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A CLN6-CLN8 complex recruits lysosomal enzymes at
the ER for Golgi transfer
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Lysosomal enzymes are synthesized in the endoplasmic reticulum (ER) and transferred to the Golgi complex by interaction
with the Batten disease protein CLN8 (ceroid lipofuscinosis, neuronal, 8). Here we investigated the relationship of this
pathway with CLN6, an ER-associated protein of unknown function that is defective in a different Batten disease subtype.
Experiments focused on protein interaction and trafficking identified CLN6 as an obligate component of a CLN6-CLN8
complex (herein referred to as EGRESS: ER-to-Golgi relaying of enzymes of the lysosomal system), which recruits lysosomal
enzymes at the ER to promote their Golgi transfer. Mutagenesis experiments showed that the second luminal loop of CLNG6 is
required for the interaction of CLN6 with the enzymes but dispensable for interaction with CLN8. In vitro and in vivo studies
showed that CLN6 deficiency results in inefficient ER export of lysosomal enzymes and diminished levels of the enzymes at
the lysosome. Mice lacking both CLN6 and CLN8 did not display aggravated pathology compared with the single deficiencies,
indicating that the EGRESS complex works as a functional unit. These results identify CLN6 and the EGRESS complex as key
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Introduction

Lysosomes contain more than 50 soluble hydrolytic enzymes that
mediate the degradation of macromolecules according to various
catabolic programs. Lysosomal enzymes are synthesized in the
endoplasmic reticulum (ER) and transferred to the endolysosomal
system via the secretory route (1, 2). Whereas the post-Golgi traf-
ficking of lysosomal enzymes has been amply characterized (3),
the early, pre-Golgi stages of lysosomal enzyme trafficking are only
partially understood. We have recently reported that ER-to-Golgi
transfer of newly synthesized lysosomal enzymes is mediated by
the cargo receptor CLN8 (ceroid lipofuscinosis, neuronal, 8) (4).
CLN8 is a ubiquitously expressed multipass membrane protein
that forms homodimers and localizes in the ER and the ER-Golgi
intermediate compartment (ERGIC) (5, 6). CLN8 interacts with
newly synthesized lysosomal enzymes in the ER, transfers them
to the Golgi via COPII vesicles, and recycles back to the ER via
COPI vesicles (4). CLN8 deficiency results in inefficient ER exit
and decreased levels of lysosomal enzymes in mouse tissues and
patient-derived cells (4), causing a subtype of Batten disease or
neuronal ceroid lipofuscinosis (NCL) (7, 8).
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players in lysosome biogenesis and shed light on the molecular etiology of Batten disease caused by defects in CLN6.

Batten disease is a heterogeneous group of 13 genetically
distinct progressive encephalopathies with onset spanning from
infancy to adulthood and overall incidence estimated to be
1:12,500 live births in the United States (9). Batten disease is clas-
sified as a lysosomal storage disorder due to the observed intraly-
sosomal accumulation of ceroid lipopigment in neurons and other
cell types (7). A clear link between Batten disease and lysosomal
dysfunction is established by the observation that 4 Batten sub-
types are caused by mutations in 1 of 4 lysosomal enzymes (PPT1,
TPP1, CTSD, CTSF). In addition, at least 4 other Batten disease
genes encode proteins that localize and presumably function in
the lysosome (10). Impaired trafficking of lysosomal enzymes due
to deficiency of ER- and ERGIC-localized CLN8 protein is another
example linking impaired protein function to molecular pathology
in Batten disease (4).

The ubiquitously expressed multipass membrane protein
CLNG6 (ceroid lipofuscinosis, neuronal, 6; OMIM 601780) is the
only other Batten protein that resides in the ER (11, 12). Remark-
ably, the clinical features of Batten patients with mutations in either
CLN6 or CLNS are strikingly similar (13,14). Commonly associated
symptoms include cognitive decline, seizures, retinopathy, and
gait difficulties, with patients first reporting to the clinic between
2 and 8 years of age (14-16). Naturally occurring mouse models
for CLN6 and CLN8 diseases have been widely characterized and
have been shown to mimic many of the disease phenotypes (17).
These mouse lines (Cln6" and Cin8"*, henceforth referred to as
Cin67" and Cln8”") carry early frameshift mutations in Cin6 and
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ClIn8 genes, resulting in the complete absence of CLN6 and CLN8
proteins, respectively (11, 18-20). Like human patients, mutant
mice die prematurely and exhibit dysfunctional lysosomal metab-
olism in multiple tissues and organs (19, 21). The underlying defec-
tive molecular pathway linking CLN6 deficiency to lysosomal
dysfunction is unclear, as the molecular function of CLNG6 is yet
to be characterized (22). Recent reports show alterations in metal
homeostasis pathways — mostly accumulation of zinc and manga-
nese — and aberrant cell signaling related to AKT/GSK3 and ERK/
MAPK pathways as characteristic features of CLN6 disease (23).
Impaired stability and function of the CLN6 interactor, collapsin
response mediator protein 2 (CRMP-2), has also been associated
with altered neurite maturation in CLN6 disease, possibly con-
tributing to neuronal dysfunction and encephalopathy (24). While
these reports indicate associations between tissue pathology and
disease symptoms, however, the function of CLN6 and its rela-
tionship with lysosomal pathways has remained elusive.

Based on the similarities between the clinical features associ-
ated with CLN6 and CLN8 deficiencies and the partially overlap-
ping subcellular localization of the 2 proteins, we hypothesized that
CLN6 also functions in ER-to-Golgi transfer of lysosomal enzymes.
Here we investigated whether CLN6 acts as a cargo receptor for
lysosomal enzymes and whether CLN6 function is redundant
with, or dependent on, the function of CLNS8. Our results show that
CLN6 and CLN8 are obligate partners for the recruitment of newly
synthesized lysosomal enzymes at the ER and that, differently from
CLN8, CLN6 is not loaded into COPII vesicles but is retained in the
ER, presumably to serve additional cycles of enzyme recruitment.
We determined that the second luminal loop of CLNG6 is required
for the interaction of CLN6 with the enzymes and that CLN6 defi-
ciency results in inefficient ER export of lysosomal enzymes and
diminished levels of the enzymes at the lysosome. These results
identify CLN6 as a key protein implicated in the biogenesis of lyso-
somes and shed light on the molecular etiology of Batten disease
caused by mutations in CLNG6.

Results

CLNG6 deficiency results in the depletion of various lysosomal enzymes
from the lysosomal compartment. We recently demonstrated that
CLN8 deficiency results in diminished levels of various soluble
lysosomal enzymes at the lysosome (4). To investigate whether
CLNG6 deficiency also results in defective lysosomal composition,
we isolated lysosome-enriched fractions from the livers of pre-
symptomatic 6-week-old Cln67~ mice and age-matched WT mice
using a discontinuous Nycodenz-sucrose gradient as described
(25). Immunoblot analysis of the lysosomal membrane protein
LAMP1 confirmed lysosomal enrichment in the collected frac-
tions and showed no obvious changes in LAMP1 signal between
WT and Cln67~ samples (Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI130955DS1). We confirmed lysosomal enrichment by per-
forming an enzyme assay for p-hexosaminidase, a lysosomal
enzyme that is not affected by CLN8 deficiency (4) and did not
show changes upon deficiency of CLN6 (Supplemental Figure 1B).
We then performed immunoblot analysis for a set of enzymes for
which antibodies able to recognize the mouse proteins are avail-
able. The results showed a general reduction in enzyme levels in
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the lysosomal fraction from Cln67~ mice (Figure 1, A and B). Con-
sistent with these results, we observed a decrease in lysosomal
enzyme activities using proteins extracted from the lysosome-
enriched fraction of Cln67- mice (Figure 1C). Real-time qPCR
using liver RNAs, however, showed slightly increased transcrip-
tion of lysosomal enzymes in Cln67- mice compared with WT
controls (Figure 1D). Consistently, immunoblot analysis of whole
liver homogenates showed slightly increased expression of several
lysosomal enzymes in Cln67~ mice compared with WT controls
(Supplemental Figure 1, C and D). In addition, confocal micro-
scopy analysis of mouse embryonic fibroblasts (MEFs) from WT
and Cln67" mice showed decreased overlaps of CTSD and PPT1
with the lysosomal marker LAMP1 in the absence of CLNG®,
whereas no obvious changes in the overlap of these enzymes with
the ER protein KDEL were found (Supplemental Figure 1, E-H).
Together, these results show an absence of major defects in the
expression of lysosomal enzymes and indicate that the cause of the
observed lysosomal enzyme depletion must be posttranslational.

CLNG6 interacts with CLN8 but does not traffic to the Golgi com-
plex. We next investigated whether CLN6 interacts with CLN8 by
using bimolecular fluorescence complementation (BiFC), an assay
in which proteins are tagged with either the N- or the C-terminus
of YFP (Y1 and Y2, respectively), and fluorescence is emitted by
reconstituted YFP upon interaction of the 2 tagged proteins (26).
BiFC assays performed by cotransfecting either CLN6-Y1 with
Y2-CLN8 or CLN6-Y2 with Y1-CLN8 showed interaction between
CLN6 and CLN8 under either Y1/Y2 configuration in HeLa cells
(Figure 2A and Supplemental Figure 2A) and mouse embryonic
fibroblasts (Supplemental Figure 2B). As a control, we verified that
CLNG6 does not interact with lipase maturation factor 1 (LMF1)
(Figure 2A), an ER transmembrane protein that acts as a cargo
receptor for lipoprotein lipase (27). Costaining with KDEL showed
colocalization with the reconstituted fluorescence, indicating that
CLN6 and CLNS interact at the ER (Figure 2B; R = 0.76 * 0.08,
n =10 cells). Co-IP experiments using tagged proteins expressed
in HEK293T cells confirmed that CLN6 interacts with CLNS8
(Supplemental Figure 2C) but not with LMF1 (Supplemental Fig-
ure 2D). In addition, we generated a cell line in which endogenous
CLN8 is fused to a myc tag by using CRISPR/Cas9 genome edit-
ing. Co-IP experiments confirmed the interaction between CLN6
and endogenous CLN8 (Figure 2C).

Additional confocal microscopy analyses showed that both
CLN6 and CLNS8 colocalize with Secl6L, a marker for ER exit
sites (Supplemental Figure 2E). To test whether CLN6 is loaded
into COPII vesicles, we performed an in vitro COPII vesicle
budding assay. We incubated membranes from myc-CLN6-
transfected HeLa cells with rat liver cytosol and nucleotides for 1
hour at 30°C. Newly formed vesicles were collected and blotted
for CLN6 and CLNS. Three known COPII cargo proteins — APP,
ERGIC-53/LMANT1, and SEC22B — were used as positive con-
trols (28, 29), and ribophorin I (RPN1), an ER-resident protein
excluded from COPII vesicles (30), was used as a negative con-
trol. Unlike CLN8, APP, and ERGIC-53, which were detected
in COPII vesicles, CLN6 was excluded from COPII vesicles,
similarly to RPN1 (Figure 2D). Addition of SARIA H79G, a
dominant-negative mutant that inhibits COPII vesicle forma-
tion (28), blocked the inclusion of APP, SEC22B, ERGIC-53, and
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CLNS8 into newly formed vesicles, demonstrating that the process
is specifically dependent on COPII.

In agreement with the observed exclusion of CLN6 from
COPII vesicles, mutation of a putative ER retention/retrieval
signal (RRR mutated to AAA) (31) present in the cytosol-facing
N-terminus of CLN6 did not change the subcellular localization
of CLNG6 (Figure 2, E and F), consistent with previous observa-
tions (22). Because other unknown protein signals could medi-
ate retrieval of CLN6 from the Golgi to the ER, we also inhibited
Golgi-to-ER retrograde trafficking using 1,3-cyclohexanebis(me-
thylamine) (CBM), a chemical inhibitor of COPI-mediated vesic-
ular transport (32). CBM treatment resulted in a change of CLN8
localization to the Golgi (Supplemental Figure 2, F and G) as pre-
viously observed (4), whereas it did not result in any discernible
overlap of CLN6 with the Golgi marker, confirming exclusive
localization of CLN6 in the ER (Supplemental Figure 2, H and
I). These results are in agreement with prior work indicating that
CLNG6 does not localize to the Golgi (22).

CLNS8 trafficking to the Golgi is uncoupled from CLN6-CLNS8
interaction. We next investigated whether there is mutual depen-
dence between the subcellular localization of CLN6 and CLNS8.
We first tested whether abolishing Golgi-to-ER retrieval of CLN8
affects the subcellular localization of CLN6. To this end, we
cotransfected myc-tagged CLN6 with either full-length Y2-CLN8
or the retrieval-deficient CLN8 mutant Y2-CLN8dK (4). Confocal
microscopy showed that, in either case, CLN6 localized at the ER

jci.org  Volume130  Number8  August 2020

in HEK293T cells (Figure 3, A and B). To avoid interaction between
CLN6 and endogenous CLN8, we repeated the test in a cell line in
which CLN8 was knocked out (CLN87") (4) and obtained a similar
result (Supplemental Figure 3, A and B). We then tested whether
CLN8 can traffic to the Golgi independently of CLN®6. To this aim,
we generated CLN67 cells by CRISPR/Cas9 genome editing (Sup-
plemental Figure 4, A-C); as a control, we confirmed depletion of
lysosomal enzymes in these cells, which could be rescued by CLN6
reintroduction (Supplemental Figure 4D). Confocal microscopy
showed that retrieval-deficient Y2-CLN8dK localizes to the Golgi
in CLN67" cells (Figure 3, C and D), indicating that CLN8 traffick-
ing is uncoupled from the interaction of CLN8 with CLNG6.

CLNG6 interacts with lysosomal enzymes and this interaction
requires CLN6’s second luminal loop. Next, we examined whether
CLNG6 interacts with lysosomal enzymes. Co-IP assays using
myc-tagged CLN6 and a set of YFP-tagged enzymes showed that
CLNG6 interacts with the precursor forms of enzymes that we pre-
viously characterized as CLN8 interactors (CTSD, PPT1, TPP1,
and GALNS) but does not interact with HEXB, which also did not
interact with CLN8 (ref. 4 and Figure 4A). Co-IP of CLN6 with
the nonlysosomal secretory proteins AGN and TGF-1p resulted
in the absence of any detectable interaction, thus supporting the
notion that CLN6 interactions are specific. To gain insight into the
domains of CLN6 involved in the interaction with the enzymes,
we analyzed the structure and conservation of the CLN6 protein.
CLN6 has a cytosolic N-terminus, 7 transmembrane domains,
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Figure 2. CLN6 interacts with CLN8 in the ER and does not traffic to the Golgi complex. (A) Shown is a live BiFC assay of CLN6 with CLN8 in the indicated
YFP configurations. Green signals (reconstituted YFP) represent CLN6-CLN8 interaction. LMF1is used as a negative control for interaction with CLN6. Scale
bar: 200 pum. (B) Confocal microscopy analysis showing colocalization of reconstituted CLN6-Y2/Y1-CLN8 BiFC signal with the ER marker KDEL. Scale bar:
20 um. (C) Co-IP analysis of transiently expressed, Y2-tagged CLN6 and endogenous, myc-tagged CLN8. The lysates were immunoprecipitated with both
myc and GFP antibodies in separate experiments and analyzed by immunoblotting with the indicated antibodies. I1gG antibodies were used as a control.
Input represents 10% of the total cell extract used for IP. (D) In vitro COPII vesicle budding assay on digitonin-treated HelLa cell membranes incubated with
the indicated combinations of ATP regenerating system, rat liver cytosol, collected donor membranes, and dominant-negative SAR1A H79G; 5% input of
donor membranes is included. (E) Confocal microscopy analysis showing that CLNG resides in the ER upon mutagenesis of a potential retrieval/retention
signal (RRR to AAA). Trace outline is used for line-scan analysis of relative fluorescence intensity (RFI) of CLN6, GM130, and KDEL signals. Scale bar: 10
um. (F) Pearson correlation analysis of the colocalization extent of full-length CLN6 or CLN6-AAA with KDEL or GM130. Data are mean + SEM; n =15 (ER/
CLN®G), n =10 (ER/CLN6-AAA), n =12 (Golgi/CLN6), n = 15 (Golgi/CLN6-AAA). Statistical differences between groups were calculated using Student’s t test.

and a C-terminus in the ER lumen (16, 22, 33). The cytosolic and
luminal loops connecting the transmembrane domains are all
small (<15 amino acids), with the exception of the second lumi-
nal loop, which is 48 amino acids long (Figure 4B). Evolution-
ary constrained region analysis (34) using 26 vertebrate species
showed that CLN6’s second luminal loop (comprised between
transmembrane domains 3 and 4) is the most constrained region

of the protein (Supplemental Figure 5). Consistently, an analysis
of the distribution of disease-causing single-amino acid mutations
(missense mutations and deletions; https://www.ucl.ac.uk/ncl-
disease) (10) showed that CLN6’s second luminal loop has a higher
mutation rate (9 out of 48 positions, 19%) than does the rest of the
protein (28 out of 235 positions, 12%). We therefore hypothesized
that this loop is involved in the interaction between CLN6 and the
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Figure 3. The subcellular localizations of CLN6 and CLN8 are uncoupled from CLN6-CLN8 interaction. (A) Confocal microscopy analysis showing ER local-
ization of CLN6 and Colgi localization of CLN8 upon cotransfection of full-length CLN6 and retrieval-deficient CLN8. Trace outline is used for RFI line-scan
analysis of CLN8, CLNS, Golgi-cherry and ER-cherry signals. Scale bars: 10 um. (B) Pearson correlation analysis of the colocalization extent of CLN6 and CLN8
constructs with KDEL and GM130. Data are mean + SEM; n =11 (ER/CLN8), n =10 (ER/CLN8dK), n =10 (ER/CLN6 with CLN8 or CLN8dK), n =10 (CLN6/CLNS),
n =10 (CLN6/CLN8dK), n =12 (Golgi/CLN8), n =15 (Golgi/CLN8dK), n = 11 (Golgi/CLN6 with CLN8), n = 18 (Golgi/CLN6 with CLN8dK), n =10 (CLN6/CLN8),

n =14 (CLN6/CLN8dK). (C) Confocal microscopy showing that retrieval-deficient CLN8 (CLN8-RRXX, green signal) has partial colocalization with the Golgi
marker GM130 (red) both in WT and CLN67- cells. Scale bar: 20 um. Inset magnifications (x5) are reported. (D) Pearson correlation analysis showing partial
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colocalization of retrieval deficient CLN8dK (green signal) with the Golgi marker GM130 in WT and CLN67/~ cells. Data are mean + SEM; n =12 (WT), n=1
(CLN67). Statistical differences between groups were calculated using Student’s t test (B and D). NS, not statistically significant; ***P < 0.001.

lysosomal enzymes. To test this hypothesis, we generated a CLN6
construct lacking the second luminal loop (CLN6AL2) by deleting
the amino acids from position 135 to position 175 (Supplemental
Figure 6, A and B). We first verified that the CLN6AL2 protein, like
full-length CLNG®, localizes at the ER (Supplemental Figure 6C).
Given that CLN6 forms homodimers (Figure 4C and ref. 22), we
also tested whether CLN6AL2 is able to dimerize with full-length
and AL2 CLNG6 proteins. BiFC assays showed that full-length,
YFP-tagged CLN6 forms a dimer (CLN6-Y1/CLN6-Y2) that is
detectable by BiFC coupled with either confocal microscopy (Fig-
ure 4D) or flow cytometry (Supplemental Figure 6, D and E). The
CLN6-Y1/CLN6-Y2 dimer correctly localized at the ER as detect-
ed by confocal microscopy (Figure 4E). BiFC analysis showed that
CLNG6AL2 retains the ability to form dimers with full-length CLN6
(CLN6AL2-Y1/CLN6-Y2 and CLN6AL2-Y2/CLN6-Y1) as well as

jci.org  Volume130  Number8  August 2020

with itself (CLN6AL2-Y1/CLN6AL2-Y2) (Figure 5A). Thus, the
second luminal loop of CLNG6 is dispensable for protein stability
and self-interaction. We then tested whether CLN6AL2 is able to
interact with the lysosomal enzymes by performing co-IP assay.
Pull-down of myc-tagged CLN6AL2 followed by immunoblotting
for Yl-tagged lysosomal enzymes (detectable with an anti-GFP
antibody) showed that deletion of the second loop of CLN6 dis-
rupted the interaction of CLN6 with the tested enzymes (Figure
5B). Thus, the second loop of CLNG6 is required for the interaction
of CLN6 with lysosomal enzymes.

CLN6 and CLN8 are mutually necessary for their interaction
with lysosomal enzymes. Next, we used CLN67-and CLN8" cells to
investigate whether CLN6 and CLN8 are mutually necessary for
their interaction with lysosomal enzymes. Co-IP assays showed
that CLNG6 is unable to interact with the lysosomal enzymes in
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Figure 4. CLN6 interacts with lysosomal enzymes. (A) Co-IP analysis of CLN6 and lysosomal enzymes. Proteins were transiently expressed in HEK293T
cells, and immunoprecipitates were analyzed by immunoblotting with the indicated antibodies. Molecular marker analysis indicates that CLN6 interacts
with the enzymes’ precursors. Input represents 10% of the total cell extract used for IP. (B) Schematic representation of CLN6 protein. (C) Co-IP analysis of
Y2-tagged CLN6 and myc-tagged CLN6. The proteins were transiently expressed in HEK293T cells, and immunoprecipitates were analyzed by immunoblot-
ting with the indicated antibodies. Input represents 10% of the total cell extract used for IP. (D) Shown is a live BiFC assay of CLN6-Y1with CLN6-Y2 in Hela
cells; expression of CLN6-Y1 is used as a negative control. Scale bar: 200 um. (E) Confocal microscopy showing colocalization between reconstituted BiFC
signal from CLN6-Y1/CLN6-Y2 dimerization (green) and the ER marker KDEL (red). Scale bar: 20 um.

CLN87 cells (Figure 6A); similarly, the interaction of CLN8 with
the lysosomal enzymes is abolished in CLN67" cells (Figure 6B).
In the absence of CLN6, however, the ability of CLN8 to form
homodimers was not abolished as seen by BiFC analysis followed
by flow cytometry (Figure 6C). Similarly, CLN6 was able to form
homodimers in CLN8” cells (Figure 6D).

Based on these results, we conclude that CLN6 and CLN8 are
obligate partners in the recruitment of newly synthesized lyso-
somal enzymes in the ER, and that the subsequent transfer of
enzymes to the Golgi is mediated by CLN8 only. Although CLN6
is not loaded in COPII vesicles along with CLN8 and lysosomal
enzymes, the observed decreased levels of enzymes in the lyso-
somal compartment upon CLN6 deficiency and the fact that
CLNG6 is essential for their recruitment in complex with CLN8
predict that, in the absence of CLN6, ER-to-Golgi transfer of the
enzymes may be inefficient. To test this hypothesis, we set out
to monitor ER-to-Golgi trafficking of CTSD, PPT1, and GALNS
by using the RUSH (retention using selective hooks) system (35)
based on a recent report that showed that ER-to-Golgi trans-

fer of CTSD occurs in a short time (<30 minutes) and therefore
requires a highly synchronized system for careful evaluation (36).
In the RUSH system, the test protein is fused with a KDEL-tagged
streptavidin binding protein (SBP), which enables retention of the
test protein in the subcellular compartment of choice by simul-
taneous expression of an organelle-targeted hook protein that
contains a streptavidin domain. The interaction between the test
protein and the hook protein is stable and can be reversed by the
addition of biotin to outcompete SBP binding. Biotin supplementa-
tion thus results in a synchronous release of the test protein, which
can be monitored for relocation by time-course confocal micros-
copy. For our experiments, we coexpressed an ER-targeted hook
protein (35) with SBP- and GFP-fused CTSD, PPT1, and GALNS.
We used SBP-, GFP-fused lysozyme C (LyzC/LYZ), a nonlyso-
somal soluble protein that traffics through the ER and Golgi (36),
as a control protein. We monitored the subcellular localization of
CTSD, PPT1, GALNS, and LyzC at 0, 5, 10, and 20 minutes from
their biotin-induced synchronous release in WT and CLN67 cells.
As a quantitative measure, we assessed the overlap of the enzyme
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signal with that of the Golgi marker GM130 at each time point.
The results showed that the absence of CLN6 caused a significant
delay in ER-to-Golgi trafficking of the tested lysosomal enzymes,
but not of LyzC (Figure 7 and Supplemental Figures 7 and 8), thus
confirming that the lack of a functional CLN6-CLN8 complex for
the recruitment of lysosomal enzymes results in their inefficient
exit from the ER.

Loss of CLN6 does not aggravate pathology of CLNS-deficient
mice. If CLN6 and CLN8 work as a functional unit in vivo, it is
expected that simultaneous deletion of both would lead to conse-
quences similar to either single deletion. Life span analyses showed
that Cln67~ and CIn87- mice had a slightly different survival
rate. The median survival of Cln67- mice was 450 days, whereas
the median survival of C/n87- mice was 302 days (log-rank test;
z=7.07, P <0.001), in line with previous reports (18, 19, 21). Dou-
ble KO mice had a median survival of 290 days, which was indis-
tinguishable from that of Cln87- mice (log-rank test; z = 2.24, P =
0.025) (Figure 8A). Thus, simultaneous deficiency of CLN6 and
CLN8 does not accelerate disease progression compared with
CLNS8 single deficiency.

Activation of ER stress pathways was previously observed in
the brain of Cln87- mice (37). We performed a comparative anal-
ysis of ER stress pathways in Cln67-, CIn87-, and double-KO mice
by analyzing the expression of several protein markers of ER stress
pathways — BiP/HSPA5, CHOP/DDIT3, elF20,/EIF2S1 (phosphor-
ylated and total protein), JNK1 (phosphorylated and total protein),
IRE1/ERN1, and ATF6 —in extracts from whole brain and liver tis-
sue homogenates and from 3 subregions of the brain (cortex, hip-
pocampus, and cerebellum). Overall, the results showed dynamic
responses to gene deficiencies for most of the markers analyzed,
with individual intragroup mouse variations generally greater
than intergroup variations (Supplemental Figure 9, A and B, and
Supplemental Figure 10, A-C). Exceptions were BiP, which was
upregulated in the hippocampus of single- and double-KO mice
and in the liver of double-KO mice, and ATF6, which was upreg-
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ulated in the brain of CIn8”7- mice. Interestingly, the double-KO
mice did not generally recapitulate an additive effect of the varia-
tions observed in the single-KO mice, indicating the possible pres-
ence of adaptive responses that could differ across genotypes and
at the level of individual mice.

A notable phenotype described in most mouse models of
Batten disease is retinal degeneration, which eventually leads to
complete blindness (38, 39). Both Cln67- and Cin8”~ mouse lines
display early-onset loss of vision that can be quantified by electro-
retinogram (ERG) analysis (38, 40). To compare the visual func-
tion of single- and double-KO mouse lines, we performed scoto-
pic and photopic ERGs to assess the function of rods and cones,
respectively. Scotopic ERG was performed by measuring a-wave
(photoreceptor) and b-wave (inner retina) amplitudes. The results
from both scotopic (Figure 8, B and C) and photopic (Figure 8D)
ERGs showed that, while all mutants displayed significant differ-
ences compared with age-matched WT mice, there was no wors-
ening of visual function in the double-KO mice compared with
CIn8” mice (which had a subtly worse phenotype than Cln6”
mice; Supplemental Table 1). Together, these analyses support the
notion that CLN6 and CLN8 work as a functional unit in vivo.

Discussion

This study identifies CLN6 as a key factor in the biogenesis of
lysosomes by uncovering its function as an obligate component
of a CLN6-CLN8 complex that recruits lysosomal enzymes at the
ER to promote their Golgi transfer. We refer to this complex as
EGRESS (ER-to-Golgi relaying of enzymes of the lysosomal sys-
tem) because of its role in recruiting lysosomal enzymes for Golgi
delivery. The emerging model identifies a 2-step process for the
engagement of lysosomal enzymes in the ER and their transfer to
the Golgi based on the cooperation between CLN6 and CLN8. In
the first step, CLN6 and CLN8 form the EGRESS complex, which
recruits the enzymes via an interaction that depends on both the
large luminal loop of CLN6 (which is dispensable for the inter-
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Figure 6. CLN6 and CLN8 are mutually necessary for their interaction with lysosomal enzymes. (A) Co-IP analysis of myc-tagged CLN8 and Y2-tagged
lysosomal enzymes (TPP1, CTSD, PPT1, and GALNS). Vectors were transiently transfected in WT and CLN67- HEK293T cells, and immunoprecipitates were
analyzed by immunoblotting with the indicated antibodies. Input represents 10% of the total cell extract used for IP. (B) Co-IP analysis of myc-tagged
CLNG6 and Y2 tagged lysosomal enzymes (TPP1, CTSD, PPT1, and GALNS). Vectors were transiently transfected in WT and CLN8~- HEK293T cells, and
immunoprecipitates were analyzed by immunoblotting with the indicated antibodies. Input represents 10% of the total cell extract used for IP. (C) Flow
cytometry quantification of Y1-CLN8/Y2-CLN8 BiFC signal in WT and CLN67/~ cells. Data are mean + SEM (n = 3). (D) Flow cytometry quantification of
CLNG-Y1/CLNG-Y2 BiFC signal in WT and CLN8/~ cells. Data are mean + SEM (n = 3). Statistical differences between groups were calculated using Stu-

dent’s t test (C and D).

action with CLNS8) and the large luminal loop of CLN8 (4). The
absence of either protein prevents the interaction of the other with
the enzymes, indicating that the EGRESS complex is the minimal
unit required for such interaction. In the second step, CLNS is
loaded into COPII vesicles to escort the enzymes to the cis-Golgi.
It is possible that during the loading into COPII vesicles CLNG6 is
displaced by the interaction between CLN8 and COPII compo-
nents, thus ending the loading cycle of the EGRESS complex. A
dual function of CLN8 as a member of the EGRESS complex and
as the cargo receptor that interacts with components of COPII
vesicles is consistent with the observed data indicating a more
rapid progression of the disease in Cln87~ mice compared with
Cin67- mice. Upon Golgi transfer, the enzymes are subsequently
trafficked to the lysosomes via selective transport from the
trans-Golgi network, whereas the empty receptor is recycled back
to the ER. If either component of the EGRESS complex is absent
(or functionally defective), ER exit of the enzymes is inefficient,
thereby resulting in enzyme depletion at the lysosome. A graphi-
cal depiction of inefficient enzyme exit from the ER upon CLN6
deficiency is depicted in Figure 9.

Inefficient organelle exit and depletion of cargo proteins upon
deficiency of components of their receptor systems are commonly

observed in mammalian cells. For example, ERGIC-53 promotes
ER export of immunoglobulin IgM and coagulation factors V/VII
in complex with ERp44 and MCFD2, respectively (41, 42). In cells
lacking functional ERGIC-53, its cargo proteins reach their des-
tination at a slower rate and in reduced amounts (43, 44). Simi-
larly, exit of LYZ/LyzC from the Golgi is delayed upon deletion of
its sorting protein, CAB45/SDF4 (36). Additional examples from
recent studies include a variety of receptor systems and cargo pro-
teins — VTI1A/B for Golgi export of neuropeptide Y (45), SURF4
for the secretion of PCSK9 (46), and p24/TMED?2 for ER export
of GPI-anchored proteins (47). Bulk flow or lower-affinity binding
to other cargo receptors can explain slower cargo transport (48).
Recent studies focused on TFEB, a master regulator of lyso-
somal biogenesis and function (49, 50), indicate that lysosomal
enhancement may counteract disease progression in animal
models of lysosomal storage disorders, including a model of Bat-
tendisease (51,52). TFEB increases the expression and activity of
most lysosomal enzymes by directly enhancing the transcription
rates of their genes and of several additional genes that contrib-
ute tolysosomal acidification, lysosomal homeostasis, and Golgi-
to-lysosome transport pathways (2). Although CLN6 and CLN8
genes are not among the direct transcriptional targets of TFEB
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Figure 7. CLN6 deficiency impairs trafficking of lysosomal enzymes. Confocal microscopy analysis of WT and CLN67- HEK293T cells transfected with
plasmids expressing enzymes fused with SBP-EGFP (SBP-EGFP-CTSD, SBP-EGFP-GALNS, and SBP-EGFP-PPT1) and streptavidin-KDEL “‘anchor” that
retains SBP-containing proteins in the ER. Shown are representative images of cells without addition of biotin (0 minutes) and at 5, 10, and 20 minutes
from the addition of biotin. Manders’ overlap coefficients (MOC) measuring the degree of colocalization between the test protein (green signal) and the
Golgi marker GM130 (red signal) are reported. Data are mean + SEM; WT cells, n = 21 (CTSD, 0 minutes), n = 27 (CTSD, 5 minutes), n = 30 (CTSD, 10 min-
utes), n = 20 (CTSD, 20 minutes), n = 20 (GALNS, 0 minutes), n = 30 (GALNS, 5 minutes), n = 22 (GALNS, 10 minutes), n = 20 (GALNS, 20 minutes),

n =21 (PPT1, 0 minutes), n = 21 (PPT1, 5 minutes), n = 20 (PPT1, 10 minutes), n = 21 (PPT1, 20 minutes); CLN67 cells, n = 20 (CTSD, 0 minutes), n = 23
(CTSD, 5 minutes), n = 23 (CTSD, 10 minutes), n = 21 (CTSD, 20 minutes), n = 22 (GALNS, 0 minutes), n = 21 (GALNS, 5 minutes), n = 22 (GALNS, 10 minutes),
n =22 (GALNS, 20 minutes), n = 20 (PPT1, 0 minutes), n = 23 (PPT1, 5 minutes), n = 25 (PPT1, 10 minutes), n = 24 (PPT1, 20 minutes). Statistical differences
between groups were calculated using Student’s t test. NS, not statistically significant; **P < 0.01; ***P < 0.001. Scale bars: 100 um.

(49, 53), the finding that defects in the EGRESS complex result
in reduced amounts of enzymes at the lysosome identifies CLN6
and CLNS8 diseases as candidate conditions for testing TFEB-
mediated lysosomal enhancement therapy to investigate its
capacity to increase the levels and activity of lysosomal enzymes
in these conditions (54). In a different approach, CLN6 and
CLN8 could be tested in the treatment of lysosomal storage
diseases caused by partial enzyme deficiency — conditions
that are most typically due to point mutations in enzymes that
reduce their stability or trafficking. This strategy could be tested
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in appropriate models of partial lysosomal enzyme deficiency
either with a direct genetic approach — gene therapy of CLNG6,
CLN8, or both — or pharmacologically by using yet-to-be-
discovered drug activators or stabilizers of the EGRESS complex.
Future studies will determine whether increased expression or
activity of the EGRESS complex is able to enhance the stability
or trafficking of mutant enzymes and ameliorate disease phe-
notypes. If successful, this approach could complement current
methods to treat lysosomal storage diseases based on enzyme
replacement therapy and gene therapy.
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Figure 8. Combined deficiency of CLN6 and CLN8 in mice does not accelerate disease progression compared with single deficiencies. (A) Life span analy-
sis of CIn6™'~ (n = 29), CIn8~"~- (n =12), and CIn6~'- CIn8~'~ (n = 13) mice. (B) Graph of a-wave amplitudes of scotopic ERG waveforms from WT (n = 3), CIn6~/-
(n=8),CIn8"(n=3),and CIn6"- CIn8~"~ (n = 5) mice in response to a series of light stimuli. (C) Graph of b-wave amplitudes of scotopic ERG waveforms
from WT (n = 3), CIn6'~ (n = 8), CIn8~~ (n = 3), and CIn6~"- CIn8/~ (n = 5) mice. (D) Graph of b-wave amplitudes of photopic ERG waveforms from WT (n = 3),

Cln6"- (n =6), CIn8'- (n=3), and CIn67- CIn8~"- (n = 4) mice.

Remarkably, among the enzymes that are depleted upon
deficiency of CLN6 or CLN8 are TPP1 and CTSD, which are the
defective proteins in 2 other Batten disease subtypes — CLN2 and
CLNI10, respectively (55-57). Both TPP1 and CTSD are involved
in the degradation of subunit ¢ of mitochondrial ATP synthase
(SCMAS) (58-60), and studies that have characterized the compo-
sition of the storage material in various Batten subtypes have deter-
mined that SCMAS accumulates not only in CLN2 and CLN10
but also in CLN6 and CLN8 diseases (61-63). Our results thus
establish a framework to interpret the accumulation of SCMAS
upon CLN6 and CLN8 deficiency as being caused by the partial
depletion of the SCMAS degrading proteins, TPP1 and CTSD,
at the lysosome. It should be noticed that the clinical courses
of CLN2 and CLN10 cases caused by a complete lack of TPP1 or
CTSD activity are much more severe than that of even the most
severe cases of CLN6 and CLNS8 diseases (7, 8). This indicates
that in the absence of functional CLN6 or CLN8, nonnegligible
amounts of TPP1 and CTSD (and presumably other enzymes) are
still active in the lysosome, helping the cell cope with lysosomal
homeostasis and metabolism for a relatively long period of time.
As in the case of other lysosomal storage disorders, the reasons
for the observed progressive decline in CLN6 and CLN8 diseases
could be rooted in the progressive nature of the accumulation of
undegraded substrates in the lysosome. Alternatively, the physio-
logical role of CLN6 and CLN8 might vary with organismal devel-
opment and become more essential at later stages. The complexity
of this matter is compounded by the recent observation that dif-
ferent brain cell types respond differently to the lack of CLNG6, as

recently observed with a gene therapy-mediated approach in mice
with a CLN6-defective background (64). These themes could
be explored in future work by analyzing the expression of CLN6
and CLN8 in various organs at various developmental ages when
reliable antibodies for the mouse proteins become available, or
by generating tissue- or cell-specific knockout lines for Cln6 and
CIn8. These observations also suggest therapeutic opportunities
for CLN6 and CLN8 diseases based on the possibility to provide
the depleted enzymes exogenously via enzyme replacement ther-
apy, an option that is being tested for several lysosomal enzymes
including CLN2 but that is not available for transmembrane pro-
teins such as CLN6 and CLN8 (65-68). Follow-up studies in pre-
clinical models are needed to explore whether or not this approach
would add any benefits to established procedures such as gene
therapy for these diseases (69).

In summary, our findings address the molecular mechanism
underlying Batten disease caused by loss of functional CLN6 and
identify the EGRESS complex as the mediator of the recruitment
of lysosomal enzymes in the ER for Golgi transfer. These findings
uncover a previously unappreciated complexity of the early steps
of lysosomal enzyme trafficking and shed light on the molecular
pathogenesis of CLN6 disease, which can henceforth be interpreted
as a disorder of impaired lysosomal biogenesis.

Methods

Animal husbandry. Cln6" mice on C57/BL6] background (Cln67
mice) were a gift from Susan Cotman (Harvard Medical School, Bos-
ton, Massachusetts, USA) and are available from the Jackson Labo-
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Figure 9. Schematic model of ER-to-Golgi lysosome enzyme trafficking.
Shown is a comparison between WT conditions and deficiency of CLN6.

ratory (catalog 003605). The Cln8™? mouse line (CIn87" line) was
purchased from the Jackson Laboratory (catalog 001612). Cln67~ and
Cin87~ double-KO mice were generated by crossing the single-KO
lines. Food and water were provided ad libitum. For subcellular frac-
tionation and ERG experiments we used mice at 6 weeks of age. Only
males were used for all analyses. Investigators were blinded to mouse
genotype during data acquisition, and no randomization was neces-
sary. No data were excluded from this study.

Molecular biology. Supplemental Table 2 lists the antibodies used
throughout the study. Supplemental Table 3 lists the oligonucleotides
used for cloning, genome editing, and PRC. CLN6 and CLN8 were
cloned into myc and YFP vectors (backbone: pcDNA3.1 from Invit-
rogen) by retrotranscription of RNAs from HeLa and HEK293T cells
using the QuantiTect Reverse Transcription kit (Qiagen) followed
by PCR-mediated amplification and plasmid insertion with the in-
Fusion cloning kit (Clontech). The CLN6AL2 construct was obtained
by removing the codons for amino acids 155-222 using the Q5 Site-
Directed Mutagenesis kit (New England Biolabs).

Immunoblotting. Before harvesting, cells were rinsed in cold PBS
and lysed using RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% NP40, 0.5%
sodium deoxycholate, 0.1% SDS, 150 mM NaCl,2mM EDTA) or NP40
lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% Np-40 [vol/
vol], 10% glycerol) with protease (Roche) and phosphatase (Roche)
inhibitors (1:100). Cells were left in lysis buffer on a nutator for 1 hour
at 4°C. After 1 hour of lysis the solution was centrifuged at 15,700g for
20 minutes and the supernatant was collected. Protein concentrations
were measured with the bicinchoninic acid protein assay kit (Pierce),
using bovine serum albumin as standard. Lysates were separated on
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a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to polyvinyl difluoride (PVDF) mem-
branes. Blots were incubated in blocking buffer (5% dried skimmed
milk in Tris-buffered saline, pH 7.4, and 0.2% Tween-20, TBST) fol-
lowed by overnight incubation with appropriate antibodies, which
were diluted in blocking buffer. The following day, membranes were
washed 3 times for 10 minutes each in TBST before incubation for 1
hour with secondary HRP antibodies diluted in blocking buffer. Detec-
tion was carried out with ECL Western blotting detection reagent (GE
Healthcare). Images were detected with ImageQuant LAS 4000 (GE
Healthcare) and quantified by Fiji analysis software.

Generation of CLN6 knockout and CLN8 knockin cells. We used
CRISPR/Cas9 genome editing to introduce a deletion in exon 2 of
the CLN6 gene in HEK293T cells. In brief, we designed 2 comple-
mentary oligonucleotide couples (Supplemental Table 3) using the
online CRISPR design tool (http://crispr.mit.edu), coding for a guide
RNA upstream of a protospacer adjacent motif (PAM) site in exon 2
of CLN6. The 2 oligonucleotides were annealed and subsequently
cloned into the pX458 plasmid (70), followed by Sanger sequencing
of the insert to confirm the correct sequence. HEK293T cells were
then transfected with 2pg plasmid and split into a 96-well plate by
single-cell deposition. DNA was isolated from the expanded single
colonies when confluent enough and used in PCRs using oligonu-
cleotides to amplify exon 2 of CLN6 with CloneAmp HiFi PCR Pre-
mix (Clontech) according to the manufacturer’s instructions; clones
that were unable to produce an amplicon were subsequently Sanger
sequenced to confirm deletion of exon 2. We inserted a Myc tag
(5'-GAACAAAAACTCATCTCAGAAGAGGATCTG-3')
the stop codon of endogenous CLN8 in HEK293T cells by combining
CRISPR/Cas9 with single-stranded oligodeoxynucleotides (ssODNs)
as described (71). We selected recombinant clones by single colony

just before

expansion followed by gDNA extraction and PCR using oligonucle-
otides to amplify exon 3 of CLN8. Sanger sequencing confirmed the
correct insertion of the Myc tag in a clone that was subsequently used
for the described experiments.

Quantitative real-time PCR. Total RNA was extracted from control
and Cln6" mouse embryonic fibroblasts, and from control and CLN67
HEK293T cells using the RNEasy kit (Qiagen) according to the manu-
facturer’s instructions. RNA was quantified using the Nano-Drop 8000
(Thermo Fisher) followed by cDNA synthesis using the QuantiTect
Reverse Transcription kit (Qiagen). The primers for PCR with reverse
transcription reactions are listed in Supplemental Table 3. Quantitative
real-time PCR was performed by using iQ SYBR Green Supermix on
the CFX96 Touch Real-Time Detection System (Bio-Rad Laborato-
ries) with the following conditions: 95°C, 5 minutes; (95°C, 10 seconds;
60°C, 10 seconds; 72°C, 15 seconds) x 40. Analyses were conducted
using CFX manager software (Bio-Rad) and the threshold cycle (CT)
was extracted from the PCR amplification plot. Relative gene expres-
sion was determined using methods described previously, normalizing
to GAPDH (for human genes) and Sp16 (for mouse genes). The change
in messenger RNA level of the genes was expressed as fold change.

RUSH cargo sorting assay. Plasmids pIRESneo3-LyzC-SBP-EGFP
and pIRESneo3-SS-SBP-EGFP-CTSD were a gift from J. Von Blume
(Yale School of Medicine, New Haven, Connecticut, USA). WT and
CLN67 cells were cultured in a 96-well plate precoated for 2 hours
with poly-D-Lysine to aid in cell adherence. Cells were transfected for
24 hours using plasmids expressing test (CTSD, PPT1, GALNS) and
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control (LyzC/LYZ) proteins fused with EGFP and a SBP (pIRESneo3-
LyzC-SBP-EGFP, pIRESneo3-SS-SBP-EGFP-CTSD, pIRESneo3-SS-
SBP-EGFP-PPTI, and pIRESne03-SS-SBP-EGFP-GALNS). Cells were
incubated with 40 pM d-Biotin (SUPELCO) in DMEM for 10 min-
utes or without d-Biotin as a control to confirm the retention of the
reporter. Cells were then washed once in PBS and fixed in 4% PFA in
PBS for 15 minutes and used in confocal microscopy.

Confocal microscopy analysis. Cells were grown on glass coverslips
in 24-well plates overnight before treatment. Cells were transfected
using Polyplus reagent, incubated for 6 hours, and left to incubate for
an additional 36 hours after changing the culture media. At the end
of the treatment, cells were rinsed with PBS and fixed with 4% para-
formaldehyde (PFA) in PBS at room temperature (RT) for 15 minutes.
Cells were then rinsed 3 times with PBS and blocked with blocking
reagent (0.1% saponin, 10% goat serum in PBS) for 60 minutes at RT.
After blocking, cells were washed twice with PBS, followed by incuba-
tion with appropriate primary antibody in blocking reagent overnight at
4°C. Cells were then washed 3 times with PBS and later incubated with
appropriate Alexa Fluor-conjugated secondary antibodies against pri-
mary host animal for 1 hour at RT in the dark. Cells were then washed
5 times with PBS and coverslips were mounted with VECTASHIELD
mounting media containing DAPI (Vector Laboratories). Images were
acquired with Zeiss 710 and Zeiss 880 confocal microscopes (Carl
Zeiss, Inc.). For the RUSH analysis of protein subcellular trafficking,
imaging was performed on a GE Healthcare DVLive epifluorescence
image restoration microscope using an Olympus PlanApo x60/1.42 NA
objective and a 1.9k x 1.9k pco.EDGE sCMOS 5.5 camera with a 1900
x 1900 FOV. The filter sets used were DAPI, FITC, TRITC, and CY5.
For colocalization analysis, quantification was done with organellar
markers, pictures were analyzed using Coloc2 and plot profile plugin
using ROI manager in Fiji software.

Immunoprecipitation assay. HEK293T cells after 24 or 48 hours
of transfection were scraped off from Petri dishes in cold PBS. Cells
were centrifuged at 400g for 5 minutes and the pellet was resus-
pended in NP40 lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 1% Np-40 [vol/vol], 10% glycerol) with protease (Roche)
and phosphatase (Roche) inhibitors (1:100). Cells were lysed for 30
minutes at 4°C on a nutator. Upon lysis, equal amounts of protein
lysates (500 pg) were incubated with the indicated primary anti-
bodies for 3 hours at 4°C. After antibody incubation, samples were
further incubated for 2 hours in 40 pL precleared protein-G agarose
beads (Roche). Beads with immunocomplexes were centrifuged at
3000g and washed 4 times in lysis buffer with intermittent incuba-
tions, during each wash, for 6 minutes on the nutator at 4°C. After
the fourth wash, beads were resuspended in Laemmli SDS sam-
ple buffer with B-Mercaptoethanol heated at 95°C for 10 minutes
and then analyzed by immunoblotting. For experiments involving
CLN8, samples were incubated at 37°C to avoid formation of CLN8
dimers and smears observed at higher temperatures which are hard
to resolve on a SDS gel.

Flow cytometry analysis. HeLa cells were transfected with 200
ng YFP1-tagged and 200 ng YFP2-tagged constructs, in combination
with 200 ng Ruby plasmid that was used as a reference for transfec-
tion efficiency. Cells were collected 48 hours after transfection in PBS
with 10% FBS. Fluorescence of 10,000 cells per sample was deter-
mined by flow cytometry using the BD LSRFortessa Cell Analyzer (BD
Biosciences) with the HTS auto-sampler device. Only cells positive for
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YFP and Ruby were considered for the subsequent analysis of recon-
stituted YFP signal quantification.

Subcellular fractionation. Three mouse livers per sample were
pooled and centrifuged in a discontinuous Nycodenz (Progen Biotech-
nik) density gradient as previously described (72), with modifications.
Briefly, we homogenized tissues in an assay buffer (0.25 M sucrose,
pH 7.2) and centrifuged at 4800g for 5 minutes, and then at 17,000g for
10 minutes. The sediment of the second centrifugation was washed at
17,000¢ for 10 minutes. Consequently, it was resuspended 1:1 vol/vol
in 84.5% Nycodenz and placed on the bottom of an Ultraclear (Beck-
man) tube. Above this, a discontinuous gradient of Nycodenz was con-
structed using the following percentages from bottom to top: 32.8%,
26.3%, and 19.8% Nycodenz. Samples were then centrifuged for 1 hour
in an SW 40 Tirotor (Beckman) at 141,000g. Lysosome-enriched frac-
tions were collected from the 26.3/19.8 interface and diluted in 5 to
10 volumes of assay buffer. Finally, they were centrifuged at 37,000g
for 15 minutes. Pellets were then resuspended in 500 pL assay buffer.

Enzyme assays. Enzyme activity assays were conducted by using
fluorophore analogs of enzymes substrates, as previously described:
TPP1 (73), GAA (74), GBA (75), GLB1 (76), and NAGLU (77).

Electroretinography (ERG). Mice were dark-adapted overnight and
then anesthetized by a single i.p. injection of 22 mg/kg ketamine, 4.4
mg/kg xylazine, and 0.37 mg/kg acepromazine. Pupils were dilated
with a drop of tropicamide (1.0%) and phenylephrine (2.5%) and then
corneas were anesthetized with a drop of proparacaine (1.0%). After 1
minute, excess fluid was removed and a drop of hypromellose (2%) was
placed on each cornea to keep it moistened and provide a good contact
between the cornea and the ERG electrode (N1530NNC, LKC Tech-
nologies). All tests were performed under a dim red light and a feed-
back-controlled heating pad was used to keep treated mice at a constant
body temperature of 37°C. ERG recordings were performed using UTAS
Visual Diagnostic System and EMWIN software (LKC Technologies).
Scotopic ERGs were performed using 6 flash intensities (-34, -24, -14,
-4, 0, and 10 dB). Photopic ERGs were subsequently recorded. Mice
were light-adapted to a 30 cd*s/m? white background for 2 minutes after
scotopic ERG recordings, and then photopic ERGs were recorded with
flash intensities of 0, 10, and 25 dB. ERG data was plotted using Graph-
Pad Prismb5 software. All mice were analyzed at 4 weeks of age.

CBM assay. HeLa cells were plated on coverslips, 24 hours before
the experiment, in 24-well plates in DMEM at 37°C in the presence of
5% CO,. Cells were transfected the next day with either myc-tagged
CLNG6 or myc-tagged CLN8. At 24 hours after transfection, the media
was removed, cells were washed with PBS, and CBM was added to
each well at a final concentration of 2 mM for a 90-minute period.

In vitro COPII vesicle budding reaction. Rat liver cytosol was pre-
pared from fresh livers as previously described (28). HeLa cells were
cotransfected with CLN6-myc and CLN8-myc, permeabilized as
previously described (78), and used as donor membranes. Vesicle for-
mation and purification was performed as described previously (78).
In brief, donor membranes were incubated with rat liver cytosol (4
mg/mL), ATP regeneration system, 0.3 mM GTP, and SARIA H79G
(10 ng/ul) in a final volume of 100 uL. The reaction was carried out
at 30°C for 1 hour and terminated by incubation on ice for 5 minutes.
Donor membranes were removed by centrifugation at 14,000g for 12
minutes at 4°C. The resulting supernatant was centrifuged at 115,000g
for 25 minutes at 4°C to collect COPII vesicles. Vesicle pellets were
then resuspended in 15 pL buffer C (10 mM Tris-HC, pH 7.6, 100 mM
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NaCl, 1% Triton X-100) and Laemmli sample buffer and heated
at 55°C for 15 minutes. Vesicle samples and original donor mem-
brane samples were resolved by SDS-PAGE, transferred onto PVDF
membranes, and subjected to immunoblotting to detect various ER-
resident proteins and COPII cargo proteins.

Sequence analysis. CLN6 sequence analysis was performed by
retrieving CLN6 sequences from the NCBI database (79) or from the
UCSC Genome Browser (80) by BLAT searches using available CLN6
protein or DNA sequences. Local evolutionary rates of CLN6 protein
sequence were calculated using the webtool Aminode (34) by feeding
the indicated sequences as inputs for the custom analysis. Downloaded
data were graphically combined with a multiple protein alignment (81)
to generate the graph of the local evolutionary rates.

Statistics. All experiments were performed at least in biological
triplicate. Experimental analysis was performed in a blinded fashion
for quantification of the Pearson correlation in immunofluorescence
analysis. Statistical significance was tested using 2-sided ¢ test for sim-
ple comparisons, whereas false discovery rate (FDR) was used for mul-
tiple comparisons. A value of P less than 0.05 (FDR < 0.1 for multiple
comparisons) was considered significant.

Study approval. All animal studies were reviewed and approved by
the Institutional Animal Care and Use Committee of Baylor College
of Medicine.
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