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We had previously shown that endoplasmic reticulum (ER)-associated degradation (ERAD) of glycoproteins in mamma-
lian cells involves trimming of three to four mannose residues from the N-linked oligosaccharide Man,GlcNAc,. A
possible candidate for this activity, ER mannosidase I (ERManl), accelerates the degradation of ERAD substrates when
overexpressed. Although in vitro, at low concentrations, ERManI removes only one specific mannose residue, at very high
concentrations it can excise up to four «l,2-linked mannose residues. Using small interfering RNA knockdown of
ERManl, we show that this enzyme is required for trimming to Man;_,GIlcNAc, and for ERAD in cells in vivo, leading
to the accumulation of Man,GlcNAc, and Glc;Man,GlcNAc, on a model substrate. Thus, trimming by ERManl to the
smaller oligosaccharides would remove the glycoprotein from reglucosylation and calnexin binding cycles. ERManl is
strikingly concentrated together with the ERAD substrate in the pericentriolar ER-derived quality control compart-
ment (ERQC) that we had described previously. ERManI knockdown prevents substrate accumulation in the ERQC.
We suggest that the ERQC provides a high local concentration of ERManl, and passage through this compartment
would allow timing of ERAD, possibly through a cycling mechanism. When newly made glycoproteins cannot fold
properly, transport through the ERQC leads to trimming of a critical number of mannose residues, triggering a signal

for degradation.

INTRODUCTION

The N-glycosylated glycoproteins comprise a majority of the
proteins traversing the secretory pathway in eukaryotic
cells. An elaborate quality control mechanism ensures that
only correctly folded and processed glycoproteins exit the
endoplasmic reticulum (ER) (Trombetta and Parodi, 2003;
Sayeed and Ng, 2005). If a defect is found, ER chaperones
assist in repair of the glycoproteins and if they fail to correct
the defect within a certain time interval, the glycoproteins
are targeted for degradation. In recent years, it has become
clear that the timing of this interval is linked to trimming of
mannose residues from the precursor Gle;MangGlcNAc,,
after the glucose residues have been excised (Hebert ef al.,
2005; Lederkremer and Glickman, 2005; Moremen and
Molinari, 2006). Although generation of the ERAD targeting
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signal was initially thought to involve the trimming of only
one specific mannose residue (mannose b in Figure 1D) to
MangGlcNAc, isomer b (M8b), recent evidence in mamma-
lian cells implicates further trimming of three to four al,2-
linked mannose residues, to form Man,GIcNAc, (M6) or
MansGIcNAc, (M5) (Ermonval et al., 2001; Frenkel et al.,
2003; Hosokawa et al., 2003; Kitzmuller et al., 2003; Lederkre-
mer and Glickman, 2005). In contrast to M8b, the M6 and M5
species lack mannose residue a (Figure 1D); therefore, they
cannot be reglucosylated by the folding-sensor enzyme
UDP-Glc:glycoprotein glucosyltransferase (UGGT), a step
that promotes binding of incompletely folded glycoproteins
to the chaperones calnexin (CNX) and calreticulin (Parodi,
2000; Moremen and Molinari, 2006). Interestingly, it was
recently shown that several lower eukaryotes transfer oligo-
saccharides with a reduced number of mannose residues,
but containing mannose-a, which is also subject to trimming
in these organisms (Banerjee et al., 2007). The additional
mannose trimming in mammalian cells would remove the
glycoproteins from rescue attempts by the ER folding ma-
chinery and deliver them to ER-associated degradation
(ERAD). ERManI was implicated in this process, because its
overexpression leads to increased mannose trimming and
accelerated ERAD (Hosokawa et al., 2003; Wu et al., 2003).
Nevertheless, it has not been established whether these ef-
fects are due to overexpression of ERManl, whether ERManl
is indeed required, and whether its endogenous activity
accounts for trimming to M5 and M6 in vivo. Trimming to
the smaller oligosaccharides might also be mediated by

© 2007 by The American Society for Cell Biology



ER Mannosidase Function and Localization

A B

chase (h) 0 3

inhibitor - T MG-132KIF SW dMNJ !

(ng/mli) ™25 50 75 100 150' 100
80

H2a precursor| ' poal ”' . —46

[+2]
o

N
o

H2a fragment| . - LS

o
4

0 25 50 75 100 125 150
dMNJ (ug/ml)

—30
1 2 3 4 5 6 7 8 9 10

% Inhibition of degradation
relative to maximum
F'S
o

c D @
@ 3h+MG-132
03450 ug/ml dMNJ+MG-132 Gle— [Man|, [Man]  [Man]
T 50 a12l 12l a1,2]
2 d Man Man
S 20 a1, a1, 16
< Man Man
g 10 a1, 16
£ Mlan
p1,4
M5 M6 M7 M8 M9 GiM9
N-linked oligosaccharide species Glcll‘[l%e(‘:‘
GlIcNAc
[B
Protein

Figure 1. Involvement of a class I a-mannosidase in ERAD of ASGPR H2a. Partial inhibition of mannosidase activity blocks ERAD while
still allowing trimming to M8. (A) NIH 3T3 cells stably expressing H2a (2-18 cell line) were pulse labeled with [**S]Cys for 20 min followed
by a 3-h chase in complete medium with or without addition of 20 uM MG-132 or of saturating amounts of the mannosidase inhibitors KIF
(100 uM) and SW (4 ng/ml) or of the indicated concentrations of dMNJ. (Cells were preincubated for 30 min with the mannosidase inhibitors,
which were also present during the labeling period.) Cells were lysed, H2a was immunoprecipitated, and the immunoprecipitates were
separated in 10% SDS-PAGE followed by fluorography. Bands corresponding to the H2a precursor and the naturally occurring cleaved
fragment are indicated on the left. Molecular mass markers (kilodaltons) are indicated on the right. The bands below the upper H2a precursor
and fragment species are underglycosylated molecules (lacking one of the three sugar chains). (B) Percentage of inhibition of degradation of
H2a relative to maximum inhibition obtained with 150 ug/ml dMNJ (=100) was calculated from a phosphorimager quantitation of the gel
in A. Note that although reaching a plateau, dMN] only inhibits degradation of H2a by 50% compared with 80% with KIF. (C) The same cells
as in A were labeled with 2-[*H]Man for 1 h in glucose-free medium and chased for 3 h in complete medium in the presence of 20 uM MG-132
with or without 50 pug/ml dMNJ. Cells were lysed, H2a was immunoprecipitated, and the immunoprecipitates were treated with endo H.
The N-linked oligosaccharides were separated by HPLC, and fractions were counted in a beta counter. Relative molar amounts of each
oligosaccharide species were calculated based on mannose content. The percentage of each species relative to the sum of the molar amounts
of all species present was then plotted. (D) Structure of M9, highlighting the a1,2-linked mannose (Man) residues (a-d) (boxed) that undergo
trimming in the ER and the position (arrow) of the glucose (Glc) residue on the original precursor (after its two outer glucoses were excised) or
after its readdition by UGGT. Note that trimming of mannose-c and/or mannose-b does not prevent reglucosylation but loss of mannose-a does.

other enzymes. Possible candidates could be Golgi manno-
sidase IA (Golgi Man IA, also called Man9-mannosidase)
that was reported to be either in the Golgi or in the ER,
depending on the cell type (Velasco et al., 1993; Bieberich et
al., 1997; Igdoura et al., 1999). This enzyme and two other
Golgi 1,2 mannosidases were recently shown to accelerate
the degradation and mannose trimming of an ERAD sub-
strate, NHK «l-antitrypsin, when overexpressed, probably
through recycling of this protein through the Golgi complex
(Hosokawa et al., 2007). Other candidates could be ER-deg-
radation enhancing o-mannosidase-like (EDEM) proteins.
Recently, both EDEM1 and EDEM3 were reported to accel-
erate ERAD and to increase mannose trimming to M7-6
when overexpressed in vivo (Hirao et al., 2006; Olivari et al.,
2006), even though none of the EDEMs have been shown to
have mannosidase activity in vitro (Hosokawa et al., 2001;
Mast et al., 2005; Olivari et al., 2005). So far, it has not been
shown whether endogenous levels of any of these class I
a-mannosidases cause extensive mannose trimming.

In vitro, ERManl cleaves only mannose residue b at low
concentrations producing M8 (Tremblay and Herscovics,
1999; Herscovics, 2001). Only very small amounts of M7 are
produced after extended, 24-h incubations. However, at
very high concentrations it can cleave additional «1,2-linked
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mannose residues (Herscovics ef al., 2002). In the cell, this
would require a high local concentration of ERManl. Here,
we show by knockdown experiments that ERManl is indeed
involved in mannose trimming to M6-5 leading to ERAD.
The enzyme is concentrated in a pericentriolar compartment
that we had termed the ER-derived quality control compart-
ment (ERQC), which would provide a high local concentra-
tion. We had shown that upon proteasomal inhibition this
microtubule-dependent membrane-enclosed compartment
accumulates ERAD substrates and the chaperones CNX and
calreticulin but not BiP, protein disulfide isomerase, UGGT,
or ERp57 (Kamhi-Nesher et al., 2001; Frenkel et al., 2004). We
proposed that the ERQC is a staging ground for substrate
delivery to the ubiquitin—proteasome machinery (Lederkremer
and Glickman, 2005). We find that ERManl activity is needed
for an ERAD substrate to be released from reglucosylation
cycles and to accumulate in the ERQC on its way to ERAD.

MATERIALS AND METHODS

Materials

Rainbow '*C-labeled methylated protein standards were obtained from GE
Healthcare (Little Chalfont, Buckinghamshire, United Kingdom). Promix cell
labeling mixtures ([**S]Met and Cys, 1000 Ci/mmol) and Man (p-[2-*H(N)],
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21 Ci/mmol) were from PerkinElmer Life and Analytical Sciences (Boston,
MA). Protein A-Sepharose was from Repligen (Needham, MA). Lactacystin
(Lac), N-carbobenzoxyl-leucinyl-leucinyl-leucinal (MG-132), swainsonine
(SW), kifunensine (KIF), and deoxymannojirimycin (dMN]J) were from Cal-
biochem (La Jolla, CA). Leupeptin and other common reagents were from
Sigma-Aldrich Corp. (St. Louis, MO). Endo-B-N-acetylglucosaminidase H
(endo H) and ProtoScript First Strand cDNA Synthesis kit were obtained from
New England Biolabs (Ipswich, MA).

Primers and Reverse Transcription-Polymerase Chain
Reaction (RT-PCR)

Total cell RNA was extracted with EZ-RNA kit (Biological Industries, Beit
Haemek, Israel). ReddyMix (ABgene, Epsom, United Kingdom) was used for
PCR. Reverse transcription was performed with a ProtoScript First Strand
cDNA Synthesis kit using random primers. An aliquot (5%) of the RT product
was used for PCR with the following primers: CCTTCAGTGAGTGGTTTGG
and GTGGTCCATCTTGGCACTG for ERManI and ATAGTAGATGCCCTG-
GATAC and CAGATAGTTAGGATAAAGGC for Golgi ManlA.

Plasmids

H2a subcloned in pCDNAT (Kamhi-Nesher et al., 2001; Invitrogen, Carlsbad,
CA). Inserts for pSUPER and pSUPER-retro-green fluorescent protein (GFP)
short hairpin RNA (shRNA) vectors were constructed as described in Brum-
melkamp et al. (2002) by using target sequences as follows: ACCAGCAAATC-
CACCCGTC for human ERManl, GAATTTAAGCAAGCCAGGA for mouse
ERManl, and AGGAGGCCATTCAAGCAGT for human Golgi ManlIA.
pSUPER encoding anti-lacZ shRNA was a kind gift of S. Lavi (Tel Aviv
University). GalT-YFP (B1,3-galactosyltransferase linked to yellow fluorescent
protein [YFP]) in peYFP was a kind gift from K. Hirschberg (Tel Aviv
University) Human ERManI-hemagglutinin (HA) (Hosokawa et al., 2003) and
Golgi ManIC-HA (Tremblay and Herscovics, 2000) were cloned into pMH
(Roche Diagnostics, Basel, Switzerland).

Antibodies

Rabbit polyclonal anti-human ERManl was described in Hosokawa et al.
(2003). Rabbit polyclonal anti-H2 carboxy-terminal was used as in previous
studies (Tolchinsky et al., 1996) as well as rabbit anti-ERp57 (Frenkel ef al.,
2004). Mouse anti-HA-tag was from Cell Signaling Technology (Danvers,
MA); Mouse anti-y-tubulin, rabbit anti-ERGIC53, and anti-lamp1 were from
Sigma-Aldrich Corp. Rabbit anti-CNX C terminus was from Assay Designs
(Ann Arbor, MI). Secondary goat anti-mouse immunoglobulin (Ig)G-cyanine
(Cy)5 or fluorescein isothiocyanate (FITC), and goat anti-rabbit IgG-Cy5 or
-Cy3 antibodies were from The Jackson Laboratory (Bar Harbor, ME).

Cell Culture and Transfection

NIH 3T3 cells and a stable transfectant expressing H2a (Tolchinsky ef al., 1996)
were grown in DMEM supplemented with 10% newborn calf serum. Trans-
fections of NIH 3T3 cells were performed using the X-tremeGene small
interfering RNA (siRNA) transfection reagent (Roche Diagnostics), with 1 ug
of DNA per well in 24-well plates, according to the manufacturer’s manual.
Transfections of human embryonic kidney (HEK) 293 cells (grown in DMEM
plus 10% fetal calf serum) were performed using a calcium phosphate pro-
cedure. Samples were processed 48-h posttransfection.

[35SICys Metabolic Labeling and Immunoprecipitation

Subconfluent (90%) cell monolayers in 60-mm dishes were labeled with
[3S]Cys, lysed, and immunoprecipitated with anti-H2 antibodies, as de-
scribed previously (Tolchinsky et al., 1996, Shenkman et al., 1997).

Gel Electrophoresis, Fluorography, and Quantitation

Reducing SDS-polyacrylamide gel electrophoresis (PAGE) was performed in
10% Laemmli gels. The gels were subjected to fluorography by using 20%
2,5-diphenyloxazole in acetic acid, and then they were exposed to Kodak
BioMax MR film (Vancouver, BC, Canada). Quantitation was performed in a
Fuji BAS 2000 phosphorimager (Fuji, Tokyo, Japan), by using Tina 2.1 soft-
ware.

[2-3H]Man Labeling and Analysis of N-linked
Oligosaccharides

Subconfluent (90%) monolayers of cells in 100-mm tissue culture dishes were
metabolically labeled for 45-60 min with 350 uCi/ml [2-*H]Man, as described
previously (Frenkel et al., 2003). Cells were rinsed and chased with normal
DMEM plus 10% fetal calf serum. Cell lysis, immunoprecipitation, and endo
H treatment were performed as for the 3°S-labeled samples. High mannose
N-linked oligosaccharide isolation and separation by high-performance liquid
chromatography (HPLC) was as described previously (Frenkel et al., 2003) or
using an NH2P-50E column from Shodex (Kawasaki, Japan) at a flow rate of
1 ml/min in acetonitrile:water (60:40, vol/vol ratio); fractions were monitored
using a scintillation counter (Beckman Coulter, Fullerton, CA).
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Immunofluorescence Microscopy

Cells were grown on glass coverslips overnight before transfection; 48 h after
transfection the cells were fixed with methanol and methanol:acetone for 5
min at —20°C and processed as in [Kamhi-Nesher et al., 2001]. The samples
were analyzed using a Zeiss laser scanning confocal microscope (LSM 510;
Carl Zeiss, Jena, Germany). The thickness of the optical slices was 0.6—-0.9 wm.

For deconvolution pictures were taken with a Zeiss Axiovert 200M inverted
microscope, coupled to a CoolSnap HQ? camera with a 63X, 1.4 numerical
aperture lens, with 2 X 2 binning. The acquisition and analysis were carried
out with Slidebook 4.1 software (Intelligent Imaging Innovations, Denver,
CO). Twenty to 35 optical slices were taken of each cell (depending on cell
shape). Images were deconvolved with the Constrained Iterative algorithm
making use of measured point spread functions. Identification of the different
intracellular compartments was carried out by intensity-based thresholding.
For quantitation, the background signal (calculated from untransfected cells)
was subtracted.

RESULTS

A Class I a-Mannosidase and Mannose Trimming to M6,
M5 Are Required for ERAD of Asialoglycoprotein
Receptor (ASGPR) H2a

Our previous studies, using the uncleaved precursor of
ASGPR H2a and unassembled CD36 as model ERAD sub-
strate glycoproteins, suggested that mannose trimming of
the sugar chains to M6 and M5 is involved in their targeting
to ERAD (Frenkel et al., 2003). To study which type of
mannosidase is involved in this processing, we performed a
pulse-chase analysis with [3°S]Cys of H2a stably expressed
in NIH 3T3 cells, in the absence or presence of inhibitors. In
hepatocytes, the membrane-bound precursor of H2a is
cleaved (by signal peptidase; Yuk and Lodish, 1993) to a
35-kDa carboxy-terminal fragment, corresponding to its
ectodomain, which matures to a soluble secreted form of the
receptor, but it is inefficiently cleaved and mostly degraded
in other cell types (Tolchinsky et al., 1996). In 3T3 cells H2a
was extensively degraded after 3-h chase (Figure 1A). This
degradation was inhibited by the proteasomal inhibitor MG-
132 and by the mannosidase inhibitors KIF and dMN] (Fig-
ure 1A). In contrast to the proteasomal inhibitor, the man-
nosidase inhibitors abrogated the shift in migration of the
bands. We had shown that the shift in migration is due to
mannose trimming (Frenkel et al., 2003). These effects were
not observed with the class II mannosidase inhibitor SW
(Figure 1A). The results indicate that this mannose trimming
is mediated by a class I a-mannosidase.

Given that we had observed a relationship between the
degree of mannose trimming to M6 and M5 and the stability
of the glycoprotein (Frenkel et al., 2003), it was of interest to
test whether inhibition of trimming to M6 and M5 (without
affecting trimming to M8) would decrease degradation. For
this purpose, we incubated cells expressing H2a with in-
creasing concentrations of dMN]J, which showed a progres-
sive inhibition of the trimming that correlated with a pro-
gressive inhibition of degradation (Figure 1, A and B). We
analyzed the N-linked sugar chains of H2a, released by endo
H after pulse labeling with [2-*H]Man, including MG-132
during the chase to prevent H2a degradation. We studied
which species accumulate upon incubation of cells with a
low nonsaturating concentration of dMNJ that would have
little effect on trimming to MS8. Incubation with 50 pg/ml
dMN] completely blocked oligosaccharide trimming to M5,
greatly reduced trimming to M6 by more than fourfold but
had relatively little inhibitory effect on the formation of M7,
and it did not affect the formation of M8 (Figure 1C). Nev-
ertheless, this concentration of dMNJ] inhibited the degrada-
tion of H2a to half the extent obtained with a saturating
amount of the inhibitor (150 wug/ml) after 3-h chase (Figure
1, A and B). Together, these results suggest that trimming of
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al,2-mannose residues (Figure 1D) by a class I a1,2-manno-
sidase to M6 and M5 is a prerequisite for maximal degrada-
tion and that formation of M8 cannot be the only determi-
nant leading to ERAD, as has been suggested in previous
studies (Cabral et al., 2001).

ERManl Is Required for ERAD of Glycoprotein Substrates
and for Mannose Trimming of Their Sugar Chains to M6
and M5

Several class I «al,2-mannosidases could be candidates for
the mannose trimming activity leading to ERAD, all inhib-
ited by dMN]J and KIF and insensitive to swainsonine (Her-
scovics, 2001; Mast and Moremen, 2006) as in the experiment
of Figure 1A. In vitro ERManl efficiently converts M9 to M8
by removing residue b (Figure 1D), but it can remove addi-
tional a1,2-linked mannose residues at high concentrations
(Herscovics et al., 2002). Other candidates, as explained
above, could be Golgi a-mannosidases, e.g., Man IA and/or
EDEM 1-3.

Although overexpression of ERManl leads to accelerated
substrate degradation (Hosokawa ef al., 2003; Wu et al.,
2003), it was important to determine whether endogenous
levels of ERManl are sufficient to promote ERAD. We there-
fore knocked down ERManl expression using an shRNA in
a pSUPER vector. This plasmid was cotransfected with a
vector carrying H2a cDNA into HEK 293 cells, which were
used to achieve much more efficient transfection than in NIH
3T3 cells. We chose a region of the ERManl sequence with
little or no homology to other class I mannosidases, obtain-
ing very efficient knockdown of ERManl as analyzed by
RT-PCR. Transfection with 10 ug of pSUPER anti-ERManl
decreased the ERManl mRNA to undetectable levels,
whereas an shRNA directed against Golgi Man IA had no
effect (Figure 2A). As another control we determined that
anti-ERManl shRNA had no effect on the level of Golgi Man
IA mRNA (Figure 2B). The effect of anti-ERManl shRNA on
H2a degradation was tested in a pulse-chase experiment.
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Degradation of H2a is slower in HEK 293 cells than in NIH
3T3 cells, but anti-ERManl shRNA blocked it completely
(Figure 2C, lanes 5 and 6). In contrast, overexpression of
ERManl accelerated the degradation (Figure 2C, compare
lanes 1 and 2 with 3 and 4). ERManl overexpression also
caused 40% reduction in the level of the pulse-labeled H2a
(Figure 2C, compare lane 1 with lane 3), probably by reduc-
ing the initial lag in degradation (Tolchinsky et al., 1996).

We hypothesized that the strong dependence of ERAD of
H2a on the expression levels of ERManl might reflect a
physiological situation where ERManl expression is up-reg-
ulated during the unfolded protein response. However, this
was not the case. There was no change in the mRNA level of
ERManl, as measured by RT-PCR, upon cell treatment with
tunicamycin (an inducer of the unfolded protein response),
compared with a strong up-regulation in the level of BiP
mRNA (Figure 2D).

To study the effect of ERManl knockdown on the trim-
ming of the sugar chains, we compared the N-linked glycans
of H2a in cells transfected with pSUPER anti-ERManl with
those in cells transfected with pSUPER carrying the irrele-
vant anti-lacZ shRNA. The cells were pulse-labeled with
[2-°*H]Man and chased for 4 h. ERManl knockdown nearly
completely blocked trimming of the sugar chains to M5, and
partially to M6 and M8, with the level of M7 remaining
almost unchanged after 4 h of chase (Figure 3, A-E). Con-
comitantly there was a large relative increase of M9 and of
the glucosylated species GIM9. Glycoprotein molecules that
were spared from degradation by ERManl knockdown ac-
cumulated with these larger sugar chains. When comparing
the relative molar amounts of the smaller species (M5 + M6)
with the sum of the larger species (M8 + M9 + G1IMY), it is
clear that ERManl knockdown blocked the trimming to M5
and M6 during the chase (Figure 3F). This is even more
evident when comparing cells treated with a proteasomal
inhibitor, MG-132, which led to a lesser relative amount of
larger species and accumulation of the smaller species, but
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not in the presence of ERManl shRNA (Figure 3F). Although
there was a very efficient knockdown of ERManl (Figure
2A), residual activity might still account for partial trimming
of up to 3 mannose residues (Figure 3, D and E). Alterna-
tively, other al,2-mannosidases may be responsible for this
partial trimming. However, the partial trimming to M6-M8
in the presence of ERManl shRNA is not sufficient to target
the glycoprotein to ERAD (Figure 2C), perhaps pointing to
the requirement for further processing to M5. Another pos-
sibility is that all three sugar chains of each molecule of the
substrate H2a must be trimmed to M5-M6 for ERAD to take
place, and the presence of one untrimmed chain might be
sufficient for CNX association and prevention of degrada-
tion.

The accumulation of GIM9 upon knockdown of ERManl
suggests reglucosylation of M9, because there is much more
GIM9 present after chase than after the pulse (compare
Figure 3, C and D). Also, in cells treated with dMN]J or KIF
there was a large increase in the amount of the glucosylated
species (data not shown). This suggests that normally
ERManl removes H2a from cycles of deglucosylation by
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way.

glucosidase II and readdition by UGGT of the glucose resi-
due that binds to CNX (Figure 1D).

ERManl Is Concentrated in the ERQC Compartment

ERManl can cleave several mannose residues from the M9
precursor only at very high concentrations, as shown in vitro
(Herscovics et al., 2002). We investigated the subcellular
localization of the enzyme to see whether it could point to
relatively high local concentrations. We could not detect the
enzyme at its endogenous level with the antibody in our
possession, although it recognized specifically exogenously
expressed ERManl (Supplemental Figure 1). Therefore, we
expressed an HA-tagged version of ERManl and compared
its location with a red fluorescent protein (RFP) fusion pro-
tein of the ERAD substrate H2a (H2a-RFP). H2a-RFP
showed up in an ER pattern in untreated cells and concen-
trated in the ERQC compartment upon proteasomal inhibi-
tion (Figure 4, A and B, middle). As mentioned, we previ-
ously demonstrated the existence of this compartment in the
centrosomal region of the cell (Kamhi-Nesher ef al., 2001;
Frenkel et al., 2004). Surprisingly, ERManl seemed concen-
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<

ERManlI-HA H2a-RFP ERManl

Figure 4. ERManl is localized in the ERQC. (A and B) NIH 3T3 cells transiently expressing H2a-RFP and ERManI-HA were incubated for
3 h with or without 10 uM lactacystin (lac), fixed, and subjected to immunofluorescent staining with rabbit anti-ERManl antibodies and
Cy5-conjugated goat anti-rabbit IgG. For better visualization, confocal images were pseudocolored red (H2a-RFP) and green (ERManl) in the
merged images; colocalization is yellow. (C) ERManl was stained as in A, and centrosomes were stained with mouse anti-y-tubulin and
FITC-conjugated goat anti-mouse IgG (pseudocolored red; arrows). (D and E) Cells transiently expressing ERManl-HA were treated as
described in A and B, and they were stained with mouse anti-HA tag and FITC-conjugated goat anti-mouse IgG, along with rabbit anti-CNX
followed by Cy3-conjugated goat anti-rabbit IgG. (F) Cells transiently expressing ERManI-HA were stained as described in D and E but using
rabbit anti-ERGIC53 instead of rabbit anti-CNX antibody. (G and H) Cells were transiently cotransfected with plasmids encoding the Golgi
marker GalT-YFP (green in the merged image) and either ERManI-HA (G) or Golgi Man IC-HA (H). Both mannosidases were stained with
mouse anti-HA tag antibody and Cy5-conjugated goat anti-mouse IgG (pseudocolored red). ER-localized ERp57 was visualized with rabbit
anti-ERp57 and Cy3-conjugated goat anti-rabbit IgG (pseudocolored blue). (I and J) Cells transiently expressing ERManI-HA were stained
with mouse anti-HA tag and FITC-conjugated goat anti-mouse IgG, together with rabbit anti-lamp1 (for visualization of lysosomes), followed
by Cy3-conjugated goat anti-rabbit IgG. Cells in ] were incubated for 3 h with leupeptin (20 pug/ml) before fixation. (K-M) Three-dimensional
rendering of a cell transiently expressing GalT-YFP and ERManl-HA visualized with rabbit anti-ERManl primary and Cy3-conjugated goat
anti-rabbit IgG secondary antibodies. Nuclear staining was performed with 4,6-diamidino-2-phenylindole. In this experiment, 35 optical slices
of each cell were pictured at intervals of 0.3 um, the stacks were then subjected to constrained iterative deconvolution using Slidebook 4.1
software. Two different angles are shown (K and M), and in L an overexposure of the image in K see provided to better visualize the faint
ERManl staining outside of the ERQC. See also Supplemental Video.
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Table 1. Relative concentration of ERManl in the ERQC

Volume occupied

ERManl conc.

by ERManl in Relative ERManl ERManl amount in the ERQC

Volume occupied Volume occupied the ERQC Relative ERManl amount in the ERQC relative to

by ERManl in by ERManl not  relative to that in ~ amount in the not in the relative to that that in the

the ERQC? in the ERQCP the rest of the ERQCH ERQCH not in the rest of the

(voxels) (voxels) cell® (%) (a.u.) (a.u.) ERQC® (%) cellf (-fold)

Value 5716.50 78,281.00 7.26 2,599,862.32 3,347,995.87 72.03 10.63

SD 1824.29 42,639.93 2.46 1,567,921.28 1,591,841.24 20.47
SEM 644.98 15,075.49 0.93 554,343.88 562,800.86 7.74

@ Average number of voxels occupied by ERManl accumulated in the ERQC measured from images similar to those in Figure 4K.

b Average number of voxels occupied by ERManl that is not accumulated in the ERQC (a population that is mostly in the peripheral ER).
¢ Volume occupied by ERManl in the ERQC relative to the volume that it occupies in other regions (column 2/column 3 X 100).

d Intensity (arbitrary units) of ERManl signal per voxel multiplied by total number of voxels occupied.

¢ Intensity of ERManl signal in the ERQC relative to the intensity of ERManl in other regions (column 5/column 6 X 100).

f Concentration of ERManl in the ERQC relative to that in other regions. Concentration in each region is defined as intensity of ERManl signal
per volume it occupies in that region. (column 5/column 2)/(column 6/column 3).

trated in the centrosomal region with or without treatment
with the proteasomal inhibitor lactacystin, with relatively
little visible in the peripheral regions (Figure 4, A-C). In the
presence of lactacystin H2a-RFP colocalized with ERManl in
the ERQC (Figure 4B). We had seen previously that H2a and
H2a-RFP accumulate in this pericentriolar compartment, to-
gether with calnexin and calreticulin upon proteasomal in-
hibition, but that the chaperones and the ERAD substrate are
found throughout the ER in untreated cells (Kamhi-Nesher
et al., 2001; Frenkel ef al., 2004). Indeed, ERManl colocalized
with accumulated CNX only after cell treatment with lacta-
cystin (Figure 4, D and E). To rule out that ERManl localizes
in untreated cells to the ERGIC or Golgi (also in the centro-
somal region), we performed double labeling of cells with
markers of these compartments and found basically no co-
localization (Figure 4, F and G). There was no colocalization
either with the ER-resident oxidoreductase ERp57 (Figure
4G), which we had shown to be distributed throughout the
ER and not to concentrate in the ERQC (Frenkel et al., 2004).
The pattern of ERManl is most likely not the result of over-
expression, because under the same conditions of expression
HA-tagged Golgi mannosidase I C (homologous to ERManlI)
was located entirely in the Golgi, colocalizing with the Golgi
marker 1,3-galactosyltransferase linked to YFP (GalT-YFP)
(Figure 4H). ERManl showed no overlap with GalT-YFP
(Figure 4G). Furthermore, ERManl occurred in the jux-
tanuclear pattern under a wide range of expression levels
(Supplemental Figure 2).

Because it was recently reported that ERManl undergoes
degradation in lysosomes (Wu et al., 2007), we investigated
whether there is any colocalization of the enzyme with a
lysosomal marker. No colocalization of ERManl with the
lysosomal protein lysosome-associated membrane protein 1
(lamp1) was found in untreated cells (Figure 4I). However,
incubation of cells with leupeptin, to inhibit lysosomal deg-
radation, led to partial accumulation of ERManl in lamp1-
positive lysosomes, consistent with the degradation of the
enzyme in this organelle (Figure 4]).

We studied the three-dimensional distribution of ERManl
compared with GalT-YFP by deconvolution analysis. ERManl
showed a juxtanuclear concentration, surrounding the Golgi
and with some continuity with the nuclear envelope (Figure
4, K-M, and Supplemental Video). This imaging allowed a
quantitative analysis of the localization of ERManl. We cal-
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culated that the volume occupied by ERManl in the ERQC is
on average ~6% of the total volume that it occupies in the
cell, namely, the ERQC plus the peripheral ER. Nevertheless,
this relatively small compartment concentrates almost half
of the total amount of ERManl in the cell. Therefore, we
estimate that the concentration in the ERQC in NIH 3T3 cells
is ~10-fold higher than that in the peripheral ER (Table 1).
The peripheral ERManl is distributed in a large volume,
spreading that makes it hardly visible outside of the ERQC.
The volume occupied by concentrated ERManl (and conse-
quently by the ERQC) gave an average of 29 um? (Table 2).
This was compared with the volume of the region occupied
by GalT (medial- and trans-Golgi), which gave an average of
13 wm?, the same order of magnitude as that determined by
stereological measurement from ultrathin sections by elec-
tron microscopy (Mironov and Mironov, 1998). As expected,
there was variation in the volume of the ERQC and of the
Golgi between cells, but the ratio of the volumes of these
compartments in any given cell was surprisingly constant,
ERManl occupying a little over double the volume occupied
by GalT (2.26 *= 0.14-fold; Table 2). The confinement of
ERManl with ERAD substrates in the ERQC could provide
the required relatively high concentration for the removal of
all a1,2-linked mannose residues from the precursor oligo-
saccharide.

Table 2. Volume of the ERQC compared with the Golgi

ERQC volume?® Golgi volume® Volume ratio®

(pm?) (pm?) (-fold)
Value 29.14 12.97 2.26
SD 12.04 5.04 041
SEM 4.01 1.68 0.14

@ Average volume occupied by ERManl accumulated in the ERQC
measured from images similar to those in Figure 4I.

b Average volume occupied by GalT-YFP in the Golgi measured
from images similar to those in Figure 4I.

¢ Volume occupied by ERManl in the ERQC divided by that occu-
pied by GalT in the Golgi.
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Figure 5. ERManl activity is required for ERAD substrate concen-
tration in the ERQC. (A-C) NIH 3T3 cells transiently expressing
H2a-RFP and ERManI-HA were pretreated without (A), with 10 uM
lactacystin (B), or with 100 uM dMNJ (C) for 3 h before fixation and
subjected to immunofluorescent staining of ERManl-HA with
mouse anti HA-tag antibody and FITC-conjugated goat anti-mouse
IgG. (D-F) H2aRFP was transiently coexpressed in NIH 3T3 cells
with pSUPER-retro-GFP (expressing GFP from a PGK promoter, D
and E) or the same vector encoding anti-ERManl shRNA in addition
to GFP (F). Bar, 10 um.

ERManl Activity Is Required for the Accumulation of the
ERAD Substrate in the ERQC

We had seen that mannosidase inhibition with dMNJ pre-
vents the accumulation of the ERAD substrate in the ERQC
compartment (Frenkel ef al., 2003). Incubation of cells trans-
fected with both ERManl and H2a-RFP with dAMNJ had only
a minor effect on the distribution of ERManl, most remain-
ing concentrated in the ERQC, whereas the ERAD substrate
was depleted from this region (Figure 5C, arrows). This is in
contrast to the colocalization of the proteins in the ERQC
upon treatment with lactacystin (Figure 5B). The pattern of
H2a-RFP after treatment with dMN] is punctate, different
from that in untreated cells (compare Figure 5, A and C). To
observe cells undergoing ERManl knockdown, we trans-
fected an anti-ERManl shRNA encoding plasmid that also
encodes for GFP. Knockdown of ERManl had an effect sim-
ilar to dMN]. In the presence of anti-ERManl shRNA (GFP-
expressing cells), H2a-RFP did not concentrate in the ERQC,
but it was distributed in a punctate pattern (Figure 5F), more
discrete than that seen upon treatment with dMN]J (Figure
5C). A control using a similar vector, expressing GFP but not
encoding for ERManl shRNA had no deleterious effect on
H2a-RFP localization in untreated or in lactacystin-treated
cells (Figure 5, D and E). Because knockdown of ERManl
prevents degradation of the ERAD substrate, an effect sim-
ilar to that of the proteasome inhibitor would have been
expected, that is concentration of H2a-RFP in the ERQC.
Instead, the lack of concentration of H2a-RFP in the centro-
somal region suggests that ERManl activity is needed for the
localization of the ERAD substrate glycoprotein in the
ERQC.

DISCUSSION

Mounting recent evidence suggests that, in mammalian
cells, progressive mannose trimming of all or most al,2-
linked mannose residues from N-linked oligosaccharide pre-
cursors targets glycoproteins that are misfolded or other-
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wise misprocessed to ERAD (Frenkel et al., 2003; Hosokawa
et al., 2003; Kitzmuller et al., 2003; Lederkremer and Glick-
man, 2005; Moremen and Molinari, 2006; Ruddock and Mo-
linari, 2006). An indication that ERManl is involved in this
process was obtained because its overexpression leads to
concomitant accelerated degradation of ERAD substrates
and increased trimming of mannose residues (Hosokawa et
al., 2003; Wu et al., 2003). Here, we present additional evi-
dence that trimming to M6 and M5 promotes ERAD and that
endogenous levels of ERManl are required to generate the
signal for ERAD targeting. Although we cannot rule out that
other class I a-mannosidases might also be involved, evi-
dence for their function at endogenous levels is still lacking.
The ERManl knockdown experiments clearly indicate that
endogenous ERManl can trim the oligosaccharides to spe-
cies smaller than M8 in vivo, removing more than one and
possibly all four a1,2-linked mannose residues (Figure 3). Its
action is therefore not restricted to removing only the mid-
dle branch terminal mannose-b (see scheme in Figure 1D), as
previously thought (Vallee et al., 2000; Cabral et al., 2001;
Helenius and Aebi, 2004). Most likely, the additional trim-
ming is accomplished by the high concentration of ERManl
in the ERQC (Figure 4 and Table 1). We had previously
shown that CNX and calreticulin traffic from the ER to this
compartment with the ERAD substrate (Kamhi-Nesher et al.,
2001; Frenkel et al., 2004). High concentrations of ERManI
are not required for initial trimming to M8 at early stages,
before glycoprotein delivery to the ERQC, because there was
trimming to M8 on pulse-labeled H2a, produced by residual
ERManl activity or by other mannosidases, even after ER-
Manl knockdown (Figure 3C).

Figure 6 shows a working model of the early trafficking
and sugar chain processing events for an N-glycosylated
protein and that result either in its successful folding and
exit to the Golgi or in its targeting to ERAD. These events
start in the ER with binding of the newly synthesized gly-
coprotein to CNX or calreticulin, after removal of two glu-
cose residues by glucosidases I and II. Some mannose resi-
dues may be removed in the ER by the relatively low
concentration of ERManl. The incompletely folded (or mis-
folded) glycoprotein is then targeted to the pericentriolar
ERQC. Removal of the last glucose residue by glucosidase II
may take place just before or upon entry into the ERQC,
where the relatively high concentration of ERManl can trim
additional mannose residues. The glycoprotein might recy-
cle to the peripheral ER, where it is reglucosylated by
UGGT, an enzyme that is not located in the ERQC (Kambhi-
Nesher ef al., 2001). It can then reassociate with CNX and
return to the ERQC for another round of mannose trimming
by ERManl. Proper folding releases the glycoprotein from
this cycle, because it is no longer a substrate for UGGT and
the glycoprotein can then be delivered to the Golgi. How-
ever, for a misfolded glycoprotein, mannose-a (Figure 1D) is
ultimately trimmed to form M6 and M5, which prevents it
from being reglucosylated and from reassociating with
CNX; thus, it is marked for degradation. This process would
be determined not simply by time of ER residence because
when we had analyzed a more stable ERAD substrate
(H1i5), it was trimmed more slowly to M6 and M5 (Frenkel
et al., 2003) and showed prolonged association with CNX
(Shenkman et al., 1997), compared with H2a (Frenkel et al.,
2003, 2004). Therefore, the rate of mannose trimming and
release from the CNX cycle is somehow linked to the stabil-
ity of the glycoprotein. While remaining in the CNX cycle,
the glycoprotein is spared from ERAD.

During or after mannose trimming, the glycoprotein
ERAD substrate might be recognized by any of the recently
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Figure 6. Model illustrating the relation between the trimming of
N-linked sugar chains by ERManl, early glycoprotein trafficking
events and ERAD in mammalian cells. After cleavage from the
precursor oligosaccharide of two glucose residues by glucosidases I
and II (GlcI-II), the newly synthesized glycoprotein binds to CNX or
calreticulin (CRT). Trimming of mannose residues could occur in
the ER lumen but inefficiently, given the low relative concentration
of ERManl. The glycoprotein then moves to the ERQC where before
or upon entry it is deglucosylated and CNX is released. It is then
trimmed by the relatively high concentration of ERManl in the
ERQC and recycles back to the peripheral ER where it is reglucosy-
lated by the folding sensor UGGT to reassociate with CNX. These
cycles are repeated until proper folding is achieved, and the glyco-
protein is no longer a substrate of UGGT and exits to the Golgi or
until a critical number of three mannose residues are excised (after
which the glycoprotein cannot be reglucosylated), and the glycop-
rotein is delivered to ERAD, with the participation, through an
undetermined mechanism, of EDEM1-3 and possibly of a putative
mammalian orthologue of yeast YOS9.

identified putative lectins: EDEM 1-3, and a possible ortho-
logue (0S9) of yeast YOS9 (Moremen and Molinari, 2006;
Ruddock and Molinari, 2006). Yeast YOS9 has a mannose
6-phosphate homology domain that would bind to precur-
sor N-linked chains (Bhamidipati et al., 2005; Kim et al., 2005;
Szathmary et al., 2005), although it is still unknown whether
it has a functional mammalian orthologue. The EDEM pro-
teins and YOS9 promote ERAD substrate glycoprotein deg-
radation, but it is still not understood how they function in
the process. In mammalian cells, EDEM1 and EDEM3 were
shown to have some «l,2-mannosidase activity in vivo
(Hirao et al., 2006; Olivari et al., 2006; Olivari and Molinari,
2007), and EDEM1 was also found to act as a chaperone
(Hosokawa et al., 2006). The localization of EDEM1 was
recently reported to be in vesicular structures, and it is
unknown whether these are associated with the ERQC or
another ER subcompartment (Zuber ef al., 2007). In yeast,
YOS9 was found in complex with the E3 ligase HRD1, which
would link it to the ubiquitination machinery (Carvalho et
al., 2006; Denic et al., 2006; Gauss et al., 2006).

Despite the appeal of the mannose trimming model, one
cannot rule out that ERManl might also have another role in
routing the glycoprotein to ERAD, possibly as a lectin, as
was proposed in a study in Schizosaccharomyces pombe
(Movsichoff et al., 2005). This would be consistent with the
location of ERManl in the ERQC, where we have found
several components of the ERAD machinery, such as Der-
lin-1, HRD1, and p97/VCP, on the cytosolic side (Kondra-
tyev et al., 2007).
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Contrary to what was proposed in a previous model (that
mannose trimming leads to persistence of the monoglucosy-
lated oligosaccharides due to decreased glucosidase activity
(Cabral et al., 2001), at least in our experimental system
ERManl activity decreases reglucosylation (Figure 3), which
would promote ERAD by removing the glycoprotein from
the CNX cycle.

Knockdown of ERManl dramatically stabilizes the sub-
strate (Figure 2) and prevents its accumulation in the ERQC
(Figure 5). This would suggest that ERManl activity is nec-
essary for retention of the substrate in the ERQC and its
delivery to the final stages of ERAD. We can speculate that
in the absence of ERManl the substrate would rapidly recy-
cle back to the peripheral ER and remain trapped in the CNX
cycle, thus avoiding degradation.
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