK1 cDNA was cloned into pcDNA4/Myc-
His (Invitrogen). To generate VP16 fusion proteins, 
PICK1 or PSD95 cDNA was cloned in frame via BamHI 
and NotI into pAct (Promega). To express GAL4 fusion 
proteins cDNA encoding wild-type or mutant cyto-
plasmic domains of SorLA or Sortilin were cloned in 
frame via BamHI and NotI into pBind3-D [64]. Muta-
tions in the amino acid sequence of the SorLA cytoplas-
mic domain were introduced by PCR using appropriate 
primers. To recruit the SorLA or the Sortilin cytoplas-
mic domain to mitochondria, a modified pFUGW vec-
tor was used harboring a CMV promoter and a multiple 
cloning site (Binkle, unpublished). T70mV-SorLA-cd or 
T70mV-Sortilin-cd were generated by inserting the cod-
ing sequence of the first 88 amino acids of yeast Tom70 
(T70) followed by the fluorophore mVenus (mV) and the 
cytoplasmic domains of SorLA, its mutant sequence, or 
Sortilin respectively. NanoLuc luciferase (nanoLuc) was 
cloned via PCR using pNL1.1 (Promega) as template and 
together with T70mV into the modified expression vec-
tor. To tag PICK1, PSD95, GGA2 and Arfip1 with the 
fluorophore tdTomato respective coding sequence was 
cloned into the expression vector L21C-Nt-tdTomato 
(Binkle, unpublished). GGA2 was cloned from pcDNA3-
Flag-HA-GGA2 (obtained from W. Sellers through 
Addgene). The chimeric receptor construct (IL2R-SorLA-
CD) corresponds to the extracellular and transmembrane 
domains of the interleukin-2 receptor alpha and SorLA’s 
cytoplasmic domain or mutated versions of the SorLA 
cytoplasmic domain. Fragments were PCR amplified and 
cloned into pcDNA3.1/Zeo (Invitrogen).

Cell culture
CHO and COS7 cells were cultured in DMEM (Invit-
rogen) supplemented with 10% (v/v) fetal calf serum 
(FCS). SH-SY5Y cells were cultured in DMEM (Invitro-
gen) supplemented with 20% (v/v) fetal calf serum (FCS). 
Murine neuroblastoma N2a (Neuro-2a) cells were grown 

in Opti-MEM™ without Phenol Red (Invitrogen) sup-
plemented with 5% (v/v) FCS. All cells were cultured at 
37  °C and 5% CO2. Lipofectamine™ 2000 (Invitrogen) 
was used for transfection of cells. Generation of stable 
transfected cells was described before [65]. Dissociated 
hippocampal neurons were prepared and cultured as 
described before [66]. Animal husbandry was authorized 
under German regulations on animal welfare in accord-
ance with the European Communities Council Directive 
(2010/63/EU). After 3 days in vitro, neurons were trans-
fected with Lipofectamine® LTX (Invitrogen) and immu-
nostained at 14 days in vitro.

Mammalian two‑hybrid analysis
Interaction of proteins was determined using a modifi-
cation of the Checkmate mammalian two-hybrid system 
(Promega). Two vectors were used, pAct and pBind3-D. 
pAct (Promega) contains the herpes simplex virus VP16 
activation domain followed by a multiple cloning site. 
pBind3-D [64] is a modification of pBind (Promega) in 
which the DNA-binding domain of the yeast GAL4 gene 
followed by an altered multiple cloning site and the vec-
tor lacks the Renilla luciferase module.

N2a cells were seeded on 96-well plates and transfected 
in parallel with pAct, pBind3-D, peGFP (Clontech), and 
a pG5luc (Promega) expressing firefly luciferase under 
control of GAL4 [64]. The next day fluorescence gener-
ated by eGFP was determined for normalization and light 
emission generated by luciferase activity was detected 
after adding Bright-Glo (Luciferase Assay System, Pro-
mega) with a Multilabel Counter (PerkinElmer). Lucif-
erase activity was normalized to eGFP-fluorescence. All 
transfections and analysis were performed in septuplicate 
and experiments repeated three times. Average relative 
luciferase light units and S.D. were determined using the 
Prism software.

Pull down analysis
GST or GST-fusion proteins were expressed in 
BL21(DE3) cells, and purified by using glutathione-
sepharose beads according to the manufacturer’s recom-
mendations (Amersham Pharmacia). Stable transfected 
CHO cells expressing PICK1-Myc were lysed in 150 mM 
NaCl, 1% Triton X-100, 20 mM Tris–HCl, 10 mM EDTA, 
pH 8.0 supplemented with protease inhibitors (Com-
plete Mini, Roche), cell debris sedimented for 20  min 
at 16.000 g and 10% of each supernatant was used as an 
expression control (input). Supernatants were incubated 
with 30  µl Pierce™ glutathione magnetic agarose beads 
(ThermoFisher Scientific) prebound with GST or GST-
SorLA-cd for 2  h at 4  °C. Subsequently, protein com-
plexes were subjected to immunoblotting.
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For pull down of endogenous proteins, brain homogen-
ates were prepared from 2 mouse forebrains in 320 mM 
Sucrose, 4 mM Hepes, 2 mM MgCl, 2 mM CaCl, pH 7.5 
supplemented with protease inhibitors (Complete Mini, 
Roche) using a glass homogenizer (12 passes) (modi-
fied from [38]). Homogenates were centrifuged at 1000 g 
for 10 min, and the supernatant (S1) was centrifuged at 
48,000 g for 30 min to obtain the pellet (p2) fraction. This 
fraction was resuspended in 0.1  mM EDTA, 1% Triton, 
pH 7.4 plus protease inhibitor, sonicated and solubilized 
for 1 h at 4  °C. After centrifugation at 100,000 g for 1 h 
the supernatant (S3) was used for GST pull-down assays. 
GST fusion proteins coupled to Pierce™ glutathione mag-
netic agarose beads were incubated overnight, washed 
with PBS, 0.1 mM EDTA, 0.1% Triton, pH 7.4 plus pro-
tease inhibitor and analyzed by immunoblotting as 
described before [65].

Immunocytochemistry and internalization assay
Cells were cultured on coverslips, fixed, permeabilized 
and stained as described before [65]. To visualize inter-
nalization, cells were surface labeled with primary anti-
body (anti-IL2Rα) at 4 °C for 1 h followed by fixation or 
incubation at 37 °C for 30 min, fixation and staining with 
secondary fluorescent antibody. All immunocytochemi-
cal stainings were performed in triplicates. Cells were 
analyzed by confocal microscopy using a Leica TCS SP8 
microscope and a 63x (NA = 1.4) oil immersion objective.

Abbreviations
Aβ: Amyloid-β; AD: Alzheimer’s disease; APP: Amyloid precursor protein; 
ERBB2: Epidermal growth factor receptor 2; DBD: DNA-binding domain; hiPSC: 
Human induced pluripotent stem cell; IL2R: Interleukin 2 receptor alpha; LDLR: 
Low-density-lipoprotein receptor; Luc: Firefly luciferase; SorLA-CD: Cytoplas-
mic domain of SorLA; Sortilin-CD: Cytoplasmic domain of Sortilin; TAD: Tran-
scription activation domain; TGN: Trans-Golgi-network; Vps10p-D: Vacuolar 
protein sorting 10 domain; UAS: Upstream activating sequence.

Acknowledgements
We thank Barbara Merz and Andrea Zaisser for skilled technical assistance and 
the UKE microscopy imaging facility (umif ) for providing confocal micro-
scopes and support.

Authors’ contributions
Experimental execution and data analysis: LB, MK, UB, GH; data interpreta-
tion: LB, UB, DK, GH; design of the study and drafting the manuscript: GH; all 
authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
All data generated or analyzed during this study are included in this article. 
Materials are available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 6 October 2021   Accepted: 7 February 2022

References
	1.	 Jacobsen L, Madsen P, Moestrup SK, Lund AH, Tommerup N, Nykjaer A, 

Sottrup-Jensen L, Gliemann J, Petersen CM. Molecular characterization of 
a novel human hybrid-type receptor that binds the alpha2-macroglobu-
lin receptor-associated protein. J Biol Chem. 1996;271(49):31379–83.

	2.	 Yamazaki H, Bujo H, Kusunoki J, Seimiya K, Kanaki T, Morisaki N, Schneider 
WJ, Saito Y. Elements of neural adhesion molecules and a yeast vacuolar 
protein sorting receptor are present in a novel mammalian low density 
lipoprotein receptor family member. J Biol Chem. 1996;271(40):24761–8.

	3.	 Hermans-Borgmeyer I, Hampe W, Schinke B, Methner A, Nykjaer A, 
Susens U, Fenger U, Herbarth B, Schaller HC. Unique expression pattern 
of a novel mosaic receptor in the developing cerebral cortex. Mech Dev. 
1998;70(1–2):65–76.

	4.	 Hermey G. The Vps10p-domain receptor family. Cell Mol Life Sci. 
2009;66(16):2677–89.

	5.	 Malik AR, Willnow TE. VPS10P domain receptors: sorting out brain health 
and disease. Trends Neurosci. 2020;43(11):870–85.

	6.	 Caglayan S, Takagi-Niidome S, Liao F, Carlo AS, Schmidt V, Burgert T, 
Kitago Y, Fuchtbauer EM, Fuchtbauer A, Holtzman DM, et al. Lysosomal 
sorting of amyloid-beta by the SORLA receptor is impaired by a familial 
Alzheimer’s disease mutation. Sci Transl Med. 2014. https://​doi.​org/​10.​
1126/​scitr​anslm​ed.​30077​47.

	7.	 Glerup S, Lume M, Olsen D, Nyengaard JR, Vaegter CB, Gustafsen C, 
Christensen EI, Kjolby M, Hay-Schmidt A, Bender D, et al. SorLA controls 
neurotrophic activity by sorting of GDNF and its receptors GFRalpha1 
and RET. Cell Rep. 2013;3(1):186–99.

	8.	 Jacobsen L, Madsen P, Jacobsen C, Nielsen MS, Gliemann J, Petersen CM. 
Activation and functional characterization of the mosaic receptor SorLA/
LR11. J Biol Chem. 2001;276(25):22788–96.

	9.	 Larsen JV, Kristensen AM, Pallesen LT, Bauer J, Vaegter CB, Nielsen MS, 
Madsen P, Petersen CM. Cytokine-like factor 1, an essential facilitator of 
cardiotrophin-like cytokine: ciliary neurotrophic factor receptor alpha 
signaling and sorLA-mediated turnover. Mol Cell Biol. 2016;36(8):1272–86.

	10.	 Westergaard UB, Sorensen ES, Hermey G, Nielsen MS, Nykjaer A, Kirkeg-
aard K, Jacobsen C, Gliemann J, Madsen P, Petersen CM. Functional organ-
ization of the sortilin Vps10p domain. J Biol Chem. 2004;279(48):50221–9.

	11.	 Gliemann J, Hermey G, Nykjaer A, Petersen CM, Jacobsen C, Andreasen 
PA. The mosaic receptor sorLA/LR11 binds components of the plasmi-
nogen-activating system and platelet-derived growth factor-BB similarly 
to LRP1 (low-density lipoprotein receptor-related protein), but mediates 
slow internalization of bound ligand. Biochem J. 2004;381(Pt 1):203–12.

	12.	 Klinger SC, Glerup S, Raarup MK, Mari MC, Nyegaard M, Koster G, 
Prabakaran T, Nilsson SK, Kjaergaard MM, Bakke O, et al. SorLA regulates 
the activity of lipoprotein lipase by intracellular trafficking. J Cell Sci. 
2011;124(Pt 7):1095–105.

	13.	 Taira K, Bujo H, Hirayama S, Yamazaki H, Kanaki T, Takahashi K, Ishii I, Miida 
T, Schneider WJ, Saito Y. LR11, a mosaic LDL receptor family member, 
mediates the uptake of ApoE-rich lipoproteins in vitro. Arterioscler 
Thromb Vasc Biol. 2001;21(9):1501–6.

	14.	 Andersen OM, Schmidt V, Spoelgen R, Gliemann J, Behlke J, Galatis D, 
McKinstry WJ, Parker MW, Masters CL, Hyman BT, et al. Molecular dissec-
tion of the interaction between amyloid precursor protein and its neu-
ronal trafficking receptor SorLA/LR11. Biochemistry. 2006;45(8):2618–28.

	15.	 Pietila M, Sahgal P, Peuhu E, Jantti NZ, Paatero I, Narva E, Al-Akhrass H, 
Lilja J, Georgiadou M, Andersen OM, et al. SORLA regulates endosomal 
trafficking and oncogenic fitness of HER2. Nat Commun. 2019;10(1):2340.

	16.	 Andersen OM, Rudolph IM, Willnow TE. Risk factor SORL1: from genetic 
association to functional validation in Alzheimer’s disease. Acta Neuro-
pathol. 2016. https://​doi.​org/​10.​1007/​s00401-​016-​1615-4.

https://doi.org/10.1126/scitranslmed.3007747
https://doi.org/10.1126/scitranslmed.3007747
https://doi.org/10.1007/s00401-016-1615-4


Page 10 of 11Binkle et al. Molecular Brain           (2022) 15:18 

	17.	 Scherzer CR, Offe K, Gearing M, Rees HD, Fang G, Heilman CJ, Schaller C, 
Bujo H, Levey AI, Lah JJ. Loss of apolipoprotein E receptor LR11 in Alzhei-
mer disease. Arch Neurol. 2004;61(8):1200–5.

	18.	 Nunes AF, Amaral JD, Lo AC, Fonseca MB, Viana RJ, Callaerts-Vegh Z, 
D’Hooge R, Rodrigues CM. TUDCA, a bile acid, attenuates amyloid precur-
sor protein processing and amyloid-β deposition in APP/PS1 mice. Mol 
Neurobiol. 2012;45(3):440–54.

	19.	 Hermey G, Hoffmeister-Ullerich SA, Merz B, Gross D, Kuhl D, Kins S. Amy-
loidosis causes downregulation of SorLA, SorCS1 and SorCS3 expression 
in mice. Biol Chem. 2019;400(9):1181–9.

	20.	 Andersen OM, Reiche J, Schmidt V, Gotthardt M, Spoelgen R, Behlke 
J, von Arnim CA, Breiderhoff T, Jansen P, Wu X, et al. Neuronal sorting 
protein-related receptor sorLA/LR11 regulates processing of the amyloid 
precursor protein. Proc Natl Acad Sci USA. 2005;102(38):13461–6.

	21.	 Eggert S, Gonzalez AC, Thomas C, Schilling S, Schwarz SM, Tischer C, 
Adam V, Strecker P, Schmidt V, Willnow TE, et al. Dimerization leads to 
changes in APP (amyloid precursor protein) trafficking mediated by LRP1 
and SorLA. Cell Mol Life Sci. 2018;75(2):301–22.

	22.	 Kitago Y, Nagae M, Nakata Z, Yagi-Utsumi M, Takagi-Niidome S, Mihara 
E, Nogi T, Kato K, Takagi J. Structural basis for amyloidogenic peptide 
recognition by sorLA. Nat Struct Mol Biol. 2015;22(3):199–206.

	23.	 Burgert T, Schmidt V, Caglayan S, Lin F, Fuchtbauer A, Fuchtbauer EM, 
Nykjaer A, Carlo AS, Willnow TE. SORLA-dependent and -independent 
functions for PACS1 in control of amyloidogenic processes. Mol Cell Biol. 
2013;33(21):4308–20.

	24.	 Gustafsen C, Glerup S, Pallesen LT, Olsen D, Andersen OM, Nykjaer A, Mad-
sen P, Petersen CM. Sortilin and SorLA display distinct roles in processing 
and trafficking of amyloid precursor protein. J Neurosci. 2013;33(1):64–71.

	25.	 Klinger SC, Hojland A, Jain S, Kjolby M, Madsen P, Svendsen AD, Olive-
crona G, Bonifacino JS, Nielsen MS. Polarized trafficking of the sorting 
receptor SorLA in neurons and MDCK cells. FEBS J. 2016;283(13):2476–93.

	26.	 Knupp A, Mishra S, Martinez R, Braggin JE, Szabo M, Kinoshita C, Hailey 
DW, Small SA, Jayadev S, Young JE. Depletion of the AD risk gene SORL1 
selectively impairs neuronal endosomal traffic independent of amyloido-
genic APP processing. Cell Rep. 2020;31(9): 107719.

	27.	 Hung C, Tuck E, Stubbs V, van der Lee SJ, Aalfs C, van Spaendonk R, 
Scheltens P, Hardy J, Holstege H, Livesey FJ. SORL1 deficiency in human 
excitatory neurons causes APP-dependent defects in the endolysosome-
autophagy network. Cell Rep. 2021;35(11): 109259.

	28.	 Nielsen MS, Gustafsen C, Madsen P, Nyengaard JR, Hermey G, Bakke O, 
Mari M, Schu P, Pohlmann R, Dennes A, et al. Sorting by the cytoplasmic 
domain of the amyloid precursor protein binding receptor SorLA. Mol 
Cell Biol. 2007;27(19):6842–51.

	29.	 Fjorback AW, Seaman M, Gustafsen C, Mehmedbasic A, Gokool S, Wu C, 
Militz D, Schmidt V, Madsen P, Nyengaard JR, et al. Retromer binds the 
FANSHY sorting motif in SorLA to regulate amyloid precursor protein 
sorting and processing. J Neurosci. 2012;32(4):1467–80.

	30.	 Jacobsen L, Madsen P, Nielsen MS, Geraerts WP, Gliemann J, Smit AB, 
Petersen CM. The sorLA cytoplasmic domain interacts with GGA1 and 
-2 and defines minimum requirements for GGA binding. FEBS Lett. 
2002;511(1–3):155–8.

	31.	 Schmidt V, Sporbert A, Rohe M, Reimer T, Rehm A, Andersen OM, 
Willnow TE. SorLA/LR11 regulates processing of amyloid precursor 
protein via interaction with adaptors GGA and PACS-1. J Biol Chem. 
2007;282(45):32956–64.

	32.	 Madsen P, Isaksen TJ, Siupka P, Toth AE, Nyegaard M, Gustafsen C, Nielsen 
MS. HSPA12A targets the cytoplasmic domain and affects the trafficking 
of the Amyloid Precursor Protein receptor SorLA. Sci Rep. 2019;9(1):611.

	33.	 Nielsen MS, Keat SJ, Hamati JW, Madsen P, Gutzmann JJ, Engelsberg A, 
Pedersen KM, Gustafsen C, Nykjaer A, Gliemann J, et al. Different motifs 
regulate trafficking of SorCS1 isoforms. Traffic. 2008;9(6):980–94.

	34.	 Breiderhoff T, Christiansen GB, Pallesen LT, Vaegter C, Nykjaer A, Holm MM, 
Glerup S, Willnow TE. Sortilin-related receptor SORCS3 is a postsynap-
tic modulator of synaptic depression and fear extinction. PLoS ONE. 
2013;8(9): e75006.

	35.	 Hanley JG, Henley JM. PICK1 is a calcium-sensor for NMDA-induced AMPA 
receptor trafficking. EMBO J. 2005;24(18):3266–78.

	36.	 Xia J, Zhang X, Staudinger J, Huganir RL. Clustering of AMPA recep-
tors by the synaptic PDZ domain-containing protein PICK1. Neuron. 
1999;22(1):179–87.

	37.	 Staudinger J, Zhou J, Burgess R, Elledge SJ, Olson EN. PICK1: a perinuclear 
binding protein and substrate for protein kinase C isolated by the yeast 
two-hybrid system. J Cell Biol. 1995;128(3):263–71.

	38.	 Dev KK, Nakajima Y, Kitano J, Braithwaite SP, Henley JM, Nakanishi S. PICK1 
interacts with and regulates PKC phosphorylation of mGLUR7. J Neurosci. 
2000;20(19):7252–7.

	39.	 Jaulin-Bastard F, Saito H, Le Bivic A, Ollendorff V, Marchetto S, Birn-
baum D, Borg JP. The ERBB2/HER2 receptor differentially interacts with 
ERBIN and PICK1 PSD-95/DLG/ZO-1 domain proteins. J Biol Chem. 
2001;276(18):15256–63.

	40.	 Dev KK, Nishimune A, Henley JM, Nakanishi S. The protein kinase C alpha 
binding protein PICK1 interacts with short but not long form alterna-
tive splice variants of AMPA receptor subunits. Neuropharmacology. 
1999;38(5):635–44.

	41.	 Boudin H, Doan A, Xia J, Shigemoto R, Huganir RL, Worley P, Craig AM. 
Presynaptic clustering of mGluR7a requires the PICK1 PDZ domain bind-
ing site. Neuron. 2000;28(2):485–97.

	42.	 El Far O, Airas J, Wischmeyer E, Nehring RB, Karschin A, Betz H. Inter-
action of the C-terminal tail region of the metabotropic glutamate 
receptor 7 with the protein kinase C substrate PICK1. Eur J Neurosci. 
2000;12(12):4215–21.

	43.	 Takeya R, Takeshige K, Sumimoto H. Interaction of the PDZ domain of 
human PICK1 with class I ADP-ribosylation factors. Biochem Biophys Res 
Commun. 2000;267(1):149–55.

	44.	 Torres GE, Yao WD, Mohn AR, Quan H, Kim KM, Levey AI, Staudinger J, 
Caron MG. Functional interaction between monoamine plasma mem-
brane transporters and the synaptic PDZ domain-containing protein 
PICK1. Neuron. 2001;30(1):121–34.

	45.	 Rao Y, Haucke V. Membrane shaping by the Bin/amphiphysin/Rvs (BAR) 
domain protein superfamily. Cell Mol Life Sci. 2011;68(24):3983–93.

	46.	 Herlo R, Lund VK, Lycas MD, Jansen AM, Khelashvili G, Andersen RC, 
Bhatia V, Pedersen TS, Albornoz PBC, Johner N, et al. An amphipathic helix 
directs cellular membrane curvature sensing and function of the BAR 
domain protein PICK1. Cell Rep. 2018;23(7):2056–69.

	47.	 Cao M, Mao Z, Kam C, Xiao N, Cao X, Shen C, Cheng KK, Xu A, Lee KM, 
Jiang L, et al. PICK1 and ICA69 control insulin granule trafficking and their 
deficiencies lead to impaired glucose tolerance. PLoS Biol. 2013;11(4): 
e1001541.

	48.	 Holst B, Madsen KL, Jansen AM, Jin C, Rickhag M, Lund VK, Jensen M, 
Bhatia V, Sorensen G, Madsen AN, et al. PICK1 deficiency impairs secre-
tory vesicle biogenesis and leads to growth retardation and decreased 
glucose tolerance. PLoS Biol. 2013;11(4): e1001542.

	49.	 Li J, Mao Z, Huang J, Xia J. PICK1 is essential for insulin production and the 
maintenance of glucose homeostasis. Mol Biol Cell. 2018;29(5):587–96.

	50.	 Yong XLH, Cousin MA, Anggono V. PICK1 controls activity-dependent 
synaptic vesicle cargo retrieval. Cell Rep. 2020;33(4): 108312.

	51.	 Perez JL, Khatri L, Chang C, Srivastava S, Osten P, Ziff EB. PICK1 targets 
activated protein kinase Calpha to AMPA receptor clusters in spines of 
hippocampal neurons and reduces surface levels of the AMPA-type 
glutamate receptor subunit 2. J Neurosci. 2001;21(15):5417–28.

	52.	 Xia J, Chung HJ, Wihler C, Huganir RL, Linden DJ. Cerebellar long-term 
depression requires PKC-regulated interactions between GluR2/3 and 
PDZ domain-containing proteins. Neuron. 2000;28(2):499–510.

	53.	 Kim CH, Chung HJ, Lee HK, Huganir RL. Interaction of the AMPA receptor 
subunit GluR2/3 with PDZ domains regulates hippocampal long-term 
depression. Proc Natl Acad Sci U S A. 2001;98(20):11725–30.

	54.	 Seidenman KJ, Steinberg JP, Huganir R, Malinow R. Glutamate recep-
tor subunit 2 Serine 880 phosphorylation modulates synaptic trans-
mission and mediates plasticity in CA1 pyramidal cells. J Neurosci. 
2003;23(27):9220–8.

	55.	 Iwakura Y, Nagano T, Kawamura M, Horikawa H, Ibaraki K, Takei N, Nawa 
H. N-methyl-D-aspartate-induced alpha-amino-3-hydroxy-5-methyl-
4-isoxazoleproprionic acid (AMPA) receptor down-regulation involves 
interaction of the carboxyl terminus of GluR2/3 with Pick1. Ligand-bind-
ing studies using Sindbis vectors carrying AMPA receptor decoys. J Biol 
Chem. 2001;276(43):40025–32.

	56.	 Terashima A, Cotton L, Dev KK, Meyer G, Zaman S, Duprat F, Henley JM, 
Collingridge GL, Isaac JT. Regulation of synaptic strength and AMPA 
receptor subunit composition by PICK1. J Neurosci. 2004;24(23):5381–90.

	57.	 Terashima A, Pelkey KA, Rah JC, Suh YH, Roche KW, Collingridge 
GL, McBain CJ, Isaac JT. An essential role for PICK1 in NMDA 



Page 11 of 11Binkle et al. Molecular Brain           (2022) 15:18 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

receptor-dependent bidirectional synaptic plasticity. Neuron. 
2008;57(6):872–82.

	58.	 Cao M, Xu J, Shen C, Kam C, Huganir RL, Xia J. PICK1-ICA69 heteromeric 
BAR domain complex regulates synaptic targeting and surface expres-
sion of AMPA receptors. J Neurosci. 2007;27(47):12945–56.

	59.	 Nielsen MS, Madsen P, Christensen EI, Nykjaer A, Gliemann J, Kasper D, 
Pohlmann R, Petersen CM. The sortilin cytoplasmic tail conveys Golgi-
endosome transport and binds the VHS domain of the GGA2 sorting 
protein. EMBO J. 2001;20(9):2180–90.

	60.	 Dev KK. Making protein interactions druggable: targeting PDZ domains. 
Nat Rev Drug Discov. 2004;3(12):1047–56.

	61.	 Madsen KL, Beuming T, Niv MY, Chang CW, Dev KK, Weinstein H, Gether 
U. Molecular determinants for the complex binding specificity of the PDZ 
domain in PICK1. J Biol Chem. 2005;280(21):20539–48.

	62.	 Erlendsson S, Rathje M, Heidarsson PO, Poulsen FM, Madsen KL, 
Teilum K, Gether U. Protein interacting with C-kinase 1 (PICK1) binding 
promiscuity relies on unconventional PSD-95/discs-large/ZO-1 homol-
ogy (PDZ) binding modes for nonclass II PDZ ligands. J Biol Chem. 
2014;289(36):25327–40.

	63.	 Dumanis SB, Burgert T, Caglayan S, Fuchtbauer A, Fuchtbauer EM, 
Schmidt V, Willnow TE. Distinct functions for anterograde and retrograde 
sorting of SORLA in amyloidogenic processes in the brain. J Neurosci. 
2015;35(37):12703–13.

	64.	 Hentschke M, Susens U, Borgmeyer U. Transcriptional ERRgamma2-
mediated activation is regulated by sentrin-specific proteases. Biochem J. 
2009;419(1):167–76.

	65.	 Hermey G, Keat SJ, Madsen P, Jacobsen C, Petersen CM, Gliemann J. Char-
acterization of sorCS1, an alternatively spliced receptor with completely 
different cytoplasmic domains that mediate different trafficking in cells. J 
Biol Chem. 2003;278(9):7390–6.

	66.	 Oetjen S, Mahlke C, Hermans-Borgmeyer I, Hermey G. Spatiotemporal 
expression analysis of the growth factor receptor SorCS3. J Comp Neurol. 
2014;522(15):3386–402.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	The adaptor protein PICK1 targets the sorting receptor SorLA
	Abstract 
	Introduction
	Results
	Discussion
	Methods
	Antibodies and DNA constructs
	Cell culture
	Mammalian two-hybrid analysis
	Pull down analysis
	Immunocytochemistry and internalization assay

	Acknowledgements
	References


