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Abstract
Signal transducing adaptor molecules (STAMs) are involved in growth factor and cytokine
signaling as well as receptor degradation, and they form complexes with a number of endocytic
proteins, including Hrs and Eps15. Here we demonstrate that STAM proteins also localize
prominently to early exocytic compartments and profoundly regulate Golgi morphology. Upon
STAM overexpression in cells the Golgi apparatus becomes extensively fragmented and dispersed,
but when STAMs are depleted the Golgi becomes highly condensed. Under both scenarios,
vesicular stomatitis virus G protein (VSVG)-GFP trafficking to the plasma membrane is markedly
inhibited, and recovery of Golgi morphology after brefeldin A treatment is substantially impaired
in STAM-depleted cells. Furthermore, STAM proteins interact with COPII proteins, probably at
endoplasmic reticulum (ER) exit sites, and Sar1 activity is required to maintain the localization of
STAMs at discrete sites. Thus, in addition to their roles in signaling and endocytosis, STAMs
function prominently in ER-to-Golgi trafficking, most likely through direct interactions with the
COPII complex.
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Introduction
Signal transducing adaptor molecules (STAMs) were initially identified as proteins highly
phosphorylated on tyrosine residues in response to cytokine and growth factor stimulation,
and they have been implicated in cytokine signaling (1–4) as well as surface receptor
degradation (5–9). STAMs are evolutionarily conserved, with orthologs in S. cerevisiae, C.
elegans, and D. melanogaster, and they are present within the cytoplasm as well as at early
endosomes in heteromeric complexes with Hrs and Eps15 (8,10,11). STAM adaptor proteins
have a characteristic domain organization comprising VHS (Vps27, Hrs, STAM homology),
ubiquitin-interacting (UIM), SH3, and immunoreceptor-based tyrosine activation (ITAM)
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motifs. The ITAM domain partially overlaps with a coiled-coil region subsequently
identified as a portion of a GAT domain (12).

The STAM family comprises STAM1 and STAM2 in mammals, which have overall amino
acid identity of ~51%, but up to 89% identity within the functional domains (1), and studies
evaluating knock-out mice have indicated that they are functionally redundant (13,14).
Indeed, both STAM1 and STAM2 knock out mice appear morphologically normal at birth,
but double mutations of STAM1 and STAM2 are embryonically lethal (13,14).
Interestingly, despite the importance of the ITAM domain in signaling, tyrosine
phosphorylation, and protein interactions, this domain is apparently absent in STAM
proteins of invertebrate species such as S. cerevisiae, C. elegans, and D. melanogaster (5).
Furthermore, thymocytes from T-cell specific knock-out mice lacking both STAM1 and
STAM2 exhibit normal cytokine signaling but decreased viability, suggesting that STAMs
have important cellular functions independent of their roles in signal transduction (13).

A key functional motif present at the N-terminus of STAMs is the ~140-residue VHS
domain. While the function of this domain remains unclear, its presence in multiple proteins
involved in endocytosis prefigures a role in endosomal trafficking. Furthermore, since
several proteins with VHS domains localize to the Golgi apparatus, this domain may
function in trafficking of proteins from the Golgi apparatus to other cellular compartments
(15). In fact, some VHS-containing proteins have dual roles. For instance, GGA3 is a
member of a family of monomeric clathrin adaptors, all of which harbor a VHS domain, that
are involved in protein sorting at the trans-Golgi network (16–18). RNA interference studies
have shown that loss of GGA3 results in endosomal enlargement and accumulation of EGF
within these enlarged endosomes, suggesting that GGA3 functions at endosomes as well as
at the trans-Golgi network (19).

Here we demonstrate that STAM adaptor proteins also have dual functions at different
membrane compartments within the cell. In addition to partial co-localization with
endosomal markers, we found co-localization of STAM proteins with markers for
endoplasmic reticulum (ER) exit sites (ERES). Moreover, STAMs interact with COPII
proteins and regulate Golgi morphology, recovery of Golgi structure after brefeldin A (BFA)
treatment, and trafficking of vesicular stomatitis virus G protein (VSVG)-GFP to the plasma
membrane.

Results
STAMs localize to the early exocytic pathway

We examined subcellular distributions of STAM proteins by confocal immunofluorescence
microscopy. Previous reports had localized overexpressed STAM1 and STAM2 to
endosomes and diffusely within the cytoplasm, while studies of endogenous STAMs
identified a perinuclear area of enrichment that did not co-stain with antibodies against early
endosomal antigen 1 (EEA1) (10). To characterize this area further, we immunostained
HeLa cells using an anti-peptide antibody targeted against STAM1 as well as an anti-peptide
antibody specific for STAM2. Both STAM antibodies partially co-localized with EEA1
(Figure 1A and not shown), and the STAM2 staining pattern revealed a more prominent
perinuclear enrichment. The STAM2 labeling was abolished in cells deplete dof STAM2
using small interfering RNA (siRNA; Figure 5B), confirming the specificity of the
immunostaining. We examined markers for several subcellular organelles, and the STAM2
perinuclear labeling co-localized to a moderate degree with several early exocytic markers,
including the cis-Golgi marker GM130 and the vesicular tubular cluster (VTC) marker
ERGIC-53 (Figure 1A and S1A). We did not observe co-localization with markers for other
organelles such as lysosomes (LAMP1; Figure S1A). This STAM2 distribution was also
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very similar to the GM130 staining pattern in other human cell lines investigated (Figure
S1B).

STAMs interact with COPII and ERES proteins
Prompted by their co-localizations with early exocytic proteins, we assessed directly the
interactions of STAMs with these proteins. Anti-STAM1 antibodies were more effective
than anti-STAM2 antibodies in preliminary immunoprecipitation studies (not shown), and
thus co-immunoprecipitations of endogenous HeLa cell proteins were performed using anti-
STAM1 antibodies. As shown in Figure 1B, The COPII protein Sec31A clearly co-
precipitated with anti-STAM1 antibodies while, in control experiments, non-immune
immunoglobulin G (IgG) did not precipitate Sec31A. Additionally, the COPI protein βCOP
and Golgi proteins including GM130, GGA3, and AP1 were not co-precipitated by the anti-
STAM1 antibody (Figure 1B), indicating a selective interaction of STAMs with the COPII
complex.

To investigate further the STAM1-COPII interactions, we performed a series of GST-
STAM1 pull-downs. GST-STAM1 and GST fusion proteins immobilized on glutathione-
Sepharose were incubated with lysates of HeLa cells overexpressing CFP-Sec31A, Sec13-
YFP, GFP-LAMP1, or εCOP-YFP. As a positive control, there was very robust pull down of
the GFP-Hrs protein (Figure 1C). Of the other proteins examined, only Sec31A was
specifically retained on immobilized GST-STAM1. At longer exposure times, a faint
interaction was also identified with Sec13, which may be indirect. The negative controls
εCOP and LAMP1 exhibited no interactions with GST-STAM1 even at prolonged exposure
times (Figure 1C and not shown).

We next examined interactions of the STAM1 paralog STAM2 with CFP-Sec31A and
Sec13-YFP overexpressed in HeLa cells. Lysates from HeLa cells transfected with CFP-
Sec31A alone or else co-transfected with Myc-STAM2 were immunoprecipitated with anti-
GFP antibodies and then immunoblotted with anti-Myc antibodies, revealing that STAM2
co-precipitates with Sec31A (Figure 1D). Similar experiments were carried out using Sec13-
YFP, which also co-immunoprecipitated with Myc-STAM2 (Figure 1E), while there was no
interaction between Myc-STAM2 and εCOP-YFP (Figure 1F). Thus, both STAM1 and
STAM2 interact with the Sec13/Sec31A COPII cage.

To identify which domains of STAM2 are required for interaction with the COPII cage
proteins Sec13 and Sec31, co-transfections as described above were carried out using
various STAM2 domain-specific deletion constructs. Of all the domains co-expressed with
Sec31A, only the C-terminal region of STAM2 co-precipitated with Sec31A (Figure 1G).
We were unable to narrow down further the interaction domain within the C-terminal region
of STAM2, as smaller STAM2 C-terminal fragments were unstable (not shown). Similar
experiments were conducted to determine regions of STAM2 that interact with Sec13. In
addition to an interaction with the STAM2 C-terminal region, as seen with Sec31A, Sec13
also interacted with the VHS-SH3 segment of STAM2. Interestingly, the VHS domain alone
was not sufficient to co-precipitate either Sec13 or Sec31A (Figure 1G). Non-interacting
portions of Myc-STAM2 also serve as additional negative controls for the interactions
identified between STAM2 and both Sec13 and Sec31A.

STAM overexpression results in Golgi fragmentation
To establish the functional role of STAMs in the ER-to-Golgi pathway, we overexpressed
either STAM1 or STAM2 and assessed the Golgi apparatus for any morphological changes.
In many HeLa cells overexpressing STAM1 or STAM2, the Golgi apparatus as identified
with GM130 and giantin staining was highly fragmented and dispersed throughout the cell,
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though this phenotype was most prominent in STAM2-expressing cells (Figure 2A, B). In
fact, expression of a control vector resulted in fragmentation in only 7% of cells, possibly
attributable to normal disruption of Golgi structure that occurs during mitosis, whereas
overexpression of Myc-STAM1 caused the Golgi apparatus to fragment in 33% of cells
(p=0.0012); a stronger phenotype was seen upon overexpression of Myc-STAM2 (74% of
cells with fragmentation; p<0.001). These studies were repeated using markers for several
other well-characterized Golgi-associated proteins (AP1, CIMPR and GGA3), with similar
results (not shown). Interestingly, the VTC marker ERGIC-53 was redistributed to the ER in
STAM2-overexpressing cells (Figure 2A). There was, however, no significant difference in
LAMP1 distribution upon STAM2 overexpression (Figure 2A).

We examined the fragmented Golgi apparatus in STAM2-overexpressing cells using
electron microscopy. Most cells overexpressing STAM2 had no detectable Golgi stacks, in
marked contrast to control cells. However, in the few STAM2-overexpressing cells with an
identifiable Golgi complex, the Golgi comprised “mini stacks,” where the length of the
complex was significantly shortened (Figure 2C). The distribution of GM130 was assessed
using immunogold electron microscopy. In control cells, GM130 localized to the cis-Golgi
(Figure 2D1). However, in cells overexpressing STAM2, gold particles mostly decorated
membranes that likely represent tubules of smooth ER, since they are more elongated than
mini-stacks and lack the characteristic stacked cisternae of the Golgi apparatus. Even so, we
cannot completely exclude the possibility that they represent isolated cisternae of an atypical
Golgi mini stack (Figure 2D2).

STAM2 domains responsible for targeting and Golgi fragmentation
To identify domains of STAM2 that are involved in its localization to early exocytic
membranes and maintenance of Golgi morphology, we expressed deletion constructs
comprising various STAM2 domains in HeLa cells, then depleted cytosolic proteins with
saponin prior to fixation. The full-length STAM2 expression pattern resembled an ER-like
lattice intertwined with fragmented Golgi; this was most evident in regions where the Golgi
appeared less fragmented, as assessed using GM130 (Figure 3A).

To establish whether overexpressed STAM2 localized to ER, we co-stained for the
endogenous ER protein Sec61α, which exhibited significant co-localization (Figure 3A).
STAM2VHS-SH3 and STAM2C Term fragments had expression patterns similar to full-length
STAM2 (Figure 4A, B, and not shown). However, when STAM2VHS was overexpressed,
punctate STAM2VHS labeling was prominently juxtaposed to fragmented Golgi, consistent
with co-localization of ERES and Golgi proteins (20). This co-distribution was most evident
in cells with less dispersion of Golgi fragments (Figure 3A). Taken together, these results
indicate that the VHS domain is sufficient to target STAM2 to a location, potentially
representing ERES, adjacent to the Golgi remnants, but not for stabilization of the
interaction (as shown by the co-immunoprecipitation results in Figure 1G). A likely
explanation for this apparent discrepancy is that the VHS-SH3, C Terminal, and full-length
constructs of STAM2 are able to interact with COPII proteins, thus acting as dominant-
negatives and displacing COPII proteins from ERES. This would lead to decreased co-
localization by immunofluorescence. Since the VHS domain does not act as a dominant-
negative, its co-localization with COPII proteins is potentially much greater. In other words,
STAMs may be recruited to ERES before Sec31A and Sec13, and while STAM2VHS may
interact with a protein already at ERES, the other STAM2 domains could be important for
stabilizing interactions with Sec13/Sec31A.

To identify effects of these isolated domains on Golgi fragmentation, they were
overexpressed individually, and cells were co-stained with GM130. While STAM2VHS

overexpression caused considerable Golgi fragmentation in comparison to control cells
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(p=0.0024), the effect was not as large as that seen with full-length STAM2 (Figure 3C),
STAMVHS-SH3, or STAM2C Term, indicating that other domains are functionally important.
Thus, overexpression of the STAM2 deletion constructs that interact with COPII (Figure
1G) are able to function in a dominant-negative manner and disrupt the Golgi complex, but
to a lesser degree.

STAM2 impacts COPII protein recruitment to ERES
Golgi architecture is highly influenced by the organization and activity of the ERES. To
establish whether the fragmented Golgi resulting from overexpression of STAMs represents
Golgi remnants retained at ERES, we investigated the co-localization of STAMs with COPII
proteins and their relationship to GM130 puncta. HeLa cells were co-transfected with Myc-
STAM2 and Sec13-YFP, one of the first proteins to appear at the site of the nascent Golgi to
mediate vesicle budding and also a marker for ER exit sites (21). Unfortunately, a majority
of co-transfected cells had cytoplasmic displacement of Sec13, with subsequent loss of
protein following the saponin treatment used to diminish the intense cytosolic expression of
STAMs (not shown). Co-expressing cells with lower STAM2 levels treated with saponin
exhibited less protein displacement, and multiple STAM2-positive puncta co-localized with
Sec13-YFP puncta (Figure 4A). However, this paradigm may have limited co-localization of
STAM2 with some ERES. When STAM2VHS was co-expressed with Sec13-YFP, co-
localization was more apparent, most likely due to decreased dominant-negative effects of
this STAM2 deletion construct. Additionally, some puncta were adjacent to Golgi
fragments, as shown by GM130 co-staining (Figure 4A), consistent with localization of
STAM2 to ERES.

We sought to determine the effects of STAMs on distributions of COPII and ERES proteins.
Cells were transfected with full-length STAM2 and immunostained for endogenous Sec31A,
Sec24, and Sec16L (Sec16 comprises both Sec16L and Sec16S isoforms). Cells over-
expressing STAM2 exhibited decreased intensity of Sec31A puncta as well as cytoplasmic
redistribution of Sec24, when compared to untransfected cells (Figure 4B). On the other
hand, no significant differences were apparent in the Sec16L staining pattern (Figure 4B).
Given these effects of STAM2 overexpression, we investigated whether STAM2 had effects
on other cellular organelles to ensure that the Golgi fragmentation phenotype in STAM-
overexpressing cells was not secondary to apoptosis induction. We assessed mitochondrial
structure and initiation of the apoptotic pathway by staining for cytochrome c. All cells
overexpressing STAM2 had a normal mitochondrial reticulum, without fragmentation or
cytochrome c release (Figure 4C).

Depletion of STAMs causes Golgi condensation
To assess further the role of STAMs on Golgi morphology, we determined the effects of
STAM depletion on the Golgi apparatus using siRNA oligonucleotides. While both
STAM2-specific oligonucleotides tested significantly knocked down STAM2 expression,
siRNA oligonucleotide #1 depleted protein levels the most at 72 h (Figure 5A, B) and thus
was used for subsequent studies.

Golgi morphology was examined using GM130 immunostaining at 48 h (not shown) and 72
h after transfection with STAM2 siRNA (Figure 5C). In a majority of siRNA-transfected
cells, the normal ribbon-like Golgi structure had collapsed into a highly condensed, ball-like
structure. A similar effect was seen when examining the Golgi markers GGA3 and CIMPR,
but there was no apparent change in cellular distributions of tubulin or actin (Figure S2).
Our criteria for assessing Golgi condensation were strictly set as a diameter ≤5 μm in all
three dimensions, and there was a substantial difference when STAM2 siRNA cells were
compared to control cells (p=0.0084; Figure 5D). Similarly, prominent Golgi condensation
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was observed upon specific knockdown of STAM1 (Figure 6A–C). We attempted a double
knock down (DKD) of both STAM1 and STAM2 using siRNA. Though we were able to
achieve effective depletion of STAM2, only about 50% of STAM1 was depleted (Figure
6A). Other conditions that increased depletion of STAM1 concominantly increased cell
death (not shown). Under STAM DKD conditions, an even greater degree of Golgi
condensation was observed (Figure 6B, C).

Importantly, upon depletion of STAM2 we also noted an overall decrease in cell size. To
determine whether the Golgi appeared condensed simply as a result of decreased cell size,
we compared the ratio of Golgi size to cell size between the control and STAM2 siRNA
groups. A significant difference was noted between the two groups, indicating that the Golgi
size had decreased to a greater extent than cell size (p= 0.02; Figure 5E). Morphological
changes in the Golgi complex were further assessed ultrastructurally using electron
microscopy (Figure 5F). When comparing control and STAM2 siRNA cells at the same
magnification in equivalent fields, we found that under control conditions an average of 1.8
Golgi stacks were clearly visible as compared to 5.9 stacks present in STAM2 siRNA cells
(Figure 5F; n=25 cells per condition), demonstrating that the Golgi complex is condensed
into a smaller area with retention of its cisternal organization.

STAM2 siRNA phenotype is rescued by STAM overexpression
Given the marked morphological changes in the Golgi apparatus upon STAM siRNA
treatment, we sought to confirm that these effects could be reversed. We created a Myc-
tagged form of STAM2 (STAM2′) with two silent point mutations in the region of STAM2
siRNA #1, rendering it siRNA-resistant without altering the primary amino acid sequence.
We compared STAM2 levels in control siRNA cells, STAM2 siRNA cells, and STAM2
siRNA cells overexpressing Myc-STAM2′. There was a marked reduction of endogenous
STAM2 protein in the STAM2 siRNA cells as compared to controls, and a significant
increase in STAM2 levels in the STAM2 siRNA plus Myc-STAM2′ cells. This observed
increase was due to production of the Myc-STAM2′ protein, as confirmed by
immunoblotting with anti-Myc antibodies (Figure S3A).

Subsequently, we performed immunocytochemical analysis to detect any suppression of the
loss-of-function, condensed Golgi phenotype seen in STAM2 siRNA cells. Cells
overexpressing STAM2′ had an extensively fragmented Golgi apparatus, as expected
(Figure S3B, C). In addition, the highly-condensed Golgi phenotype in STAM2 siRNA cells
was suppressed by STAM2′ overexpression. In STAM2 siRNA-transfected cells with a
relatively low expression of STAM2′, the Golgi was normal in appearance, while higher
STAM2′ levels resulted in reversal of the condensed Golgi phenotype to one of
fragmentation, consistent with a dose-dependent effect (Figure S3B). Lastly, STAM1
overexpression in STAM2 siRNA cells also suppressed the condensed Golgi morphology
phenotype (Figure 6D), consistent with some functional redundancy between the STAMs.

Given the known role of STAMs in cytokine and growth factor signaling, we asked whether
changes in Golgi and ERES distribution correlated with the tyrosine phosphorylation state of
STAMs. We stimulated serum-starved HeLa cells with 100 ng EGF, and fixed them at 0–30
min [(22) and Figure S4]. Since peak tyrosine phosphorylation occurred at ~10 min (Figure
S4A), consistent with previous reports (3), we immunostained cells just before, and 10 min
after, EGF stimulation for GM130, Sec16L, or Sec31A (Figure S4B). There were no
differences in GM130, Sec16L, or Sec31A staining patterns upon EGF stimulation,
suggesting that the effects of STAMs on ERES are independent of their tyrosine
phosphorylation state.
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Loss of STAM2 inhibits Golgi recovery after brefeldin A treatment
To dissect the role of STAMs in regulating Golgi morphology, we used BFA, a drug
commonly used to block transport of secretory cargo from the ER to Golgi by inhibiting the
Arf1 GTPase. In BFA-treated HeLa cells, endogenous STAM2 remained adjacent to the
Golgi marker GM130 even after Golgi membrane dispersal, and STAM2 puncta co-
localized with the COPII protein Sec31A (Figure 7A). Thus, this co-localization is
independent of Arf1 activity and, consequently, recruitment of STAM2 to this perinuclear
region occurs upstream of Arf1 activity, suggesting that STAMs are targeted to ERES.

We investigated whether loss of STAM2 altered the cellular response to BFA and whether
STAM2 was necessary for reconstitution of the Golgi, as assessed by GM130 staining, after
BFA wash out. Upon BFA treatment of control and STAM2 siRNA cells, no significant
differences in disruption of the Golgi could be detected (not shown). Unexpectedly, once
cells were returned to growth media after BFA treatment, STAM2-depleted cells exhibited a
substantial impairment in Golgi reconstitution as compared to control cells. While almost all
control siRNA cells showed full recovery of normal Golgi morphology 1 h after wash out, a
majority of STAM2 siRNA cells still had severely disrupted Golgi membranes even after 3
h (Figure 7B, C), with many comprising punctate structures with tubular networks en route
to the microtubule-organizing center (MTOC). Taken together, these results suggest that
STAM2 is involved in reassembly of the Golgi apparatus after disruption with BFA and is
important in efficient trafficking of Golgi proteins from the ER to the Golgi complex.

VSVG trafficking is impaired in STAM2-depleted cells
To assess whether STAM2 knock down impairs trafficking through the Golgi apparatus, we
used VSVG ts045 as a reporter. Two days after transfection of HeLa cells with either control
or STAM2 siRNA, both cell groups were re-transfected with VSVG-GFP and placed
overnight at a temperature (40 °C) non-permissive for VSVG exiting the ER. Cells were
then moved to a permissive temperature (32 °C) and examined at several time points.
STAM2 siRNA-treated cells showed a substantial impairment in the ability of VSVG to
traffic to the plasma membrane (Figure 8A). In control cells, VSVG was observed at the
plasma membrane as early as 60 min after temperature change. However, at as late as 180
min the majority of the VSVG was present at the Golgi in the STAM2 siRNA cells, with
VSVG barely detectable at the plasma membrane (Figure 8A). These results suggest that the
presence of STAM2 is critical for efficient trafficking in the VSVG secretory pathway.

Overexpression of STAM2 inhibits VSVG trafficking
We investigated whether VSVG trafficking was affected by the Golgi dispersal resulting
from overexpression of STAMs. Cells were transfected with VSVG-GFP or else co-
transfected with Myc-STAM2 and VSVG-GFP, and both groups were placed overnight at
40 °C, as described above, and then assessed at different time points after moving to a
permissive temperature (Figure 8B). In control cells, VSVG could be seen at the plasma
membrane as soon as 60 min after the temperature change, and in all cells at 180 min,
consistent with previous reports (23). In HeLa cells overexpressing STAM2, however,
VSVG was visualized within fragmented structures dispersed throughout the cell.
Furthermore, VSVG appeared retained within these punctate structures even at 180 min,
with little detectable localization at the plasma membrane.

To ensure that these punctate VSVG structures coincided with the dispersed Golgi
fragments reported earlier, cells were co-stained with GM130 (Figure 8C). We observed that
the fragmented Golgi structures seen upon overexpression of STAM2 were adjacent to
VSVG, consistent with the proteins being retained at ERES. These findings suggest that not
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only does STAM2 overexpression disrupt Golgi morphology, but also that it markedly
impairs trafficking from ER to Golgi.

Distribution of STAM depends on Sar1, but not on Sec31A
We asked whether the localization of STAMs to ERES was dependent on the presence of
Sec31A, Sec16, or else Sar1 activity. Effects of depletion of Sec31A on STAM2 recruitment
to ERES were examined using siRNA. All three Sec31A-specific siRNAs tested
significantly knocked down Sec31A expression (Figure 9A), and STAM2 and Sec31A
staining patterns were then examined (Figure 9B). There was no change in STAM2
distribution, indicating that Sec31A is not required for the STAM2 perinuclear localization,
presumably at ERES. By contrast, Sec16L depletion using any of three different siRNAs
clearly caused a shift in STAM2 staining to a more punctate, dispersed pattern that does not
co-localize with the punctate GM130 structures normally present in this Sec16 depletion
paradigm (Figure S5). However, since direct interaction of STAM2 with Sec16L has not
been established, mechanisms underlying this change remain unclear, and thus represent a
potentially important area for future study.

Sar1 is a GTPase whose activity is critical for recruitment of COPII proteins to ERES, and it
is required to maintain the discrete localization of Sec16 to ER membranes (24). We
investigated whether STAM recruitment was dependent on Sar1 activity using two mutant
forms: HA-Sar1 [H79G] is constitutively active, and HA-Sar1 [T39N] is inactive. In cells
overexpressing Sar1 [H79G], STAM2 was dispersed throughout the cell and in large
punctate structures; however, Sec31 was condensed within the perinuclear region,
reminiscent of its redistribution upon STAM depletion. When Sar1 [T39N] was
overexpressed, both STAM2 and Sec31A were dispersed and exhibited decreased staining
intensity, with fewer and smaller puncta (Figure 9C). Our earlier results had suggested that
localization of STAMs to ERES likely occurs upstream of Arf1 activity and recruitment of
Sec31A. However, since STAM distributions are clearly influenced by Sar1 expression in a
manner distinct from that of Sec31A, STAMs likely act at the level of Sar1, perhaps through
interactions with these proteins that do not depend on COPII proteins such as Sec31A.

Discussion
In this study, we have identified a critical function of STAM adaptor proteins in ER-to-
Golgi trafficking and Golgi morphogenesis. This finding was unexpected, as STAMs have
been widely studied for their effects on cytokine and growth factor signaling and receptor
degradation (1,3,4,7,10). On the other hand, there have been several reports identifying dual
localizations and functions for other endocytic proteins such as GGA3 (19), Eps15 (25), and
mammalian Bet3p (mBet3p; (26–28)). In fact, mBet3p is present both on VTCs as well as
early endosomes (26–28), reminiscent of the two distinct STAM localizations that we
identify here. The Rab5 GTPase also has a role in ER morphogenesis independent of its
functions during endocytosis (29), consistent with the notion that the effects of STAM
proteins on the exocytic pathway are likely not secondary to endocytic defects.

Our data demonstrate that STAMs are present at early exocytic compartments, likely at
ERES, and they co-localize and interact with the COPII complex. Although STAM2 appears
to exhibit partial co-localization with markers for VTCs and the cis-Golgi, this could be due
to the close proximity of ERES to these structures (20). Even so, we cannot rule out the
presence of STAMs at these membranes as well. Additionally, because endogenous STAMs
co-immunoprecipitate with COPII proteins, but not with COPI or Golgi proteins, we focused
on its potential localization at ERES. To address differences in staining patterns between
endogenous and overexpressed STAM2, we would emphasize that one consequence of
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STAM overexpression is disruption of VTCs and Golgi membranes, which can have effects
on the distribution pattern of central ERES.

Here we provide evidence supportive of a direct effect of STAM proteins on ER-to-Golgi
transport and Golgi morphogenesis. Overexpression of STAMs results in dispersed GM130
puncta rather than the usual ribbon-like distribution pattern, and these apparent Golgi
remnants likely represent GM130 retained at ER tubules, probably at ERES (Figure 2D).
Furthermore, we observe a clear redistribution of ERGIC-53 to the ER upon STAM
overexpression. These effects parallel findings reported for cells overexpressing Sec16
(24,30–32). In addition, the impairment in ER-to-Golgi transport associated with the
presence of Golgi remnants that we observe upon STAM overexpression is similar to that
seen with BFA treatment or expression of dominant-negative Arf1T31N, indicating that
STAMs may act upstream or at the same time as Arf1, but most likely downstream of Sar1
activation based on the ability of GM130 to be recruited to ERES in STAM-overexpressing
cells (20). In fact, our VSVG studies indicate that protein trafficking is halted at ERES of
STAM-overexpressing cells, with protein retained in the ER. While it remains possible that
VSVG is retained in VTCs, this is not likely since we clearly see ERGIC-53 redistribute to
ER membranes upon overexpression of STAMs as well as GM130 gold particles retained in
presumptive ER tubules. Upon overexpression of STAMs, there is minimal redistribution of
Sec16L. However, endogenous Sec31A recruitment to exit sites, and to a lesser degree
Sec24, is substantially decreased, indicating that recruitment of these COPII proteins to
ERES is blocked, likely by interactions of STAMs with these proteins outside of the proper
cellular context. Taken together, these findings suggest that STAMs act at the ER as part of
a protein scaffold to recruit COPII proteins.

Despite considerable evidence supporting a direct interaction of STAMs with COPII
proteins, we also considered the possibility that since STAMs are involved in signal
transduction, overexpression may result in initiation of mitosis, which also results in Golgi
fragmentation (33). Importantly, this is very likely not the cause of the fragmentation that
we observe here, since the region responsible for signal transduction in STAMs, the ITAM
domain, is present in the C-terminal region, and we have shown that overexpression of the
N-terminal fragment STAMVHS-SH3 that does not harbor this domain caused Golgi
fragmentation at levels similar to full-length STAM2. Additionally, STAM overexpression
and depletion phenotypes are not dependent on the phosphorylation state of STAM. Thus,
functions of STAMs in ER-to-Golgi trafficking are very likely independent of their role in
cellular signaling.

SiRNA depletion studies of both STAM1 and STAM2 support of our contention that
STAMs function prominently in Golgi morphogenesis. The condensed Golgi phenotype
resulting from loss of STAM proteins has previously been identified by other investigators
to correlate with a given protein’s importance in Golgi function as well as its cellular
localization (34,35). Although the Golgi condensation we observed could conceivably be
secondary to actin depolymerization, we saw no significant difference in actin staining
patterns between control and STAM siRNA conditions. Ultrastructural changes in Golgi
morphology upon STAM depletion do not represent loss of total membrane or collapse of
the cisternae, but rather condensation of the normally extended Golgi structure into a more
compact area within the cell. Moreover, STAM-depleted cells exhibit impaired recovery of
Golgi morphology after washout of BFA, similar to effects reported upon loss of Sec16 or
Sec12, suggesting that STAMs play a role in protein trafficking out of ERES (31). Thus, this
impairment in Golgi reconstitution most likely results from delayed assembly of the COPII
complex or else export of proteins from the ER. Indeed, VSVG trafficking in STAM siRNA
cells is markedly impaired, as also reported for Sec16-depleted cells (24,31,32).
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Although we found it curious that the loss of one STAM would have such a profound effect
while the other isoform is still present, similar effects have also been reported upon knock
down of either Sec16 isoform (31). In addition, we observed suppression of the STAM2
siRNA phenotype upon STAM1 overexpression, consistent with at least partial functional
redundancy. Thus, our STAM knock down and overexpression results likely reflect the
sensitivity of cells to even moderate changes in overall STAM protein levels. This notion
could also explain the lack of significant phenotype of either STAM1 or STAM2 knock-out
mice at birth (13,14). In these animals, levels of the other STAM isoform may be up-
regulated, minimizing effects of the loss of the other isoform, while our acute knock down
paradigm may permit us to see more prominent effects. Also consistent is the fact that loss
of both STAM proteins is embryonically lethal in mice (13), and we also found an increase
in cell death during our attempts to deplete both STAMs. Still, the STAMs may have slight
differences in functions or interactions, though none been reported to date even for their
well-studied roles in cytokine and growth factor signaling and receptor degradation.

We demonstrate a clear association of STAMs with ERES by co-localization as well as co-
immunoprecipitation and GST pull down studies with several ERES proteins. Importantly,
we show that anti-STAM antibodies co-precipitate the COPII component Sec31A, indicating
that they exist together in a protein complex endogenously. Importantly, in assessing STAM
interactions we did not detect any association with Golgi proteins involved in the lysosomal
degradation pathway, consistent with previous results (36). As described previously, the
COPII complexes that co-stained for STAMs had a slightly offset “co-distribution” pattern
with GM130 at these sites, and this pattern is also seen in cells immunostained after BFA
treatment (20). Although we can not rule out the possibility that STAM-COPII interactions
occur in the cytoplasm, the interaction most likely occurs at ERES since STAM and COPII
puncta co-localize adjacent to Golgi remnants (Figure 4).

While STAM recruitment does not rely on Sec31A within the cell, it is highly regulated by
Sar1 activity (24). In cells overexpressing a constitutively-active, GTP-bound form of Sar1,
STAMs form large punctate structures, and when cells express the inactive GDP-bound
form of Sar1, STAMs show a nearly complete loss of punctate staining. The paradoxical
effects of constitutively-active Sar1 on STAMs, in contrast to other COPII proteins, may
reflect the fact that overactive Sar1 may not require STAMs to stabilize COPII components,
and it may even act as a dominant-negative for STAMs at ERES.

In future studies, it will be important to determine whether other known STAM-interacting
proteins such as Hrs and Eps15 function in ER-to-Golgi trafficking as well. Indeed, Audhya
et al (29) have suggested that effects of the endocytic protein Rab5 on ER morphogenesis
might derive from Rab5 on endosomes interacting in trans with effectors at the ER. Similar
mechanisms could conceivably be involved in STAM interactions in the early secretory
pathway as well. There are also interesting parallels between the COPII and clathrin cages.
Both clathrin and Sec13/Sec31 COPII cage proteins are able to self-assemble into a
molecular scaffold to generate a coat polymer, and Sec31 of the COPII cage, much like
clathrin heavy chains, harbors both N-terminal WD40 domains and C-terminal α-solenoid
domain motifs, and structurally these proteins have similar scaffold components. In fact, it
has been suggested that the general contacts that mediate the assembly of clathrin cages are
similar to those for COPII cages (37). Thus, since STAMs are also associated with clathrin-
coated pits (10), STAMs may interact with structurally similar components of the COPII
cage.
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Materials and Methods
DNA Constructs

The STAM2 (GenBank accession number NM_005843) coding sequence was cloned into
the XmaI site of the mammalian expression vector pGW1-Myc, which contains an N-
terminal Myc-epitope tag (38). The full STAM1 coding sequence (GenBank accession
number NM_003473) was cloned into the EcoRI site of the bacterial fusion protein vector
pGEX4T-1 (GE Healthcare). A siRNA-resistant Myc-STAM2′ was produced by creating
two silent point mutations, A1335G and A1341T (nucleotide numbering from start of coding
sequence) using QuikChange (Stratagene). STAM2 cDNA fragments were PCR amplified
using PfuTurbo (Stratagene) and cloned into the XmaI site of pGW1-HA, which contains an
N-terminal HA tag; HA-STAM2VHS comprises residues 1-151, HA-STAM2VHS-SH3

residues 1–258, and HA-STAM2 C Term residues 257–525. The Myc-STAM1 construct was
described previously (38). Sec13-YFP, εCOP-YFP, ts045 VSVG-GFP, HA-Sar1 [T39N],
and HA-Sar1 [H79G] constructs were provided by Dr. J. Lippincott-Schwartz (39,40). The
CFP-Sec31A construct was from Dr. R. Pepperkok (41). The GFP-LAMP1 construct was
from Dr. E. Dell’Angelica (42). The GFP-Hrs construct (43) was provided by Dr. Sylvie
Urbé.

Antibodies
Rabbit polyclonal antibodies were used against the following proteins: STAM1 and STAM2
(Calbiochem), Sec16L (Bethyl Laboratories), Sec24C (from Dr. D. Stephens), HA-epitope
(Abcam), giantin (Abcam), and GFP (Invitrogen). Mouse monoclonal antibodies were used
against the following proteins: GM130 (IgG1, clone 35; BD Transduction Laboratories),
Myc-epitope (IgG1, clone 9E10; Santa Cruz Biotechnology), mannose-6-phosphate receptor
(IgG2a, clone 2G11; Abcam), γ-adaptin (AP-1; IgG2b, clone 100/3; Sigma-Aldrich), GGA3
(IgG2a, clone 40; BD Transduction Laboratories), tubulin (IgG1, clone DM1A; Sigma-
Aldrich), ERGIC-53 (IgG1, clone G1/93; Axxora), PLCγ (Upstate Biotechnology), EEA1
(IgG1, clone 14; BD Transduction Laboratories), Sec31A (IgG1, clone 32; BD Transduction
Laboratories), LAMP1 (IgG1, clone H4A3; Southern Biotechnology Associates),
cytochrome c (IgG1, clone 6H2.B4; BD Biosciences Pharmingen), and phosphotyrosine
(IgG2b, clone 4G10; Upstate Biotechnology). Actin distribution was assessed using
rhodamine phalloidin (Invitrogen). Goat polyclonal anti-Myc-epitope antibodies were from
Bethyl Laboratories. The goat polyclonal anti-Sec61α antibody (G-20) was from Santa Cruz
Biotechnology. Alexa Fluor secondary antibodies were from Invitrogen.

Cell culture and transfection
HeLa cells were maintained in Dulbecco’s MEM/10% fetal bovine serum, plated on
coverslips, and transfected with 1 μg of plasmid DNA using Lipofectamine (Invitrogen).
Twenty-four hours later, cells were washed in phosphate-buffered saline (PBS; pH 7.4) and
fixed using 4% formaldehyde or methanol. Cells used for immunoblot analysis were washed
with PBS and collected in 0.1% Triton X-100 in PBS. For saponin treatment, HeLa cells
were treated the day following transfection with 0.05% saponin in 80 mM PIPES (pH 6.8)/5
mM EGTA/1 mM MgCl2 for 4 min, washed in PBS, fixed in 4% formaldehyde, and then
processed for immunocytochemical analysis.

For siRNA transfections, HeLa cells were plated at 50% confluency and transfected the next
day with 100 nM siRNA oligonucleotides for 4 h using Oligofectamine (Invitrogen). Cells
were scraped for immunoblot analysis or fixed for immunocytochemical analysis 48 or 72 h
after transfection. STAM2-specific siRNA oligonucleotides tagged with Alexa 647
fluorophore (Qiagen) were targeted against the following cDNA sequences: #1,
CTGCTCAAACTTCATATTTAA; and #2, ATGGTACTTGATCTACATTTA. The control
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siRNA was from Ambion. STAM1 siRNAs (Invitrogen) were as follows: #1,
UAACUUGGUAUAUAAGGAAAGGGCC; #2,
AUACAUGGAAUACAUCGGAUCUUCG; #3,
UUAAUACGUUGCUUACUUCACUAGC. Sec31A siRNAs (Invitrogen) were as follows:
#1, CCAUAGCAGGUGGACAAGAACUCUU; #2,
GCUCAGCAAUUGGAUGCAACAUUUA; #3,
CCAGGCCAAUAAGCUGGGUGUCUAA. Sec16L siRNAs (Invitrogen) were as follows:
#1, GGGCGCAAAGUGAGCUGCCAGAUUU; #2,
CCGUCCCAUUCUGACAGCCUCGCUU; #3,
CCCUGCCUAGUUUCCAGGUGUUUAA.

Immunoprecipitation and immunoblotting
HeLa cells were scraped with 0.5% NP-40 in PBS, centrifuged (16,200 × g, 15 min) and
incubated with anti-STAM1 antibodies or else control IgG (5 μg) for 2 h at 4 °C for
endogenous immunoprecipitation studies. For co-precipitation of overexpressed proteins,
anti-GFP antibodies (5 μg) were used. Protein A-Sepharose beads were then added for 1 h.
Beads were washed four times with decreasing concentrations of NP-40 in PBS, with the
final wash in PBS alone. Samples were subjected to SDS-PAGE, transferred to PVDF
membrane (Millipore), and immunoblotted.

GST fusion protein pull-downs
GST and GST-STAM1 fusion proteins were prepared and purified using glutathione-
Sepharose beads as described previously (38). HeLa cells were singly transfected as
described previously, and cell lysates were incubated with either GST beads or with GST-
STAM1 beads for 90 min at 4°C. Beads were again washed vigorously with binding buffer
three times and finally once with PBS, then immunoblotted.

Confocal microscopy
Cells were imaged using a Zeiss LSM510 confocal microscope with a 63× 1.4 NA Plan-
APOCHROMAT lens. Acquisition was performed using LSM 510 version 3.2 SP2 software
(Carl Zeiss Microimaging). Data were processed using Adobe Photoshop 7.0 and Adobe
Illustrator CS2 software. For quantification studies, at least 100 cells were counted per
experimental group, and experiments were conducted at least three times unless otherwise
indicated.

To determine the ratio of Golgi size to cell size, projected images of cells from either control
or STAM2 siRNA groups were analyzed using MetaMorph software (Molecular Devices).
Cells were analyzed individually to obtain the ratio of the Golgi circumference (as assessed
by GM130 staining) to cell size (determined using differential interference contrast
microscopy). One hundred cells were assessed from each group, with n=3 for a total of 300
cells per group.

Electron microscopy
For structural assessment of Golgi, HeLa cells were fixed for 1 h in 4% glutaraldehyde in
0.1M sodium cacodylate buffer. For GM130 immunogold staining, cells were fixed in 2%
paraformaldehyde and 0.1% glutaraldehyde in PBS for 1 h. Cells were blocked and
permeabilized in 5% goat serum and 0.1% saponin in PBS for 1 h then placed in blocking
buffer with the primary antibody for 1 h. Subsequent preparation of cells for electron
microscopy has been described previously (44).
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BFA treatment and VSVG-GFP trafficking
HeLa cells plated on coverslips in 6-well plates were placed in growth media containing 5
μg/ml BFA (Epicentre) for 1 h, then washed 3 times with PBS and placed in growth media
for recovery of Golgi structure, then fixed at various times points.

For VSVG-GFP trafficking studies, HeLa cells were transfected with the VSVG-GFP
construct and placed at 40 °C. Sixteen hours after transfection, HeLa cells were moved to
32°C to permit VSVG trafficking from the ER, and then fixed and processed for
immunocytochemical analysis 0–180 min after the temperature change.

Statistical analysis
Statistical significance was assessed using two-tailed, unpaired Student’s t-tests, assuming
unequal variance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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BFA brefeldin A

DKD double knock down

EEA1 early endosomal antigen 1

ER endoplasmic reticulum
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IgG immunoglobulin G

MTOC microtubule-organizing center

PBS phosphate-buffered saline

siRNA small interfering RNA

STAM signal transducing adaptor molecule

VSVG vesicular stomatitis virus G protein

VTC vesicular tubular cluster
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Figure 1. STAMs interact with proteins of the early secretory pathway
A) HeLa cells were co-immunostained for endogenous STAM2 (green) and either EEA1 or
GM130 (red), then visualized using confocal microscopy. Arrows in the upper panels
identify an area of colocalization, and an arrowhead in a lower panel identifies an area
enlarged in the insets. Bar, 10 μm. B) HeLa cell lysates were immunoprecipitated (IP) with
anti-STAM1 antibodies or control IgG and immunoblotted with antibodies against
endogenous STAM1, Sec31A, GGA3, GM130, AP1, or βCOP. Inputs represent 5% of the
starting material. C) Lysates from cells expressing the indicated constructs were incubated
with either GST or GST-STAM1 immobilized on glutathione-Sepharose beads and
immunoblotted with anti-GFP antibodies. Inputs represent 5% of the starting material. D and
E) HeLa cells were transfected with CFP-Sec31A (D) or Sec13-YFP (E) or else co-
transfected with either construct and Myc-STAM2. Lysates were immunoprecipitated with
anti-GFP antibodies and immunoblotted with antibodies against GFP or Myc-epitope. Both
Sec31 and Sec13 co-precipitate with STAM2. Actin was probed to monitor specificity. An
asterisk (*) in (D) denotes the IgG heavy chain. F) HeLa cells were transfected with Myc-
STAM2 or else co-transfected with Myc-STAM2 and εCOP-YFP, then immunoprecipitated
with anti-GFP antibodies. G) HeLa cells were singly transfected with CFP-Sec31A or co-
transfected with CFP-Sec31A and HA-tagged STAM2 domains (schematic diagram on
right). Cell lysates were immunoprecipitated with anti-GFP antibodies and immunoblotted
with anti-GFP or anti-HA antibodies (left panels). Only the C-terminal region of STAM2
co-precipitates with Sec31 (arrowhead); asterisks (*) denote IgG heavy and light chains.
HeLa cells were also singly transfected with Sec13-YFP or co-transfected with Sec13-YFP
and HA-tagged STAM2 domain constructs, then immunoprecipitated with anti-GFP
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antibodies (middle panels). Both VHS-SH3 and C-terminal segments of STAM2 co-
precipitate with Sec13 (arrowheads); asterisks (*) identify IgG heavy and light chains.
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Figure 2. Overexpression of STAMs causes dispersion of the Golgi complex
A) Overexpression of Myc-STAM2 (left panels) in HeLa cells disperses the Golgi markers
GM130 and giantin, and causes ERGIC-53 to be retained in the ER, but does not affect
LAMP1 distribution (right panels). Golgi apparatus and VTCs exhibit normal, perinuclear
localization patterns in untransfected cells. Arrows identify transfected cells. Bar, 10 μm. B)
Quantification of Golgi fragmentation in cells overexpressing Myc-STAM1, Myc-STAM2,
or empty vector (Control) (n=3; 100 cells per experiment; ±SD). *p=0.0012; **p<0.001. C)
Electron microscopy images showing typical Golgi morphology in control cells (asterisk;
top panel), but much smaller stacked Golgi complexes in STAM2-overexpressing cells
(asterisk; bottom panel). Images are at the same magnification. Bar, 500 nm. D)
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Immunogold localization of GM130 in control cells (1a), with higher magnification of the
boxed area in (1b). Immunogold localization of GM130 in STAM2-overexpressing cells
(2a), with the boxed region enlarged in (2b). Bar, 500 nm.
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Figure 3. Effects of STAM2 deletions on subcellular distribution and Golgi fragmentation
A) HeLa cells transfected with full-length Myc-STAM2, HA-STAM2VHS, or HA-
STAM2C Term were treated with saponin to deplete cytosolic proteins and then co-stained
for Myc- or HA-epitope and GM130 or, Sec61α. HeLa cells overexpressing full-length
STAM2 or the C-terminal fragment display the lattice-like staining adjacent to GM130
puncta, with areas of juxtaposed staining indicated with arrows (upper panels).
Colocalization of thhe Myc-STAM2 lattice-like staining with the ER protein Sec61α is
shown in the middle panels. In cells expressing HA-tagged STAM2VHS, the juxtapositioned
pattern with GM130 is more evident. Boxed areas are enlarged in the insets. B) Schematic
diagram of STAM2 deletion constructs. Amino acid numbers are indicated. C) HeLa cells
were transfected with control vector, HA-STAM2VHS, HA-STAM2VHS-SH3, HA-
STAM2C Term, or full-length Myc-STAM2 (FL), co-stained with GM130 and either Myc- or
HA-epitope antibodies, then assessed for Golgi fragmentation (100 cells per condition; n=3;
±SD). *p<0.01; **p<0.005; ***p<0.001.
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Figure 4. STAM proteins colocalize with and redistribute COPII proteins
A) Full-length Myc-STAM2 and Sec13-YFP expressed in HeLa cells colocalize at multiple
discrete puncta (arrows; upper panels). Sec13-YFP and HA-STAM2VHS puncta also co-
localize (arrows, middle panels), sometimes juxtaposed to Golgi fragments as revealed by
GM130 staining (arrowheads). The boxed area is enlarged in the lower panels. B)
Overexpression of Myc-STAM2 as revealed by staining for Myc-epitope in HeLa cells
results in decreased intensity of punctate staining for the COPII proteins Sec31A and
Sec24C, but overexpression of STAM2 only slightly alters the Sec16L staining pattern. C)
Overexpression of Myc-STAM2 has no effect on mitochondrial morphology or apoptosis as
assessed with cytochrome c (Cyto c) staining (arrow indicates transfected cell). Bars, 10 μm.
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Figure 5. STAM2 depletion results in a highly condensed Golgi apparatus
A) Lysates from HeLa cells transfected with either of two different siRNAs specific for
STAM2 or else control siRNA were immunoblotted for STAM2 at 72 h post-transfection.
Equal protein loading was monitored by immunoblotting for PLCγ. STAM1 levels are
unchanged. B) Immunostaining of HeLa cells for STAM2 after transfection with control
siRNA or STAM2 siRNA #1. Bar, 10 μm. C) HeLa cells transfected with control siRNA or
STAM2 siRNA #1 were immunostained for GM130. STAM2 siRNA cells have a highly
condensed Golgi apparatus and clustered ERES. Bar, 10 μm. D) Graphical representation of
percentage of cells with Golgi condensation in STAM2 siRNA and control siRNA cells 72 h
after transfection (n=3; 100 cells per condition; ±SD). *p <0.001. E) Graphical
representation of the ratio of Golgi circumference to cell circumference in control versus
STAM2 siRNA cells (n=3; 100 cells per condition). **p=0.02. F) Electron microscopy
images of the Golgi complex in control cells (single asterisk; left panel) compared with that
in STAM2 siRNA cells, where multiple Golgi cisternae are seen at the same magnification
(asterisks; right panel). Bar, 500 nm.
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Figure 6. Knock down and overexpression of STAM1 confirms some functional redundancy with
STAM2
A) Left panel, Extracts from HeLa cells transfected with any of three siRNA
oligonucleotides specific for STAM1 or else with control siRNA were immunoblotted at 72
h post-transfection. Levels of STAM2 were unaltered. Right panel, Extracts from HeLa cells
transfected with control siRNA or cotransfected with siRNAs for both STAM1 and STAM2
(STAM DKD) were immunoblotted with the indicated antibodies. Equal protein loading was
monitored using PLCγ. B) HeLa cells were transfected with STAM1 siRNA or co-
transfected with siRNAs for STAM1 and STAM2 (STAM double knock down [DKD]) or
else with control siRNA. Percentages of cells with Golgi condensation (≤5 μm diameter in
all dimensions) in STAM1 siRNA, STAM DKD, and control siRNA groups (n=3; 100 cells
per experiment) are presented graphically (±SD). *p=0.0042; **p<0.0001. C) HeLa cells
transfected with control, STAM1, or STAM DKD siRNAs were immunostained with anti-
GM130 antibodies. As observed for STAM2 siRNA knock down cells, STAM1 siRNA cells
also have a highly condensed Golgi apparatus. Bar, 10 μm. D) Re-transfection of HeLa cells

Rismanchi et al. Page 24

Traffic. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with Myc-STAM1 after transfection with STAM2 siRNA suppressed the condensed Golgi
phenotype (arrow). Bar, 10 μm.
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Figure 7. Localization of STAM2 to ERES in BFA-treated cells and delayed recovery of Golgi
morphology in STAM2 siRNA cells following BFA
A) HeLa cells were treated with BFA and co-stained for STAM2 (green) and GM130 or
Sec31A (red). STAM2 puncta are adjacent to GM130 puncta, and STAM2 puncta colocalize
with Sec31A puncta. B) HeLa cells transfected with control or STAM2 siRNAs were treated
with BFA and assessed after wash-out. Most control cells (upper panels) display normal
Golgi morphology as assessed by GM130 staining after 1 h of recovery, whereas most
STAM2 siRNA-treated cells (lower panels) have not recovered even after 3 h. Bar, 10 μm.
C) Graphical presentation of the percentage of cells with Golgi reconstitution (lacking
tubular Golgi) after transfection with STAM2 siRNA and control siRNA (n=3; 100 cells per
experiment; ±SD).
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Figure 8. VSVG trafficking is impaired in cells lacking or overexpressing STAM2
A) HeLa cells were transfected with control siRNA (top panels) or STAM2 siRNA (bottom
panels), and then re-transfected with ts045 VSVG-GFP. VSVG trafficked to the plasma
membrane as early as 60 min after moving to a permissive temperature in control cells,
while trafficking to plasma membrane was substantially reduced in the STAM2 siRNA cells.
B) HeLa cells were singly transfected with VSVG-GFP (top panels) or else co-transfected
with Myc-STAM2 (bottom panels; Myc staining not shown), then assessed at different time
points after moving to a temperature permissive for VSVG trafficking. VSVG is present at
the plasma membrane in control cells as soon as 90 min after the temperature change,
whereas it is retained within the fragmented Golgi of STAM2-overexpressing cells even at
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180 min. C) VSVG and GM130 are present in the same fragmented Golgi compartments in
HeLa cells overexpressing STAM2 180 min after temperature change. The enlarged image
in the inset shows VSVG staining (green) adjacent to GM130 puncta (red). Bar, 10 μm.
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Figure 9. STAM2 recruitment to the early secretory pathway is dependent on Sar1 activity, but
not on Sec31
A) Lysates from HeLa cells transfected with any of three different Sec31A siRNAs or else
control siRNA were immunoblotted for Sec31A 72 h post-transfection. Equal protein
loading was monitored using PLCγ. B) HeLa cells were co-stained with antibodies against
STAM2 and Sec31A after transfection with control or Sec31A siRNAs; there is no change
in STAM2 distribution upon Sec31A depletion. C) Control HeLa cells were stained for
STAM2 or Sec31A (left panels). Cells transfected with HA-Sar1 [H79G] (HA-epitope
staining in insets) show changes in distribution patterns for both proteins, with STAM2
localizing to large punctate structures and Sec31A labeling becoming more condensed
(middle panels). Cells expressing HA-Sar1 [T39N] (HA-epitope staining in insets) show
decreased staining intensity of puncta and dispersal of immunoreactivity for both STAM2
and Sec31A (right panels).
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