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Fig. 6. The effects of S-palmitoylation-deficient IFITM mutants on viral production and Gag expression. (A) The IFITM mutants used are shown schematically. C,
cysteine; A, alanine; TM, transmembrane. (B) The 293 cells were transfected with the expression plasmids (1.2 pg) for the wild-type (WT) or three mutants (C1/
2A, C3A, and C1/2/3A) of IFITM3 or IFITM2. After 2 days transfection, the cells were fixed and co-stained with DAPI (blue) and anti-Flag antibody to detect
Flag-tagged IFITM proteins (green). The C1/2A and C1/2/3A mutants displayed a distinct intracellular distribution (arrows) compared with the WT and C3A
mutant. (C) The 293 cells were transfected with the proviral NL43 plasmid (1.0 pg), or co-transfected with the indicated IFITM expression plasmid (0.6 pg). The
cells were cultured for 2 days, and the concentration of p24 Gag in the culture supernatants was determined by ELISA (bar graph). The results are expressed as
percentages of the value for the sample on the far left. Data are shown as the mean + SD of triplicate assays. Alternatively, the cells were lysed, and analyzed for
the expression of Gag and the Flag-tagged IFITMs by Western blotting (lower blots). The actin blot is a loading control. (B and C) Data shown are representative of
two independent experiments with similar results. *p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

cysteines were more heavily S-palmitoylated than the third Nef only when viral double-stranded RNAs (RRE and/or TAR)
cysteine [7], the mutants in which the first two cysteines were mediated their expression. These findings suggested that
substituted (C1/2A and C1/2/3A) displayed more marked IFITM bind directly to viral double-stranded RNA. Indeed,
changes in their intracellular localization (Fig. 6B, arrows). a previous report raised the possibility that IFITMI1 is an RRE-
However, unlike in the case of the anti-influenza virus activity binding protein [P. Constantoulakis et al., Inhibition of Rev-
of IFITM3, it was found that the S-palmitoylation was not mediated HIV-1 expression by an RNA binding protein
necessary for the anti-HIV-1 activity of IFITMs because all of  encoded by the interferon-inducible 9—27 gene, Science 259
the mutants of IFITM3 and IFITM2 reduced the concentra- (1993) 1314—1318.]. However, as the report was retracted [M.
tions of p24 Gag in the supernatants (Fig. 6C, bar graph) and Campbell et al., Science 264 (1994) 492.], careful studies will
the expression levels of p55 and p24 Gag proteins in the cells be necessary in order to clarify the exact mechanisms by
(Gag blot). These results clearly indicated that IFITMs restrict which IFITMs interfere with the viral protein expression

HIV-1 and influenza viruses at distinct steps. mediated by the double-stranded viral RNAs such as RRE and
TAR. Studies will be also necessary to explain why there was
3.5. Conclusion no obvious difference in the anti-HIV-1 activity among three

IFITM proteins in our transfection assay, in contrast to the

Both knockdown and enforced expression experiments study by Lu et al. [12]. Despite these unanswered questions,

demonstrated that IFITMs restrict HIV-1 replication [12,13]. the present study demonstrated that IFITMs possess different

In this study, we extended the findings of Lu et al. [12] and characteristics from other anti-HIV-1 proteins such as tetherin

revealed that the enforced expression of IFITMs interfered and APOBEC3G and supported the idea that IFITMs restrict
with the production of HIV-1 proteins such as Gag, Vif, and HIV-1 and influenza viruses at distinct steps.

Please cite this article in press as: N. Cj_1uti“'itqcul_lchai._et al., Characteristics of IFITM, the newly identified [FN-inducible anti-HIV-1 family proteins, Microbes
and Infection (2013), http://dx.doi.org/10.1016/j.micinf.2012.12.003 :
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HIV-1 Nef Perturbs the Function,

Structure, and Signaling of the
Golgi Through the Src Kinase Hck
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The interaction between HIV-1 Nef and the Src kinase Hck in macrophages has been shown to accelerate the progression to AIDS. We
previously showed that Nef disturbed the N-glycosylation/trafficking of Fms, a cytokine receptor essential for maintaining macrophages in
an anti-inflammatory state, in an Hck-dependent manner. Here, we show the underlying molecular mechanism of this effect. Using various
Hck isoforms and their mutants and Golgi-targeting Hck mutants, we confirmed that Hck activation at the Golgi causes the Nef-induced
Fms N-glycosylation defect. Importantly, we found that both the co-expression of Nef and Hck and the expression of a Golgi-targeted
active Hck mutant caused alterations in the distribution of GM|30, a Golgi protein that was shown to be required for efficient protein
glycosylation. Moreover, the activation of Hck at the Golgi caused strong serine phosphorylation of the GM|30-interacting Golgi
structural protein GRASP65, which is known to induce Golgi cisternal unstacking. Using pharmacological inhibitors, we also found that the
activation of Hck at the Golgi followed by the activation of the MAP kinase ERK-GRASP65 cascade is involved in the Fms N-glycosylation
defect. These results suggest that Nef perturbs the structure and signaling of the Golgi by activating Hck at the Golgj, and thereby, induces
the N-glycosylation/trafficking defect of Fms, which is in line with the idea that Src family kinases are crucial Golgi regulators.
J. Cell. Physiol. 227: 10901097, 2012. © 201 | Wiley Periodicals, Inc.

HIV-1 Nef protein is a well-characterized critical determinant
of the development of AIDS (Kestler etal., 1991; Deacon, 1995;
Kirchhoff et al., 1995). As Nef has no catalytic activity, its
pathogenetic function is mediated through cellular machinery
(Geyer et al., 2001; Malim and Emerman, 2008). The cellular
protein with the highest affinity for Nef is Hck, a Src kinase
expressed in macrophages (Saksela et al., 1995; Karkkainen
et al,, 2006; Trible et al., 2006). Nef induces Hck to adopt a
unique active conformation, which allows the constitutive
activation of its kinase activity (Moarefi et al,, 1997; Lerner and
Smithgall, 2002). The pathological importance of the Nef-Hck
interaction has been clearly proven by studies with HIV-1
transgenic mice. Mutations in the Hck-binding sites of Nef
abolished the development of AIDS-like disease in the HIV-1
transgenic mice (Hanna et al., 1998), and the development of
the disease was significantly delayed in the absence of Hck; that
is, in hck '~ HIV-I transgenic mice (Hanna et al., 2001). These
findings indicate that the Nef-Hck interaction in macrophages is
at least in part responsible for the development of AIDS. This
idea was supported by the identification of an unusual Nef
variant that failed to activate Hck in a long-term HIV-I-positive
non-progressor (Trible etal., 2007). However, it is unclear how
this molecular interaction in macrophages affects the
progression of the disease.

We previously showed that Nef inhibited M-CSF signaling,
the primary cytokine of macrophages (Suzu et al., 2005), by
reducing the cell surface expression of the M-CSF receptor Fms
(Hiyoshi etal., 2008). The inhibition of the M-CSF—Fms axis may
trigger worsening of uncontrolled immune states in HIV-1-
infected patients, as M-CSF is essential for maintaining
macrophages in an anti-inflammatory state (Hamilton, 2008).
We also showed that the reduced surface expression of Fms
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was due to the accumulation of immature hypo-N-glycosylated
Fms at the Golgi, which was dependent on the activation of Hck
(Hiyoshi etal., 2008). On the other hand, it has been shown that
a substantial fraction of Hck is detected at the Golgi and the
plasma membrane (Guiet et al., 2008). Nef mainly localizes
at the Golgi (Foster and Garcia, 2008), and therefore, the
activation of Hck by Nef preferentially occurs at the Golgi
(Hung, 2007). Indeed, using various Nef alleles/mutants, we
found that the degree of Hck activation at the Golgi was
correlated with the degree of impaired intracellular trafficking
and N-glycosylation of Fms (Hassan, 2009). However, the
underlying molecular mechanism responsible for these effects
remains to be determined.

The Fms N-glycosylation defect induced at the Golgi by the
Nef-Hck axis appears to be linked to the idea that Src family
kinases play crucial regulatory roles at the Golgi. Src kinases
including Hck are involved in an array of signaling pathways
involving the plasma membrane (Corey and Anderson, 1999;
Lowell, 2004). However, accumulating evidence has suggested
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that Src kinases also contribute to the structure and function of
the Golgi. Most Src kinases have been physiologically detected
at the Golgi (Sallese et al., 2009), and fibroblasts lacking
ubiquitous Src kinases (c-Src/Yes/Fyn) exhibited aberrant
Golgi structures (Bard et al.,, 2003). The overexpression of a
constitutive-active c-Src mutant resulted in the fragmentation
and dispersal of Golgi stacks (Weller etal., 2010). Moreover, an
increase in the load of nascent proteins from the endoplasmic
reticulum led to the activation of Golgi-localized Src kinases,
which regulate protein trafficking activity in secretory pathways
(Pulvirenti, 2008). In this study, we therefore analyzed the
molecular events, including the signaling cascades, that are
induced by the Nef-Hck axis at the Golgi and are involved in the
Fms N-glycosylation defect.

Materials and Methods
Cells, antibodies, and inhibitors

The HEK293 cells (Invitrogen, Carlsbad, CA) were maintained as
described previously (Suzu et al.,, 2005). The primary antibodies
used were as follows: anti-Fms (C-20; Santa Cruz, Santa Cruz, CA),
anti-Hck (clone 18; BD Transduction, Lexington, KY), anti-Hck
phosphorylated at Tyr 411 (HckP™!"; Santa Cruz), anti-Lyn (clone
42; BD Transduction), anti-c-Src (SRC2; Santa Cruz), anti-CD8
(H-160; Santa Cruz) to detect CD8—Nef fusion proteins (Hiyoshi
et al., 2008), anti-ERK 1/2 (K-23; Santa Cruz), anti-ERK 1/2
phosphorylated at Tyr 204 (E-4; Santa Cruz), anti-GM 130 (clone
35; BD Transduction), anti-LAMP-1 (clone 25; BD Transduction),
anti-EEA-| (clone |4; BD Transduction), anti-calnexin (H-70; Santa
Cruz), anti-desmoglein (clone 62; BD Transduction), anti-TGN46
(Serotec, Oxford, UK), anti-GRASP65 (CBI0I I; Calbiochem,
Darmstadt, Germany), and anti-GRASPé5 phosphorylated at Ser
277 (Yoshimura et al., 2005). PP2 (Sigma, San Diego, CA) and
U0126 (Promega, Madison, WI) were used as a Src kinase inhibitor
and a MEK/ERK inhibitor, respectively. These inhibitors were
dissolved in DMSO (Wako, Osaka, Japan) and added to the
cultures at a final concentration of 10 uM.

Plasmids

The human Fms plasmid (pCEF-c-fms) was prepared as described
previously (Suzu et al., 2005). The SF2 strain Nef cDNA cloned into
the pRc/CMV-CD8 vector was used to express the CD8—Nef
fusion protein (Hassan, 2009). Rat GRASP65 cDNA cloned into
pcDNA3.| was prepared as described previously (Yoshimura etal.,
2005). Using p56Hck cDNA (Hassan, 2009) as a template, p59Hck
cDNA was prepared by PCR. p56Hck-G2A/C3S, p59Hck-G2A,
and the constitutive-active (AxxA; Lerner and Smithgall, 2002) and
kinase-dead (KE; Lerner and Smithgall, 2002) versions of Hck were
prepared using the QuikChange Il Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA). p56Hck-Golgin was prepared by adding
cDNA encoding the 184 C-terminal amino acids of Golgin-84,
which contain Golgi-retention sequences (Bascom etal., 999), to
the C-terminal end of p56Hck. GalT-p56Hck was prepared by
adding cDNA encoding the 81 N-terminal amino acids of GalT
(Yamaguchi and Fukuda, 1995), which also contain Golgi-retention
sequences, to the N-terminus of p56Hck. All of these cDNA were
subcloned into the pcDNA3.1 vector after their nucleotide
sequences had been verified. Expression plasmids for Src kinases
other than Hck were also used. The murine N-Src plasmid was
prepared as described previously (Kotani et al., 2007). Human Fgr
in the pApuro2 vector and human Lyn in the pME-puro vector were
provided by R. Goitsuka (Tokyo University of Science) and Y.
Yamanashi (The University of Tokyo), respectively.

Transfection

Transient transfection of 293 cells was performed as described
previously with slight modifications (Hassan, 2009). In brief, cells
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grown on a |2-well tissue culture plate were transfected with a
total of 1.6 g plasmid using Lipofectamine2000 (Invitrogen). The
total amount of plasmids was normalized with empty vectors. After
6 h, the culture medium was replaced with complete DME medium
containing 10% FCS. In selected experiments, a kinase inhibitor
such as PP2 or U0 126 was added to the culture when the medium
was changed. The transfected cells were cultured for an additional
42 h and then analyzed by Western blotting, immunofluorescence,
and subcellular fractionation.

Western blotting

Total cell lysates were prepared as described previously (Suzu et
al., 2000). Cleared cell lysates were resolved by SDS-PAGE under
reducing conditions, and the proteins were transferred to a nylon
membrane (Hybond-P; GE Healthcare, Buckinghamshire, UK).
Detection was performed using ECL Plus Western Blotting
Detection Reagents (GE Healthcare) with HRP-labeled anti-
immunoglobulin (GE Healthcare). The relative intensity of the
bands on scanned gel images was quantified using NIH Image
software, and Fms N-glycosylation and GRASP65 phosphorylation
were also shown graphically using arbitrary units. For Fms N-
glycosylation, the percentage of immature hypo-N-glycosylated
Fms (gp|30Fms/gp|30Fms plus gp|50Fms) was calculated and
compared among the samples (Hassan, 2009). Data are expressed
as fold differences compared with the sample containing the lowest
amount of gp | 30Fms.

Immunofluorescence

For the immunofluorescence, 293 cells were fixed in 2%
paraformaldehyde, permeabilized with PBS containing 0.2% Triton
X-100 (Hiyoshi et al., 2008), and stained with the primary
antibodies (described above) followed by the following secondary
antibodies (all from Molecular Probes, Eugene, OR): anti-mouse
Alexa Fluor 488, anti-mouse Alexa Fluor 568, anti-rabbit Alexa
Fluor 488, and anti-sheep Alexa Fluor 568. Nuclei were also stained
with DAPI (Molecular Probes). Fluorescent signals were visualized
with a confocal laser scanning microscope LSM 700 (Carl Zeiss,
Hamburg, Germany) equipped with 63</1.4 Oil DIC
PlanApochromat objective lenses. Image processing was
performed using an LSM software ZEN 2009 (Carl Zeiss).

Subcellular fractionation

The subcellular fractionation on a sucrose gradient was performed
exactly as reported previously (Matsuda et al., 2006; Hassan, 2009).
In brief, the cells were swollen in hypotonic buffer containing
PhoSTOP Phosphatase Inhibitor Cocktail (Roche, Mannheim,
Germany) and then homogenized. Then, the post-nuclear
supernatants were fractionated by ultracentrifugation (100,000g
for 75 min) on discontinuous sucrose gradients. All steps were
carried out on ice. After ultracentrifugation, the fractions (total 13
fractions) were collected from the tops of the tubes and analyzed
by Western blotting with the antibodies described above.

Statistical analysis

The statistical significance of differences between samples was
determined using the Student’s t-test. P values less than 0.05 were
considered significant.

Results
Hck activation at the Golgi causes the Fms N-
glycosylation defect

We previously showed that the co-expression of Nef and the
p56Hck isoform in 293 cells reduced the cell surface expression
of Fms, which was associated with intense Fms signals at the
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perinuclear Golgi region and an increase in the expression
hypo-N-glycosylated gpl30Fms (Hiyoshi et al., 2008). Initially,
to examine whether the constitutive activation of Hck at the
Golgi caused the Fms N-glycosylation defect, we tried three
different approaches. As Hck is expressed as alternatively
translated isoforms (p56Hck and p59Hck) with different
lipid modifications (Fig. 1A), we first examined whether the
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Fig. |. Different abilities of p5S6Hck and p59Hck to cause the Fms
N-glycosylation defect in the presence of Nef. A: The wild-type (WT)
p56Hck, p56Hck-G2A/C3S mutant, wild-type (WT) p59Hck, and
p59Hck-G2A mutant are schematically shown. p59Hck has 21
additional N-terminal amino acids (Carreno et al., 2000). Both
isoforms have a myristoylation site (Gly2), but only p56Hck has a
palmitoylation site (Cys3). Thus, the p56Hck-G2A/C3S mutant lacks
both myristoylation and palmitoylation sites, whereas the p5S9Hck-
G2A mutant only lacks a myristoylation site. U, unique domain; SH2,
Src homology-2 domain; SH3, Src homology-3 domain; kinase,
tyrosine kinase domain. B: 293 cells were transfected with the Fms
plasmid alone (none) or in combination with the plasmids for Hckand
Nef, as indicated. Total cell lysates were subjected to Western
blotting with antibodies against Fms, active Hck (HckP¥*'"), total Hek,
and Nef. p56-WT, the wild-type p56Hck; p59-WT, the wild-type
p59Hck, p56-G2A/C3S, non-lipid modified p56Hck; p59-G2A, non-
lipid modified p59Hck. gpl150Fms and gpl30Fms are the fully-N-
glycosylated and hypo-N-glycosylated Fms, respectively (Hassan,
2009). Quantified Fms N-glycosylation defect values are also shown
on the bar graph. The percentage ofimmature gp130Fms (gp130Fms/
gpl30Fms + gpl50Fms) was calculated and compared among
samples. Data are expressed as the fold difference compared with
the sample with the lowest amount of gpl30Fms. Data shown

are representative of three independent experiments with similar
results.
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co-expression of Nef with p59Hck also caused the Fms
N-glycosylation defect. As shown (Fig. 1B), p59Hck/Nef
co-expression caused the Fms N-glycosylation defect (an
increase in the level of gp130Fms), but its level was moderate
compared to that induced by p56Hck/Nef co-expression

(Fig. 1B, lanes 3 and 4 from the right). This was not due to
differences in the degree of activation of these Hck isoforms by
Nef, which was assessed by the auto-phosphorylation of Hck at
Tyr 411 (HckP"™!"; Fig. 1B). Lipid modification is required by
both Hck isoforms for the induction of the Fms N-glycosylation
defect as non-lipid modified mutants (p56Hck-G2A/C3S and
p59Hck-G2A; Fig. 1A) had no effect on Fms N-glycosylation
(Fig. 1B). Based on these findings, we next examined whether
the different abilities of these Hck proteins correlated with
their presence and activation at the Golgi. An intense signal for
Nef-activated p5é6Hck (HckP™*'"y was found at the Golgi
region positive for the Golgi protein TGN46 (Fig. 2A,
immunofluorescence), and most of the active p56Hck

was recovered in fractions containing GMI30, another

Golgi protein (Fig. 2A, fractionation). In contrast, the signal
for Nef-activated p59Hck was detected as small vesicles

(Fig. 2B, immunofluorescence), which appeared to overlap with
TGN46 (a Golgi marker), LAMP-1 (a lysosome marker), and
EEA-1 (an early endosome marker). Indeed, a large proportion
of the active p59Hck was recovered in fractions containing
EEA-| (Fig. 2B, fractionation), suggesting its presence in early
endosomes. As expected, the non-lipid modified mutants,
p56Hck-G2A/C3S and p59Hck-G2A, did not show any specific
Golgi-localization, even in the presence of Nef (data not
shown). These results support the idea that the presence of
active Hck at the Golgi resulted in the Fms N-glycosylation
defect.

We also tested whether other Src kinases had a similar effect
on Fms N-glycosylation when co-expressed with Nef. Myeloid
lineage-specific Src kinases such as Lyn and Fgr were also
shown to bind to Nef, but with lower affinity than Hck (Trible
et al., 2008). In line with this finding, the degree of the Fms
N-glycosylation defect induced by Lyn/Nef or Fgr/Nef co-
expression was moderate compared with that induced by Hck/
Nef expression (Fig. 3A). Interestingly, the neuron-specific Src
N-Src induced a severe defect, even when expressed alone
(Fig. 3A), and was abundantly detected in the Golgi-like
perinuclear region (Fig. 3B). Since it is well known that the
kinase activity of N-Src is higher than that of c-Src due to the
insertion of six amino acids into the SH3 domain (Cartwright
et al., 1987), these results further support the idea that the
presence of active Src kinases at the Golgi causes the Fms
N-glycosylation defect.

We also tested whether the expression of Golgi-targeting
Hck mutants was sufficient to cause the Fms N-glycosylation
defect. p56Hck-Golgin and GalT-p56Hck (Fig. 4A) were
prepared by adding the Golgi-retention sequences of Golgin-84
(Bascom et al., 1999) and B-1,4-galactosyltransferase (GalT;
Yamaguchi and Fukuda, 1995), respectively. Given the
orientation of the Golgi-retention sequences used, pS6Hck-
Golgin and GalT-p56Hck were expected to face the cytoplasm
and the lumen of the Golgi, respectively (Fig. 4A). In addition
to the active mutants (AxxA), kinase-dead mutants (KE) were
prepared as a control (Fig. 4A). The targeting of these mutants
to the Golgi was verified by immunofluorescence (Fig. 4B)
and subcellular fractionation analyses (Fig. 4C). As shown in
Figure 4D, p56Hck-AxxA-Golgin, which was constitutively
active and displayed an endogenous Hck-like orientation,
induced a significant Fms N-glycosylation defect, even in the
absence of Nef. All other mutants including GalT-p56Hck-
AxxA, which was also active but faced the Golgi lumen, failed
to induce the defect (Fig. 4D). We therefore concluded that
the constitutive activation of Src kinases at the Golgi causes the
N-glycosylation protein defect.
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Fig. 2. Difference in intracellular localization between Nef-
activated p56Hck and p59Hck. A: 293 cells were transfected with the
wild-type 356 Hck and Nef plasmids and co-stained with anti-active
Hek (HekP™'!, green), anti-TGN46 antibodies (red), and DAPI (blue).
The cells were also subjected to subcellular fractionation on a sucrose
density gradient followed by Western blotting with antibodies against
active-Hck and GM130. A total of 13 fractions were collected from
the top of the tube. B: 293 cells were transfected with the wild-type
p59Hck and Nef, and analyzed as shown in (A). In Western blotting
analysis of the fractions, anti-LAMP-| and anti-EEA-| were also used
as antibodies for lysosomes and early endosomes, respectively. Data
shown are representative of three independent experiments with
similar results. [Color figure can be seen in the online version of this
article, available at http://wileyonlinelibrary.comljournal/jcp]

Hck activation at the Golgi appears to induce structural
changes in the Golgi

We next examined whether the Fms N-glycosylation defect
caused by Nef/Hck co-expression was associated with
structural changes in the Golgi. To this end, we stained co-
transfected cells with anti-TGN46 or anti-GM 130 antibodies
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Fig. 3. Effect ofthe expression of Src kinases on Fms N-glycosylation
and the intracellular localization of N-Src. A: 293 cells were
transfected with Fms alone (none) or in combination with Src kinases
(Hck, Lyn, Fgr, or N-Src), as indicated, and analyzed by Western
blotting with antibodies against Fms, Hck, Lyn, and Src. gpI50Fms
and gpl30Fms are the fully-N-glycosylated and hypo-N-glycosylated
Fms, respectively. B: 293 cells transfected with N-Src were co-stained
with anti-Src antibody (green), GMI30 (red), and DAPI (blue). Data
shown are representative of three independent experiments with
similar results. [Color figure can be seen in the online version of this
article, available at http://wileyonlinelibrary.com/journalljep]

and compared their staining patterns between active Hck-
positive cells and negative cells. As a result, we found that
the active Hck-positive cells frequently showed faint TGN46
staining (Fig. 5A, arrows and arrowheads indicate active Hck-
positive and negative cells, respectively). Moreover, the active
Hck-positive cells frequently showed an unusual staining
pattern for another Golgi protein, GM|30; that is, compacted
staining (Fig. 5B, arrows and arrowheads indicate active Hck-
positive and negative cells, respectively). A high percentage of
cells showing the compacted GM| 30 staining was also observed
when they were transfected with p5é6Hck-AxxA-Golgin

(Fig. 5C), the Golgi-targeting constitutive-active Hck mutant
(see Fig. 4). The change in the intracellular or intra-Golgi
distribution of GMI30 was further confirmed by quantitative
subcellular fractionation. Most GMI30 proteins were
recovered from the heavy fractions (9, 10, and | I) of
untransfected cells (Fig. 6, none). In contrast, the peak of
GM 130 shifted to lighter fractions in cells transfected with Nef
or Hck alone (p56Hck-VWT), which was more obvious in the
cells co-transfected with Nef and Hek (p56Hck-WT + Nef) and
in the cells transfected with p56Hck-AxxA-Golgin. No such
change in the peak was observed for calnexin (an endoplasmic
reticulum marker) or desmoglein (a plasma membrane marker)
(Fig. 6A). These results suggest that Hck activation at the Golgi
induces structural changes in the Golgi.

Nef-Hck axis induces the protein N-glycosylation defect
via the ERK-GRASP65 cascade

As noted above (Figs. 5 and 6), we found a change in the staining
pattern of GM 130 in active Hck-positive cells. In addition, it has
been shown that GMI30 binds to and stabilizes a structural
Golgi protein, GRASP65 (Barr et al., 1998; Wang et al., 2003).
GRASPé65 forms oligomers to hold adjacent Golgi cisternae
in stacks (Sutterlin et al., 2002; Wang et al,, 2003), and the
phosphorylation of GRASP65, for example, at serine 277 by
the MAP kinase ERK, causes the loss of its oligomerization and
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Fig. 4. Effect of Golgi-targeting Hck mutants on Fms N-glycosylation. A: Golgi-targeting Hck mutants (p56Hck-AxxA-Golgin, p56Hck-KE-
Golgin, GalT-p56Hck-AxxA, and GalT-p56Hck-KE) are schematically shown. p56Hck-Golgin was prepared by adding cDNA encoding the

184 C-terminalamino acids of Golgin-84, which contain Golgi-retention sequences, to the C-terminal end of p56 Hck. Gal T-p56 Hck was prepared by
adding cDNA encoding the 81 N-terminal amino acids of GalT, which also contain Golgi-retention sequences, to the N-terminus of p56Hck.
AxxA and KE are a constitutive active mutant and a kinase-dead mutant, respectively. B: 293 cells transfected with the indicated Hck plasmid were
co-stained with anti-Hck antibody (green) and DAPI (blue). AxxA-Golgin, p56Hck-AxxA-Golgin; KE-Golgin, p56Hck-KE-Golgin; GalT-AxxA,
GalT-p56Hck-AxxA; GalT-KE, GalT-p56Hck-KE. C: 293 cells that had been co-transfected with the wild-type (WT) p56Hck and Nef (WT + Nef)
or transfected with the indicated Hck mutant were subjected to subcellular fractionation followed by Western blotting with anti-Hck antibody.
D: The cells were transfected with Fms alone (none), Fms/Nef, Fms/Hck, Fms/Hck/Nef, or the Fms/indicated Hck mutant. The transfected
cells were then analyzed by Western blotting with antibodies against Fms and Hck. Data shown are representative of three independent
experimentswithsimilarresults. [Colorfigurecanbeseenintheonlineversion ofthisarticle, available at http://wileyonlinelibrary.coml/journal/jcp]

induces Golgi cisternal unstacking (Yoshimura et al., 2005; Bisel
et al., 2008; Xiang and Wang, 2010). We therefore
hypothesized that the activation of Hck at the Golgi leads to the
phosphorylation of GRASP65, and thereby causes the Fms N-
glycosylation defect. As shown in Figure 7A, we found strong
GRASP65 Ser 277 phosphorylation in cells co-transfected with
Nef and Hck, as well as in cells transfected with p56Hck-AxxA-
Golgin (the Golgi-targeting constitutive active mutant).
p56Hck-G2A/C3S-AxxA, which was the constitutively active
Hck mutant (Fig. 7A; see HekP™*!! blot) but failed to localize in
the Golgi due to disruption of its lipid modification sites (data
not shown), did not induce any GRASP65 phosphorylation
(Fig. 7A). Moreover, the degree of GRASP65 phosphorylation
correlated with that of ERK activation (Fig. 7A, AxxA-
Golgin > Hck + Nef > G2A/C3S-AxxA; see ERKPY2%* blot).
Of importance, the Src inhibitor PP2 blocked GRASP65
phosphorylation, ERK activation, and Hck activation

whereas the MEK/ERK inhibitor U0126 blocked GRASP65
phosphorylation and ERK activation but not Hck activation
(Fig. 7B). Finally, both PP2 and U0126 blocked the Nef/Hck-
induced Fms N-glycosylation defect (Fig. 7C). These results
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strongly suggest that Nef causes the Fms N-glycosylation defect
and alters the GM|30 distribution by activating the Hck-MEK-
ERK-GRASP65 phosphorylation cascade in the Golgi.

Discussion

Itis well known that the macrophage-specific cytokine M-CSF is
essential for maintaining macrophages in the anti-inflammatory
M2 phenotype (Hamilton, 2008). Thus, the N-glycosylation/
trafficking defect of its receptor Fms by HIV-1 Nef protein
may worsen uncontrolled immune states in infected patients
(Hiyoshi et al., 2008; Hassan, 2009). In this study, we built on
the findings of previous studies and found that the Fms
N-glycosylation defect induced by the Nef-Hck axis is indeed
caused by the activation of Hck at the Golgi and is associated
with a change in the distribution of the Golgi protein GMI30.
Furthermore, we found that the Hck-MEK-ERK-GRASP65
phosphorylation cascade in the Golgiis responsible for inducing
the Fms N-glycosylation defect.

Our studies with different Hck isoforms and their mutants
(Figs. | and 2) and Golgi-targeting mutants of Hck (Fig. 4)
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Fig. 5. Altereddistributionsof TGN46 and GM 130 causedbyHckactivationatthe Golgi. A:293 cellswere co-transfected with pS6Hckand Nefand
co-stained with anti-active Hek (HckP"™!', green), anti-TGN46 antibodies (red), and DAPI (blue). The arrows and arrowheads indicate the cells
positive for active Hck and those negative for active Hck, respectively. In the graph, the pixel density of TGN46 signal was quantified using an NIH
Image) software 1.42q. The results with the active Hck-negative cells (n = 18) and active Hck-positive cells (n = 15) are shown. Data shown

are representative of three independent experiments with similar results. B: 293 cells prepared as in (A) were co-stained with anti-active Hek
(HckP™™! i green), anti-GM |30 antibodies (red), and DAPI (blue). The arrows and arrowheads indicate the cells positive for active Hck and those
negative for active Hck, respectively.In the graph, the surface area of GM| 30 signal was quantified usingan NIH Image) software 1.42q. The results
with the active Hck-negative cells (n = 18) and active Hck-positive cells (n = 17) are shown. Data shown are representative of three independent
experiments with similar results. C: 293 cells were transfected with pS6Hck-AxxA-Golgin (the Golgi-targeting constitutive-active mutant; see
Fig. 4), co-stained with anti-active Hck (HekP™!!, green), anti-GM 130 antibodies (red), and DAPI (blue), and analyzed as shown in (B). The results
with the active Hck-negative cells (n = 21) and active Hck-positive cells (n = 19) are shown. Data shown are representative of three independent
experimentswithsimilarresults. [Color figure canbeseenintheonline version ofthisarticle, available at http://wileyonlinelibrary.com/journalijcp]

strongly suggest that Nef interferes with the N-glycosylation
and subsequent cell surface expression of Fms by inducing Hck
activation at the Golgi. Our study with N-Src further supported
this conclusion (Fig. 3). Interestingly, the above conclusion is
consistent with a recent report that growth factor stimulation
regulates glycosylation in a Golgi-localized Src kinase-
dependent manner (Gill et al., 2010). We also revealed that the
constitutive activation of Hek at the Golgi resulted in an altered
distribution of Golgi proteins such as TGN46 and GM|30
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(Figs. 5 and 6), suggesting an altered Golgi structure. Indeed,
it was also reported that cells from macaques infected with
simian immunodeficiency virus containing HIV-1 Nef exhibit an
unusual distribution of Golgi proteins such as p| |5 and giantin,
presumably caused by Hck activation (Sehgal et al., 2009).
One of the noteworthy findings of this study was that
GRASP65 was strongly serine phosphorylated downstream of
the Hck activation at the Golgi (Fig. 7). It has been shown that
GRASP65 is required for Golgi cisternal stacking, and serine
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Fig. 6. Altered subcellular distribution of GM130 caused by the
activation of Hck at the Golgi. A: 293 cells were transfected with
empty vector (none), Nef alone, wild-type (WT) p56Hck alone,
p56Hck-AxxA-Golgin (the Golgi-targeting constitutive-active Hck
mutant; see Fig. 4) alone, or co-expressed with p56Hck and Nef
(p56Hck-WT + Nef). The transfected cells were then subjected to
subcellular fractionation on a sucrose density gradient followed by
Western blotting with antibodies against GM130 and the following
marker proteins: calnexin (an endoplasmic reticulum marker) and
desmoglein (a plasma membrane marker). A total of I3 fractions
were collected from the top of the tube and analyzed. B: The profiles
created by quantifying the band pixel densities of GM130 on panel A
are shown. Data are expressed as fold differences compared with the
fraction containing the highest amount of GM130. Data shown are
representative of three independent experiments with similar
results.

phosphorylation of GRASP65 causes the loss of its
oligomerization and induces Golgi cisternal unstacking
(Sutterlin et al., 2002; Yoshimura et al., 2005; Bisel et al., 2008).
Stack formation is important for the appropriate localization
and function of enzymes that modify oligosaccharides (Kornfeld
and Kornfeld, 1985). Indeed, knockdown of GM |30, which
binds to and stabilizes GRASP65 (Barr et al., 1998; Wang et al,,
2003), induces the accumulation of tubulovesicular membranes
and cisternal shortening (Marra et al., 2007), inhibits the lateral
fusion of Golgi stacks, and disturbs appropriate localization of
enzymes that modify oligosaccharides (Puthenveedu et al.,
2006). GMI30 depletion also causes defective protein
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Fig. 7. Phosphorylation of GRASP65 caused by Hck activation

at the Golgi and the effects of kinase inhibitors on GRASP65
phosphorylation and the Fms N-glycosylation defect. A: 293 cells were
transfected with GRASP&65 alone (none), or co-transfected with Nef,
p56Hck, p5S6Hck/Nef, p56Hck-AxxA-Golgin (the Golgi-targeting
constitutive active mutant; see Fig. 4), or p56Hck-G2A/C35-AxxA
(the non-lipid modified constitutive active mutant). The cells were
then analyzed by Western blotting with antibodies against
phosphorylated GARSP65 (GRASP65P°*7"), total GRASP65, active-
Heck (HckPY4!"), total Hek, Nef, active-ERK (ERKPY?°*), and total ERK.
The ERK blot was used as the loading control. The profile created by
quantifying the band pixel densities of the GRASP65P5"” blot is also
shown. Data are expressed as fold differences compared with the
sample with the lowest amount of GRASP65P%?77. B: 293 cells were
co-transfected with GRASP65, p56Hck, and Nef; cultured in the
absence or presence of |10 pM U026 or PP2; and analyzed as shown in
(A). C: 293 cells were transfected with Fms alone or co-transfected
with Fms, p56Hck, and Nef. Then, the cells were cultured in the
absence or presence of |0 WM U026 or PP2 and analyzed by Western
blotting with antibodies against Fms, Hck, and Nef. The quantified
Fms N-glycosylation defect values are also shown on the bar graph.
The percentage of gpl30Fms compared with total Fms (gpl30Fms
and gpl50Fms) was calculated, and the data are expressed as fold
differences compared with the sample containing the lowest amount
of gpl30Fms. Data shown are representative of three independent
experiments with similar results.

sialylation (Puthenveedu et al.,, 2006), which is consistent with
the finding that Nef/Hck co-expression increased the levels of
hyposialylated Fms (Hiyoshi etal., 2008). Therefore, our finding
that constitutive Hck activation in the Golgi causes GRASP65
phosphorylation (Fig. 7) and altered the distribution of GMI30
(Figs. 5 and 6) accounts for the Fms N-glycosylation defect
induced by the Nef-Hck axis. It remains to be determined
which oligosaccharide-modifying enzymes are affected and
whether GRASP55, a homologue of GRASP65 (Duran et al,
2008; Feinstein and Linstedt, 2008; Xiang and Wang, 2010), is





