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Sorting-related receptor with A-type repeats (SORLA) is a sorting receptor for the amyloid precursor protein (APP) that pre-
vents breakdown of APP into A� peptides, a hallmark of Alzheimer’s disease (AD). Several cytosolic adaptors have been shown
to interact with the cytoplasmic domain of SORLA, thereby controlling intracellular routing of SORLA/APP complexes in cell
lines. However, the relevance of adaptor-mediated sorting of SORLA for amyloidogenic processes in vivo remained unexplored.
We focused on the interaction of SORLA with phosphofurin acidic cluster sorting protein 1 (PACS1), an adaptor that shuttles
proteins between the trans-Golgi network (TGN) and endosomes. By studying PACS1 knockdown in neuronal cell lines and in-
vestigating transgenic mice expressing a PACS1-binding-defective mutant form of SORLA, we found that disruption of SORLA
and PACS1 interaction results in the inability of SORLA/APP complexes to sort to the TGN in neurons and in increased APP
processing in the brain. Loss of PACS1 also impairs the proper expression of the cation-independent mannose 6-phosphate re-
ceptor and its target cathepsin B, a protease that breaks down A�. Thus, our data identified the importance of PACS1-dependent
protein sorting for amyloidogenic-burden control via both SORLA-dependent and SORLA-independent mechanisms.

Sorting-related receptor with A-type repeats (SORLA) is a
member of the VPS10P domain receptor gene family, a group

of sorting and signaling receptors expressed in neurons of the
central and peripheral nervous systems (1, 2). Typically, newly
synthesized VPS10P domain receptors, including SORLA, traffic
through the secretory pathway to the cell surface once. Following
internalization from the plasma membrane, the receptors shuttle
between early endosomes and the trans-Golgi network (TGN),
directing target proteins between secretory and endocytic com-
partments of the cell (reviewed in reference 3).

SORLA is best known for its role in intracellular sorting of the
amyloid precursor protein (APP), an etiologic agent in Alzhei-
mer’s disease (AD) (4). APP follows a complex trafficking path
through intracellular compartments of neurons that determines
alternative processing into amyloidogenic and nonamyloidogenic
products. Although the details still warrant clarification, it is be-
lieved that en route to the cell surface, most nascent APP mole-
cules are cleaved by �-secretase at the plasma membrane to pro-
duce soluble APP� (sAPP�) (nonamyloidogenic pathway).
However, some APP molecules at the cell surface remain intact
and internalize into endosomes, where sequential processing by
�- and �-secretases produces sAPP� and neurotoxic amyloid-�
(A�) peptide, the constituent of senile plaques in the brains of AD
patients (amyloidogenic pathway) (5). According to current mod-
els, SORLA retrieves APP molecules from early endosomes back to
the TGN and delays Golgi network exit to the cell surface, blocking
amyloidogenic and nonamyloidogenic pathways alike (6–8).
Consequently, overexpression of the receptor impairs proteolytic
breakdown of APP (6–8), while loss of receptor activity in gene-
targeted mice enhances amyloidogenic processing and senile
plaque deposition (9, 10). The significance of SORLA as an AD
risk factor is underscored by epidemiological studies document-
ing the association of variants of SORL1 (the gene encoding
SORLA) with the risk of sporadic AD on a genome-wide level
(11–13).

Since altered APP transport is considered an important path-
ological mechanism contributing to enhanced A� production in
AD, much attention has been focused on elucidating the cellular
mechanisms that direct SORLA (and its target APP) between se-
cretory and endocytic compartments. Conceptually, these studies
should not only shed light on basic principles of neuronal protein
sorting but also identify novel disease genes underlying aberrant
transport processes in neurodegeneration. One factor implicated
in protein sorting between endosomes and the TGN is phospho-
furin acidic cluster sorting protein 1 (PACS1), a cytosolic adaptor
that directs the movement of furin and cation-independent man-
nose 6-phosphate receptors (CI-MPR) between endosomes and
the TGN (14, 15). Interestingly, PACS1 also binds to an acidic
cluster motif in the cytoplasmic tail of SORLA and deletion of this
motif impairs the ability of SORLA mutants to sort properly in
Chinese hamster ovary (CHO) cells (6) and in human embryonic
kidney (HEK293) cells (16). While these data suggested PACS1 as
a candidate for SORLA-guided APP transport in nonneuronal cell
lines, the significance of PACS1 for amyloidogenic processes in
neurons in vivo remained unclear. Here, we performed PACS1
knockdown studies with neuronal cell lines and investigations
with mice expressing a PACS1-binding-defective mutant form of
SORLA to test the relevance of PACS1 for AD-related processes.
Our studies not only confirm the importance of PACS1 for
SORLA-dependent APP transport and amyloidogenic processing
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but also suggest an independent role for PACS1 in the biosynthesis
of cathepsin B (CatB), an A�-degrading enzyme, in the brain.

MATERIALS AND METHODS
Reagents. PACS1 (Accell small interfering RNAs [siRNAs] A006697-13
and A006697-16) and nontargeting (Accell siRNA D001910-01) siRNAs
were purchased from Thermo Scientific. Commercially available antibod-
ies to the following were used in the various immunodetection experi-
ments: PACS1 (sc-136344; Santa Cruz Biotechnology), NeuN (MAB377;
Millipore), Vti1b (BD611405; BD Transduction Laboratories), EEA1
(BD610457; BD Transduction Laboratories), �-adaptin (BD610385; BD
Transduction Laboratories), Rab5 (Synaptic Systems), CI-MPR (5230;
Epitomics), CatB (C6243; Sigma-Aldrich), Na/K-ATPase (05-369; Milli-
pore), AP2M1 (ab106542; Abcam), Lamp1 (BD553792; BD Pharmingen),
and furin (ab3467; Abcam). Polyclonal antibodies directed against
SORLA were kindly provided by Claus M. Petersen (Aarhus University).
Antiserum directed against APP (1227) was produced in house.

Interaction of SORLA with PACS1 variants. Vectors encoding the
PACS1 domain were constructed by PCR-based cloning strategies with
human PACS1 cDNA as the template (kindly provided by Gary Thomas,
University of Pittsburgh). PCR products encompassing the ARR domain
(residues 1 to 117, GenBank accession no. BC010096), the FBR domain
(residues 117 to 266), or the MR domain (residues 267 to 541) were
introduced into expression vector pcDNA3.1zeo (Invitrogen). For the
FBR deletion mutant, the sequence corresponding to the FBR domain
(residues 117 to 266) was deleted from the PACS1 cDNA by PCR cloning
and introduced into the expression vector pcDNA3.1zeo as well. CHO
cells stably expressing human SORLA (6) were transiently transfected
with PACS1 expression constructs. After 48 h, cells were washed and lysed
in Triton X-100 –Nonidet P-40 buffer on ice. Immunoprecipitations from
cell (or brain tissue) extracts were performed with anti-SORLA or anti-
PACS1 antiserum and protein G-coupled Sepharose beads (Pierce) ac-
cording to standard protocols.

Cell culture and PACS1 knockdown experiments. SH-SY5Y cells
were stably transfected with constructs encoding APP695 and either
SORLAWT or SORLA�CD as described elsewhere for CHO cells (6). For
knockdown, the cells were treated with 1 �M siRNA for 72 h, after which
the medium was replaced and conditioned for 24 h. The cell supernatant
was collected, and the cells were lysed in lysis buffer containing 1% (wt/
vol) NP-40, 1% (wt/vol) Triton X-100, 300 mM NaCl, 5 mM EDTA, and
50 mM Tris-HCl (pH 7.4). Cell media and lysates were stored at �80°C
until further analysis by Western blotting or enzyme-linked immunosor-
bent assay (ELISA). All knockdown data were generated by siRNA
A006697-13 targeting PACS1 expression (Thermo Scientific). Where in-
dicated in Results (see Fig. 4B and 6D), these data were reproduced with a
second siRNA, A006697-16 (Thermo Scientific). Primary hippocampal
neurons from newborn mice were prepared and cultured for 5 days in
Neurobasal-A medium (Life Technologies) supplemented with B27 and
GlutaMAX (Life Technologies).

CatB activity assay. CatB activity in cell lysates was assayed by adding
a 50 �M concentration of the fluorogenic CatB substrate z-RR-AMC
(219392; EMD Millipore) in a buffer containing 50 mM sodium acetate, 4
mM EDTA, 8 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluo-
ride (pH 6) as previously described (17). Fluorescence intensity was mea-
sured (excitation wavelength, 360 nm; emission wavelength, 480 nm)
with a fluorescence reader.

Immunocytochemistry and image analysis. Confocal immunofluo-
rescence microscopy of primary hippocampal neurons or siRNA-treated
SY5Y-A/S cells was performed according to standard protocols. For image
analysis, stacks of z-sections (0.17 �m) were sequentially acquired with an
SP5 laser scanning microscope. Images (1,024 by 1,024 pixels) were
acquired with a 63� oil objective (numerical aperture 1.4) with the fol-
lowing settings: airy � 1, zoom 4. Image analysis was carried out with
Fiji/ImageJ software. In detail, in each image, a region of interest encom-
passing the cell of interest was defined. Thresholded Manders (tM) values

and Pearson’s correlation coefficient (r) were measured. Pearson’s corre-
lation coefficient adopts values from 	1 to �1 and represents a measure-
ment of the pixel’s covariance of two channels in an image. Whereas 	1
indicates a positive relationship between the fluorescence intensities, �1
describes a negative relationship. tM values range from 0 (no colocaliza-
tion) to 1 (perfect colocalization) and denote the degrees of overlap be-
tween the signals in the two channels. Statistically significant differences
between two groups were evaluated with Student’s t test.

Generation and analysis of mouse models. Mice carrying an induc-
ible human cDNA encoding SORLAWT or SORLAacidic (6) were generated
by targeting the Rosa26 locus in murine embryonic stem cells with a vector
described in reference 18. The vector includes a neomycin resistance cas-
sette and a transcription stop site preceding the cDNA constructs (see Fig.
8A for details). Mice carrying the transgenes through their germ line were
first crossed with the cre deleter strain of mice (Taconics) to remove the
transcription stop site and to enable cDNA expression driven by the en-
dogenous Rosa26 promoter. Next, these mice were crossed with the
SORLA-deficient line (Sorl1�/�) (7) to remove the expression of endog-
enous murine SORLA and to derive lines expressing human SORLAWT or
SORLAacidic variants only. For analysis of human APP processing,
SORLAWT or SORLAacidic mice were crossed with the 5XFAD line, an
established model of AD (19).

For analysis of protein expression, brain tissue was homogenized in
ice-cold homogenization buffer (0.25 mM sucrose, 2 mM MgCl2, 20 mM
Tris-HCl, pH 7.5) supplemented with protease (05 892 791 001; Roche)
and phosphatase inhibitors (78440; Thermo Scientific). Following incu-
bation for 20 min on ice, nuclei and cellular debris were removed by a
centrifugation step (1,000 � g, 10 min). The membrane fraction was
pelleted (100,000 � g, 1 h) and resuspended in lysis buffer for analysis of
membrane-associated proteins. The supernatant was used to detect APP
metabolites and all cytoplasmic proteins. For immunohistochemistry,
40-�m free-floating sagittal sections of adult mouse brains were produced
and processed for confocal immunofluorescence microscopy by standard
protocols.

Measurement of APP metabolites. Human APP processing products
were determined in multiplex biological assays (K15120W, K151BUE,
and K15141; Meso Scale Discovery) with the SECTOR Imager 2400 (Meso
Scale Discovery) as a readout device. All measurements were carried out
according to the manufacturer’s protocol. Statistical significance of data
was determined with Student’s t test.

RESULTS

Using coimmunoprecipitation experiments, we previously docu-
mented the ability of PACS1 to bind to an acidic cluster motif,
D2190DLGEDDED (UniProt accession no. Q92673), in the cyto-
plasmic domain of SORLA (6). To further refine the molecular
determinants of SORLA and PACS1 interaction, we dissected the
polypeptide sequence of PACS1 into its main structural domains,
designated the atrophin-1-related region (ARR), the furin-bind-
ing region (FBR), and the middle region (MR) (Fig. 1A) (20).
When tested individually, the FBR, but not the ARR or the MR,
was able to coimmunoprecipitate with SORLA from transfected
CHO cells (Fig. 1B). To substantiate the FBR as the main interac-
tion site for SORLA, we generated a PACS1 deletion mutant spe-
cifically lacking this domain (�FBR, Fig. 1A). Despite much stron-
ger expression of �FBR than full-length PACS1 in CHO
transfectants (Fig. 1C, input), only residual background binding
to SORLA was observed for this deletion mutant (Fig. 1C; IP-
SORLA). Interestingly, the FBR domain was identified as the
binding region for the cytoplasmic domains of furin and CI-MPR
before (15), suggesting the potential of various cargo molecules to
compete for sorting by PACS1. Coimmunoprecipitation of
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SORLA and PACS1 was also shown for the endogenous proteins
from brain extracts of mice (Fig. 1D).

When alanine mutations were introduced into the acidic clus-
ter motif in SORLA (A2190ALGAAAA), the respective receptor
variant SORLAacidic failed to properly localize to the TGN when
expressed in CHO cells (6). Because this acidic cluster motif over-
laps the binding sites for adaptor complex 1 (AP1) (antero/retro-
grade sorting) and AP2 (endocytosis), the proposed involvement
of PACS1 in SORLA sorting was met with skepticism. To more
rigorously test the relevance of PACS1 for SORLA transport in
neurons, we established a novel cell model by using the neuroblas-
toma cell line SH-SY5Y, which stably overexpresses the human
SORLA and APP695 transgenes (SY5Y-A/S). SH-SY5Y cells ex-
press low levels of endogenous SORLA, but these levels are negli-
gible when SORLA transgenes are overexpressed (21). When tran-

siently transfected with a siRNA directed against endogenous
PACS1 (without PACS1), expression of the adaptor was strongly
reduced compared to that in SY5Y-A/S cells transfected with a
scrambled control siRNA (with PACS1) (Fig. 2A and B).

The overall levels of SORLA and APP were not affected by
PACS1 knockdown (Fig. 2B). However, loss of PACS1 resulted in
a distinct change in the subcellular localization of SORLA, as
shown by confocal immunofluorescence microscopy. In the pres-
ence of PACS1 (with PACS1), the receptor showed the typical
perinuclear pattern, significantly overlapping the TGN marker
Vti1b (Pearson’s coefficient r � 0.40 
 0.01) (Fig. 2C). In con-
trast, following knockdown of PACS1 (without PACS1), receptor
signals were dispersed to more distal vesicular structures and
showed significantly less colocalization with Vti1b (r � 0.30 

0.02; P � 0.001) (Fig. 2C). Instead, in the absence of PACS1,

FIG 1 SORLA interacts with the furin-binding region in PACS1. (A) PACS1 constructs used for binding domain mapping. ARR, atrophin-1-related region; FBR,
furin-binding region; MR, middle region; CTR, carboxyl-terminal region. (B) CHO cells stably expressing human SORLA were transiently transfected with
constructs encoding hemagglutinin (HA)-tagged versions of ARR (ARR-HA; lane 1), FBR (FBR-HA; lane 2), and MR (MR-HA; lane 3) of PACS1. Cells
transfected with the empty vector (lane 4) or with a vector encoding full-length, HA-tagged PACS1 (PACS1-HA; lane 5) were used as negative and positive
controls, respectively. The input part of the panel represents Western blot analyses for SORLA (�-SORLA) and PACS1 variants (�-HA) in cell extracts prior to
immunoprecipitation. The IP-SORLA part of the panel shows Western blot analyses for SORLA (�-SORLA) and PACS1 variants (�-HA) in samples immuno-
precipitated with anti-SORLA IgG. Full-length PACS1 (lane 5) and the FBR domain (lane 2) are coprecipitated with SORLA. No coimmunoprecipitation is seen
for ARR (lane 1) or MR (lane 3) or for the FBR when the anti-SORLA IgG was omitted (lane 6). The migration of marker proteins of the indicated molecular
masses is shown. w/o, without. (C) CHO cells expressing human SORLA were transiently transfected with constructs encoding wild-type PACS1 (PACS1-HA,
lane 1) or a deletion mutant form lacking the FBR (�FBR-HA, lane 2). The input part of the panel represents Western blot analyses for SORLA (�-SORLA) and
PACS1 variants (�-HA) in cell extracts prior to immunoprecipitation. The IP-SORLA part of the panel shows Western blot analyses for SORLA (�-SORLA) and
PACS1 variants (�-HA) in samples immunoprecipitated with anti-SORLA IgG. Efficient coimmunoprecipitation for full-length PACS1-HA (lane 1) but very
little for �FBR-HA (lane 2) was seen. (D) Endogenous PACS1 and SORLA coimmunoprecipitate from brain lysate. The IP-PACS1 part of the panel shows that
immunoprecipitation of PACS1 (�-PACS1) coprecipitates SORLA (�-SORLA) from wild-type (Sorl1	/	; lane 1) but not from SORLA-deficient (Sorl1�/�; lane
2) mouse brains. Also, no coimmunoprecipitation of SORLA from Sorl1	/	 brains was seen in the absence of anti-PACS1 antiserum (lane 3). The input part of
the panel represents Western blot analyses for SORLA and PACS1 in tissue samples prior to immunoprecipitation.
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SORLA exhibited greater colocalization with early endosome an-
tigen 1 (EEA1)-positive early endosomes (r � 0.18 
 0.01) than
with PACS1-expressing control cells (r � 0.10 
 0.01; P � 0.001)
(Fig. 2D). This altered SORLA pattern in the absence of PACS1
was also confirmed by determination of the tM values for both
markers (Table 1, top). Collectively, these findings suggested the
inability of SORLA to properly localize to the TGN in the absence
of PACS1.

To explore the consequences of altered SORLA transport for
APP routing, we repeated the above-described knockdown studies
by testing the colocalization of APP with SORLA and with cellular
markers. As shown in Fig. 3A, APP and SORLA showed similar
degrees of colocalization in the presence and absence of PACS1
(r � 0.37 
 0.02 versus 0.38 
 0.03; P � 0.05), indicating that APP
parallels SORLA routing under both conditions. This assumption
was confirmed by loss of APP from TGN compartments marked
by Vti1b (r � 0.27 
 0.02 versus 0.35 
 0.02 in the presence of
PACS1; P � 0.001) (Fig. 3B) and by a concomitant accumulation
in EEA1-positive early endosomes (r � 0.19 
 0.01 versus 0.15 

0.01 in the presence of PACS1; P � 0.01) (Fig. 3C). Altered sorting
of APP due to loss of PACS1 was confirmed by determination of
tM values (Table 1, bottom). Defective routing of APP coincided
with a significant increase in amyloidogenic and nonamyloido-
genic processing as documented by comparing levels of sAPP�,
sAPP�, as well as A�40 and A�42, in supernatants of SY5Y-A/S
cells with or without PACS1 (Fig. 4A). These findings were repro-
duced with an alternative siRNA targeting PACS1 (Fig. 4B).

Since PACS1 knockdown likely also affects the transport of
cargo other than SORLA, the increase in APP processing products
seen in the absence of PACS1 may be caused by SORLA-depen-
dent or SORLA-independent mechanisms. To dissect these possi-

FIG 2 Loss of PACS1 alters trafficking of SORLA in SY5Y cells. (A and B)
SH-SY5Y cells stably overexpressing human APP695 and human wild-type
SORLA (SY5Y-A/S) were treated with a siRNA directed against endoge-
nous PACS1 (without PACS1 [w/o PACS1]) or with a scrambled control
siRNA (with PACS1 [w/PACS1]). Western blot analysis of representative
cell lysates (A) and densitometric scanning of replicate blots (B; number of
samples per condition, 12) show a significant reduction of PACS1 expres-
sion in siRNA-treated cells (***, P � 0.001). Levels of SORLA, APP, and
tubulin (loading control) are not affected by PACS1 knockdown. In panel
A, the protein bands representing the precursor form (asterisk) and the
fully glycosylated mature form of APP (arrowhead) are indicated. (C and
D) SY5Y-A/S cells were treated with a siRNA directed against PACS1 (with-
out PACS1) or with a scrambled control siRNA (with PACS1). Subse-
quently, colocalization of SORLA (green) with markers (red) of the trans-
Golgi network (C, Vti1b) or of early endosomes (D, EEA1) was tested by
confocal immunofluorescence microscopy. Nuclei were counterstained
with 4=,6-diamidino-2-phenylindole (DAPI). Pearson’s correlation coeffi-
cient (r) for estimation of colocalization of the markers with SORLA is
given in the respective merged images. Twenty to 22 cells per condition
were scored (***, P � 0.001). The arrowheads in the inset indicate colocal-
ization of SORLA with the marker proteins. Scale bars, 5 �m.

TABLE 1 Colocalization of SORLA and APP with marker proteins in
SY5Y-A/S cellsa

Colocalization

Mean tM value 
 SEM

P valueWith PACS1 Without PACS1

SORLA and Vti1b
tM1 (Vti1b-SORLA overlap) 0.254 
 0.017 0.186 
 0.015 �0.01
tM2 (SORLA-Vti1b overlap) 0.586 
 0.023 0.430 
 0.014 �0.001

SORLA and EEA1
tM1 (EEA1-SORLA overlap) 0.072 
 0.004 0.117 
 0.009 �0.01
tM2 (SORLA-EEA1 overlap) 0.152 
 0.017 0.220 
 0.017 �0.001

APP and SORLA
tM1 (SORLA-APP overlap) 0.504 
 0.038 0.457 
 0.039 �0.05
tM2 (APP-SORLA overlap) 0.233 
 0.018 0.251 
 0.002 �0.05

APP and Vti1b
tM1 (Vti1b-APP overlap) 0.134 
 0.01 0.118 
 0.007 �0.05
tM2 (APP-Vti1b overlap) 0.84 
 0.016 0.611 
 0.028 �0.001

APP and EEA1
tM1 (EEA1-APP overlap) 0.059 
 0.004 0.081 
 0.004 �0.001
tM2 (APP-EEA1 overlap) 0.448 
 0.026 0.559 
 0.027 �0.01

a Colocalization of SORLA and APP with the indicated proteins in SY5Y-A/S cells
treated with a siRNA directed against endogenous PACS1 (without PACS1) or with a
scrambled control siRNA (with PACS1) was tested by confocal immunofluorescence
microscopy. The extent of colocalization was scored by determination of thresholded
Manders (tM) values as detailed in Materials and Methods.
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FIG 3 Loss of PACS1 alters trafficking of APP in SY5Y cells. SY5Y-A/S cells were treated with a siRNA directed against PACS1 (without PACS1 [w/o PACS1])
or with a scrambled control siRNA (with PACS1 [w/PACS1]). Subsequently, colocalization of APP (green) with SORLA (red) (A) or with markers (red) of the
trans-Golgi network (B; Vti1b) or early endosomes (C; EEA1) was tested by confocal immunofluorescence microscopy. Pearson’s correlation coefficient (r) for
estimation of colocalization of APP with the three proteins is given in the merged images. Nineteen to 29 cells per condition were scored (**, P � 0.01; ***, P �
0.001). The arrowheads in the inset indicate colocalization of APP with the respective proteins. Scale bars, 5 �m.
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bilities, we performed studies with SH-SY5Y cells expressing the
APP695 transgene together with a SORLA variant that lacks the
cytoplasmic domain (SORLA�CD) and that is therefore not re-
sponsive to adaptor-mediated sorting (6). In line with previous
findings with CHO cells (6), faulty trafficking of SORLA�CD in the
neuroblastoma cell line SY5Y-A/S�CD resulted in enhanced APP
processing, as shown by significantly elevated levels of processing
products sAPP�, sAPP�, A�40, and A�42 compared with SY5Y-
A/S cells (Fig. 5). Knockdown of PACS1 in SY5Y-A/S�CD worked
efficiently (Fig. 6A and B). However, loss of PACS1 failed to affect
levels of SORLA and APP (Fig. 6B) or of the APP processing prod-
ucts sAPP�, sAPP�, and A�40 compared to SY5Y-A/S�CD treated
with scrambled control siRNA (Fig. 6C). Thus, the effect of PACS1
on these APP processing products required wild-type SORLA ac-
tivity. In contrast to the levels of sAPP�, sAPP�, and A�40, those of
A�42 were still increased in SY5Y-A/S�CD in response to PACS1
knockdown (Fig. 6C). This finding was reproduced with an alter-
native siRNA (Fig. 6D). This observation suggested a specific ef-
fect of PACS1 activity on A�42 metabolism that worked indepen-
dently of SORLA and independently of APP processing (as sAPP�
and sAPP� levels were unchanged).

One cargo trafficked by PACS1 is the CI-MPR, a sorting recep-
tor that directs lysosomal enzymes from the TGN to endosomes
and that requires PACS1 for its retrograde TGN retrieval (14).
Among the enzymes sorted by CI-MPR is CatB, a cysteine protease
that degrades peptides in the endosomal-lysosomal system but
also in the extracellular space following secretion (22). Because
CatB specifically degrades A�42 (23–25), we reasoned that the

SORLA-independent effect of PACS1 knockdown on A�42 levels
might work by impacting the CI-MPR–CatB system. This hypoth-
esis was supported when we detected reduced levels of CI-MPR in
cell lysates (Fig. 7A and B) and of mature CatB in the lysate and
supernatant (Fig. 7C and D) of SY5Y-A/S cells treated with PACS1
siRNA. To confirm lower levels of CatB activity in cells lacking
PACS1, we performed an activity assay of cell lysates with the
fluorogenic CatB substrate z-RR-AMC (17). As shown in Fig. 7E,
reduced levels of mature CatB protein in PACS1 knockdown cells
resulted in significantly reduced levels of protease activity. Thus,
impaired maturation and activity of CatB likely caused the
SORLA-independent increase in A�42 levels in PACS1-deficient
cells.

Taken together, our studies with cultured cells uncovered both
SORLA-dependent and -independent PACS1 mechanisms in
amyloidogenic processes in neuronal cells. To further test the rel-
evance of PACS1-dependent sorting of SORLA for AD-related
processes in vivo, we next generated a novel mouse model that
expresses SORLAacidic, the receptor variant lacking the PACS1
binding motif in its cytoplasmic tail (6). In detail, we used homol-
ogous recombination in embryonic stem cells to introduce a hu-
man SORLAacidic cDNA construct into the murine Rosa26 gene
locus (Fig. 8A). This strategy had been used before to achieve the
expression of transgenes from the endogenous Rosa26 promoter
(18). Mice carrying the activated SORLAacidic cDNA insertion
were crossed with animals with targeted disruption of the endog-
enous SORLA gene locus (Sorl1�/�) (7) to eliminate the expres-

FIG 4 Knockdown of PACS1 expression enhances APP processing in SY5Y
cells. (A) Levels of soluble APP� (sAPP�), sAPP�, A�40, and A�42 were deter-
mined by ELISA in SY5Y-A/S cells treated with a siRNA directed against
PACS1 (without [w/o] PACS1) or with a scrambled control siRNA (with [w/]
PACS1). Data are the means 
 the standard errors of the means of triplicate
measurements of five independent experiments. Values were calculated as per-
centages of the scrambled siRNA control (with PACS1, set to 100%). (B) Same
as panel A but with an alternative siRNA directed against PACS1 as described
in Materials and Methods. Data represent the means 
 the standard errors of
the means of triplicate measurements of four independent experiments (**,
P � 0.01; ***, P � 0.001).

FIG 5 Defect in SORLA trafficking increases APP processing rates in SY5Y
cells. A comparative analysis of APP processing products in SH-SY5Y cells
stably overexpressing human APP695 and either wild-type SORLA (SY5Y-
A/S) or a receptor variant lacking the cytoplasmic tail (SY5Y-A/S�CD) is
shown. Levels of soluble APP� (sAPP�) and sAPP� (A), as well as of A�40 and
A�42 (B), in cell supernatants are higher in cells expressing SORLA�CD than in
those expressing SY5Y-A/S, as tested by ELISA. Data are the means 
 the
standard errors of the means of triplicate measurements in four independent
experiments (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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sion of the endogenous wild-type receptor. The resulting mouse
strain is referred to as SORLAacidic. To control for possible differ-
ences in the levels of expression from the endogenous Sorl1 and
Rosa26 loci, the same strategy was used to generate a control line
carrying a wild-type human SORLA cDNA insertion in Rosa26 but
lacking the endogenous gene locus (Sorl1�/�). This strain is re-

ferred to as SORLAWT. Western blot analyses confirmed equal
levels of SORLA expression in the hippocampus and cortex in
SORLAWT and SORLAacidic mice that were slightly higher than the
levels seen for the endogenous murine receptor in wild-type con-
trol (Sorl1	/	) mice (Fig. 8B). Like the expression of the murine
receptor, that of the two human receptor variants in the brain was
restricted mainly to neurons, as shown by immunohistology (Fig.
8C). No significant coexpression of endogenous or transgenic
SORLA variants with glial fibrillary acidic protein (GFAP), a
marker of astroglia, was observed in the cortex or hippocampus in
these animals (Fig. 8D). Curiously, restriction of SORLA trans-
gene expression to cell types that normally express this receptor
was also seen in other tissues. For example, the SORLA transgenes
are strongly expressed in the kidney but overexpression is seen
exclusively in cells of the distal convoluted tubule, the cell type
expressing the endogenous receptor (data not shown). Although
these findings need further rigorous testing, they suggest the exis-
tence of a posttranscriptional mechanism(s) required to sustain
SORLA expression in distinct cell types.

In the brain, expression of SORLAacidic did not affect the levels
of expression of PACS1 targets CI-MPR, CatB, and furin (Fig. 9A
and B) or of various adaptor proteins, including PACS1, AP1 (�-
adaptin), and AP2 (� subunit) (Fig. 9C and D). Thus, SORLAacidic

was deemed a suitable model for specific testing of the conse-
quences of loss of PACS1 binding for SORLA-dependent pro-
cesses in the brain.

While the levels of expression of SORLAacidic in neurons were
comparable to those of SORLAWT (Fig. 8B), we observed a distinct
difference in the subcellular localization of the two receptor vari-
ants by immunohistology. Whereas the wild-type protein showed
the typical perinuclear (Golgi-like) pattern, SORLAacidic immuno-
reactivity was more dispersed throughout the neuronal soma (in-
sets in Fig. 8C). This notion was confirmed by immunocytochem-
ical analysis of primary neurons derived from the two mouse lines.
In line with the proposed role for PACS1 in TGN sorting of
SORLA, the SORLAacidic variant showed a distinct loss of immu-
noreactivity from TGN compartments marked by Vti1b (Fig.
10A) and �-adaptin (Fig. 10B) and a concomitant shift into vesi-
cles positive for the early endosome marker Rab5 (Fig. 10C). Al-
tered colocalization of SORLAacidic compared to SORLAWT was
substantiated by determination of Pearson’s coefficient (values in
panels of Fig. 10) and of tM values (Table 2). Lack of the PACS1
binding motif did not result in an aberrant shift of SORLAacidic

into the lysosomal compartment, as no apparent difference in the
colocalization of SORLAacidic and SORLAWT with the lysosomal
marker Lamp1 was observed (Fig. 10D; Table 2).

To study the consequence of aberrant SORLA trafficking for
APP processing, we crossed the SORLAWT and SORLAacidic lines
with the 5XFAD line, an established model of AD (19). Loss of the
ability of SORLAacidic to engage PACS1 or other adaptors that bind
to the acidic cluster motif did not affect the total levels of APP (Fig.
11A and B) but resulted in significantly higher levels of APP
processing products, including A�40 and A�42, in the brains of
SORLAacidic/5XFAD mice than in those of SORLAWT/5XFAD
control animals (Fig. 11C and D).

In conclusion, our studies with the neuroblastoma cell line
SH-SY5Y, as well as the brains of mice and primary neurons
derived therefrom, all support a model whereby interaction
with PACS1 (or other adaptors targeting the acidic cluster mo-
tif) is essential to enable retrograde sorting of SORLA and its

FIG 6 Effect of PACS1 knockdown on APP processing in SY5Y cells express-
ing a trafficking-defective mutant form of SORLA. (A and B) SY5Y-A/S�CD

mutant cells were treated with a siRNA directed against endogenous PACS1
(without [w/o] PACS1) or with a scrambled control siRNA (with [w/] PACS1).
Western blot analysis of representative cell lysates (A) and densitometric scan-
ning of replicate blots (B) document significant reduction of PACS1 levels in
siRNA-treated SY5Y-A/S�CD cells (number of samples per condition, 7). Lev-
els of SORLA, APP, and tubulin (loading control) are not affected by PACS1
knockdown. rel., relative. (C) Levels of soluble APP� (sAPP�), sAPP�, A�40,
and A�42 were determined by ELISA in SY5Y-A/S�CD cells treated with a
siRNA directed against PACS1 (without PACS1 [w/o]) or with a scrambled
control siRNA (with PACS1 [w/]). Data are the means 
 the standard errors of
the means of triplicate measurements in five independent experiments. Values
were calculated as percentage of the scrambled siRNA control (with PACS1, set
to 100%). (D) Same as panel C but with an alternative siRNA directed against
PACS1 as described in Materials and Methods. Data represent the means 
 the
standard errors of the means of triplicate measurements of four independent
experiments (***, P � 0.001).

Burgert et al.

4314 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


target APP from the early endocytic pathway back to the TGN.
TGN retrieval of SORLA/APP complexes reduces nonamy-
loidogenic and amyloidogenic processing at the plasma mem-
brane and in endosomes, respectively (Fig. 12A). Loss of
PACS1 expression or deletion of the PACS1 binding site in
SORLA results in aberrant accumulation of APP molecules in
the early endocytic compartment and coincides with enhanced
proteolytic breakdown of APP (Fig. 12B).

DISCUSSION

Our investigations of the functional interaction of SORLA with
PACS1 have uncovered three important concepts concerning
neuronal transport and processing of APP. First, and foremost, we

have substantiated the relevance of neuronal sorting of SORLA by
an acidic cluster motif for amyloidogenic processing in vivo. Sec-
ond, we have refined an underlying molecular mechanism by
demonstrating the requirement of PACS1 for retrograde sorting
of SORLA (and APP) in neuronal cell lines. Third, we have iden-
tified the relevance of PACS1 for the functional expression of ma-
ture CatB, a major A�42-catabolizing enzyme, in the central ner-
vous system.

SORLA is a negative regulator of APP processing and is en-
coded by a gene that is a major risk factor for sporadic AD (re-
viewed in reference 26). On the basis of studies with established
cell lines such as CHO and HEK293, SORLA is proposed to target
APP to the TGN, thereby protecting the precursor protein from

FIG 7 Loss of PACS1 impairs expression of the cation-independent mannose 6-phosphate receptor and CatB in SY5Y cells. SY5Y-A/S cells were treated with a
siRNA directed against PACS1 (without [w/o] PACS1) or with a scrambled control siRNA (with [w/] PACS1). Subsequently, levels of PACS1 and cation-
independent mannose 6-phosphate receptor (CI-MPR) in cell lysate (A and B) and of mature CatB in cell lysate and medium (C and D) were determined by
Western blotting and densitometric scanning of replicate blots (number of samples per condition, 9 to 13) Detection of tubulin (tub.) served as a loading control
for cell lysates in panels A and C. (E) CatB activity was determined in lysates of SY5Y-A/S cells with fluorogenic CatB substrate z-RR-AMC (as detailed in Materials
and Methods). Activity levels are significantly lower in cells treated with a siRNA directed against PACS1 (without PACS1) than in cells receiving a scrambled
control siRNA (with PACS1). Data represent the means of duplicate measurements of four independent experiments (*, P � 0.05; ***, P � 0.001).
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FIG 8 Generation of transgenic mice expressing human SORLA variants. (A) Strategy for targeting of cDNAs encoding wild-type SORLA (SORLAWT) or
a receptor variant lacking the PACS1 binding motif (SORLAacidic) to the endogenous Rosa26 gene locus in mice. The nucleotide sequences of the
cytoplasmic domains of SORLAWT and SORLAacidic are shown at the top. The PACS1 binding motif is highlighted by a horizontal line. Nucleotides
modified by site-directed mutagenesis in SORLAacidic are in bold. The organization of the targeting vector and the wild-type Rosa26 locus is indicated.
Exons 1 and 2 of Rosa26 are shown as black bars. Triangles indicate loxP recombination sites. Removal of the loxP-flanked neomycin resistance cassette
(neoR) by Cre recombinase enables transcription of the SORLA cDNA from the endogenous Rosa26 promoter (activated Rosa26 locus). s.a., splice
acceptor site; polyA, polyadenylation site. (B) Western blot analysis of SORLA expression in cortex and hippocampus extracts from mice that lack
endogenous SORLA but are homozygous for the SORLAWT and SORLAacidic cDNAs inserted into Rosa26. Levels of expression of SORLAWT and
SORLAacidic are comparable to the endogenous receptor level in wild-type mice (Sorl1	/	). Extracts from animals genetically deficient in SORLA
(Sorl1�/�) were used as a negative control. Detection of Na/K-ATPase and PSD95 served as loading controls. The arrowhead indicates the protein band
representing SORLA in hippocampal extracts. The asterisk denotes a background band seen in all genotypes. (C and D) Immunohistological detection of
SORLA (green) in the cortex and hippocampus of mice of the indicated genotypes. In panel C, neurons were costained for the marker NeuN (blue). In
panel D, astroglia were costained for GFAP (red) and nuclei were counterstained with DAPI (gray). Expression of SORLAWT and SORLAacidic is restricted
largely to neurons, comparable to the pattern of the endogenous receptor in Sorl1	/	 animals. No immunoreactivity for SORLA is seen in Sorl1�/� tissue.
The insets highlight localization of SORLAWT to the perinuclear region (arrowheads) but a disperse subcellular pattern for SORLAacidic. Scale bars, 10 �m.
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proteolytic breakdown at the cell surface and in endosomes (Fig.
12A) (6, 7). Although substantial evidence from studies with non-
neuronal cell lines supports such a role for SORLA in the intracel-
lular trafficking of APP, unequivocal evidence implicating SORLA
in neuronal APP transport in vivo is lacking. For instance, com-
plete loss of SORLA in gene-targeted mice results in enhanced A�

FIG 9 Expression of proteins in the brains of SORLAWT and SORLAacidic

mice. Levels of expression of PACS1 targets CI-MPR, furin, and CatB (A and
B) and of SORLA adaptors AP1 (�-adaptin), AP2 (� subunit), and PACS1 (C
and D) were determined in cortical brain extracts by Western blotting and
subsequent densitometric scanning of replicate blots (number of samples, 4 to
6). No statistically significant differences in any of the proteins were seen when
comparing SORLAWT and SORLAacidic brain tissues. Detection of tubulin and
Na-K-ATPase (Na-K) served as loading controls. Rel., relative; wt, wild type.

FIG 10 Subcellular localization of SORLAWT and SORLAacidic in primary neurons. Primary hippocampal neurons from postnatal day 1 mice expressing human
SORLAWT or SORLAacidic were analyzed by confocal immunofluorescence microscopy for localization of SORLA (green) and markers (red) of the trans-Golgi
network (A, Vti1b; B, �-adaptin), early endosomes (C, Rab5), and lysosomes (D, Lamp1). Pearson’s correlation coefficient (r) for estimation of colocalization of
the markers with SORLA is shown in the respective merged images. Twenty-one to 23 cells per condition were scored (**, P � 0.01; ***, P � 0.001). The
arrowheads in the insets indicate colocalization of SORLA variants with the respective marker proteins. Scale bars, 5 �m.

TABLE 2 Colocalization of SORLAWT and SORLAacidic with marker
proteins in primary neuronsa

Colocalization

Mean tM value 
 SEM

P valueSORLAWT SORLAacidic

SORLA and Vti1b
tM1 (Vti1b-SORLA overlap) 0.279 
 0,020 0.174 
 0.011 �0.001
tM2 (SORLA-Vti1b overlap) 0.685 
 0.021 0.388 
 0.025 �0.001

SORLA and �-adaptin
tM1 (�-adaptin–SORLA overlap) 0.376 
 0.033 0.163 
 0.016 �0.001
tM2 (SORLA–�-adaptin overlap) 0.405 
 0.027 0.215 
 0.017 �0.001

SORLA and Rab5
tM1 (Rab5-SORLA overlap) 0.099 
 0.007 0.180 
 0.006 �0.001
tM2 (SORLA-Rab5 overlap) 0.444 
 0.029 0.521 
 0.033 �0.05

SORLA and Lamp1
tM1 (Lamp1-SORLA overlap) 0.146 
 0.015 0.141 
 0.012 �0.05
tM2 (SORLA-Lamp1 overlap) 0.416 
 0.022 0.377 
 0.028 �0.05

a Colocalization of SORLA with the indicated marker proteins in primary neurons from
SORLAWT and SORLAacidic mice was tested by confocal immunofluorescence
microscopy. The extent of colocalization was scored by determination of thresholded
Manders (tM) values as detailed in Materials and Methods.

PACS1-Dependent Sorting in Amyloidogenic Processing

November 2013 Volume 33 Number 21 mcb.asm.org 4317

http://mcb.asm.org


production and plaque deposition, documenting an inverse cor-
relation between receptor activity and amyloidogenic processing
(9, 10). However, whether aggravated amyloidogenic processes in
SORLA null mice are caused by abnormal APP trafficking or by
loss of unrelated functions of SORLA remained difficult to assess.
To rigorously test a role for SORLA in neuronal APP transport in
vivo, we generated a novel mouse model that expresses a traffick-
ing mutant form of SORLA lacking the acidic cluster motif. The
inability of SORLAacidic to properly localize to the TGN has been
documented in CHO cells before (6). In line with these earlier
observations, SORLAacidic failed to correctly reside in the TGN in
primary neurons (Fig. 10; Table 2) and caused enhanced produc-
tion of amyloidogenic and nonamyloidogenic products in the
brains of 5XFAD mice (Fig. 11C and D). The increase in amy-
loid-� peptide levels in the SORLAacidic/5XFAD line over those in
the SORLAWT/5XFAD line was substantial and equaled the in-
creases in amyloid-� peptides seen in SORLA-deficient mice (9).

As well as confirming the importance of sorting of SORLA for
APP processing in vivo, our studies have substantiated the func-
tional significance of an acidic cluster motif in the receptor tail and
its interaction with PACS1 in these processes. The cytoplasmic
domain of SORLA harbors a number of functional elements im-
plicated in the control of protein trafficking in cultured cells. A
binding site, D2207DVPMVIA, for the monomeric clathrin adap-
tors GGA (Golgi-localizing, �-adaptin ear homology domain,
ARF-interacting proteins) enables anterograde sorting of SORLA
from the TGN to early endosomes (6, 27, 28). The VPS26 subunit
of the retromer complex, which is part of the vesicle coat, targets

the motif F2172ANSHY for retrograde endosome-to-TGN routing
of the receptor (29–31). Finally, an acidic cluster motif,
D2190DLGEDDED, in the tail of SORLA interacts with AP1, a te-
trameric complex that links cargo to the clathrin coat of endo-
somal and TGN vesicles but also with PACS1 (6, 16). Since both
AP1 and PACS1 bind to an overlapping site in SORLA and since
both have been proposed to mediate anterograde, as well as retro-
grade, sorting, the functional relevance of this acidic cluster motif
for TGN-endosome shuttling (and the adaptor involved) re-
mained unresolved (6, 16).

To dissect the importance of PACS1 for SORLA trafficking,
we performed knockdown studies with SY5Y-A/S cells, docu-
menting defects in TGN targeting of SORLA and of APP in the
absence of this adaptor (Fig. 2C and D and 3; Table 1). Faulty
SORLA/APP transport resulted in increased processing of APP
(Fig. 4), an effect that was not seen when SY5Y-A/S�CD cells
expressed a SORLA variant unable to bind trafficking adaptors

FIG 11 APP processing in the brains of SORLAWT/5XFAD and SORLAacidic/
5XFAD mice. (A and B) Western blot analysis of levels of SORLA, APP, and
tubulin (loading control) in the membrane fraction of cortical brain extracts of
5XFAD mice expressing either SORLAWT (lane 2) or SORLAacidic (lane 3).
Brain tissue from a SORLA-deficient 5XFAD mouse (Sorl1�/�, lane 1) served
as a negative control. Panel B depicts quantification of APP levels by densito-
metric scanning of replicate blots exemplified in panel A (number of samples,
14). (C and D) Levels of soluble APP� (sAPP�), sAPP�, A�40, and A�42 were
determined by ELISA in the cytoplasmic fraction of cortical brain extracts of
mice of the indicated genotypes. Values are means 
 the standard errors of the
means (duplicate measurements of 14 or 15 animals per genotype; **, P �
0.01; ***, P � 0.001). wt, wild type.

FIG 12 Model of PACS1 function in SORLA transport and APP process-
ing.(A) In wild-type neurons, SORLA interacts with APP in the TGN to impair
its export to the cell surface (step 1), thereby decreasing the extent of nonamy-
loidogenic processing by �-secretases at the plasma membrane (step 2). APP
molecules that are not cleaved at the cell surface internalize through clathrin-
mediated endocytosis and move to early endosomes (EE). From EE, APP mol-
ecules are sorted retrogradely by SORLA back to the TGN to reduce amyloido-
genic processing in endosomal compartments (step 3). Retrograde sorting of
APP requires interaction of SORLA with PACS1. (B) Retrograde sorting of
APP/SORLA complexes is impaired by knockdown of PACS1 in SH-SY5Y cells
or by expression of a SORLA variant lacking the PACS1 binding motif in
neurons. As a consequence of blocked retrograde sorting, SORLA is depleted
from the TGN but accumulates in early endosomes. Because of aberrant shut-
tling of SORLA/APP complexes between the cell surface and early endosomal
compartments, both nonamyloidogenic (to sAPP�) and amyloidogenic pro-
cessing (to sAPP� and A�) pathways are accelerated (step 4).
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(Fig. 6C and D). These changes in SORLA and APP transport
and amyloidogenic processing seen with PACS1 knockdown
were comparable to the alterations seen in primary neurons
from SORLAacidic/5XFAD mice (Fig. 11C and D) and in CHO
cells in an earlier study (6), strongly arguing for the involve-
ment of PACS1 in SORLA transport. As the binding sites for
AP1 and PACS1 overlap, we cannot exclude the possibility
that changes in SORLA transport and APP processing seen in
SORLAacidic mice also reflect defects in the binding of AP1 or
other adaptors to this site. However, the similarity in the traf-
ficking behavior of SORLAacidic in neurons to that of SORLA in
SY5Y-A/S cells with PACS1 knockdown strongly argues for the
functional relevance of PACS1 binding to this receptor. Con-
cerning the exact trafficking route controlled by PACS1, the
shift of SORLA (and APP) immunoreactivity from the TGN to
early endosomes in SY5Y cells lacking PACS1 and in primary
neurons from SORLAacidic mice suggests a function for the
adaptor in TGN retrieval of SORLA. In fact, PACS1-mediated
retrograde transport has also been shown for the CI-MPR, an-
other adaptor ligand (14). In retrograde transport of SORLA,
the adaptors PACS1 and retromer likely serve a redundant
function (31, 32).

Studies of PACS1 knockdown in SY5Y-A/S�CD cells expressing
a tailless SORLA variant were intended to provide a negative con-
trol for off-target effects of the loss of this adaptor on APP pro-
cessing. While these studies confirmed that the effects of PACS1
knockdown on sAPP�, sAPP�, and A�40 production were depen-
dent on SORLA activity, they also revealed a surprising SORLA-
independent action of PACS1 in A�42 catabolism (Fig. 6C and D).
Although the details still warrant clarification, we propose a mech-
anism whereby PACS1 deficiency impairs functional expression
of the CI-MPR, a sorting receptor for CatB. CatB is produced as a
precursor polypeptide that requires TGN-to-endosome sorting by
CI-MPR to be proteolytically activated in the endosomal/lyso-
somal compartment. Mature CatB, in turn, catabolizes numerous
polypeptides in lysosomes or in the extracellular space following
secretion (33). Among the substrates for CatB is A�42, which is
cleaved in preference to other amyloid-� peptide variants, such as
A�40 (23). In line with this activity, loss of CatB in gene-targeted
mice results in a specific increase in A�42 levels (23) while en-
hanced CatB activity (caused by gene inactivation of the protease
inhibitor cystatin C) lowers A�42 concentrations in the brain (24,
25). Impaired functional expression of CI-MPR and its cargo CatB
in SY5Y-A/S cells lacking PACS1 (Fig. 7) coincides with a specific
increase in A�42, further supporting a role for CatB as an A�42-
degrading enzyme, a function that likely requires proper PACS1-
dependent sorting of CI-MPR–CatB complexes. Why PACS1
knockdown impacts levels of CI-MPR but not of SORLA is un-
clear. As SORLA interacts with multiple adaptors for retrograde
sorting, including retromer, SNX1, and AP1 (reviewed in refer-
ence 3), the impact of PACS1 knockdown on SORLA routing may
be partially compensated for by other adaptor pathways. Levels of
expression of PACS1 and CI-MPR are normal in SORLAacidic mice
(Fig. 9). Thus, the defects in APP transport and processing in this
model can be attributed to abnormal trafficking of a SORLA vari-
ant unable to interact with PACS1. Still, our findings strongly
suggest both SORLA-dependent and SORLA-independent func-
tions for the sorting adaptor PACS1, both of which are important
for reduction of the amyloidogenic burden in the brain.
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