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GRASP depletion–mediated Golgi destruction 
decreases cell adhesion and migration via the 
reduction of α5β1 integrin

ABSTRACT The Golgi apparatus is a membrane-bound organelle that serves as the center 
for trafficking and processing of proteins and lipids. To perform these functions, the Golgi 
forms a multilayer stacked structure held by GRASP55 and GRASP65 trans-oligomers and 
perhaps their binding partners. Depletion of GRASP proteins disrupts Golgi stack formation 
and impairs critical functions of the Golgi, such as accurate protein glycosylation and sorting. 
However, how Golgi destruction affects other cellular activities is so far unknown. Here, we 
report that depletion of GRASP proteins reduces cell attachment and migration. Interest-
ingly, GRASP depletion reduces the protein level of α5β1 integrin, the major cell adhesion 
molecule at the surface of HeLa and MDA-MB-231 cells, due to decreased integrin protein 
synthesis. GRASP depletion also increases cell growth and total protein synthesis. These new 
findings enrich our understanding on the role of the Golgi in cell physiology and provide a 
potential target for treating protein-trafficking disorders.

INTRODUCTION
The Golgi apparatus is an essential cellular membrane organelle at 
the center of the secretory pathway (Klute et al., 2011). Its basic 
structure is a stack of flat, closely arranged cisternae. Each mamma-
lian cell contains ∼100 Golgi stacks, which often line up and laterally 
link to form a ribbon localized in the perinuclear region (Rambourg 
et al., 1987; Klumperman, 2011). The primary function of the Golgi 

is to process membrane and secretory proteins. Cargo proteins syn-
thesized at the endoplasmic reticulum (ER) are transferred by COPII 
vesicles to the cis-Golgi (Brandizzi and Barlowe, 2013). While travel-
ing across the Golgi stack, they undergo posttranslational modifica-
tions, including glycosylation, phosphorylation, and proteolysis 
(Goldfischer, 1982). In the trans-Golgi network (TGN), proteins are 
sorted for delivery to proper destinations, such as endosomes, lyso-
somes, the plasma membrane, or outside the cell by constitutive or 
regulated secretion (Marsh and Howell, 2002). Proteins derived from 
one-third of the human genes travel through the secretory pathway 
(Pfeffer, 2013), and proper functioning of the Golgi is required for a 
variety of cellular activities and homeostasis.

The exact mechanism of Golgi stack formation is not fully under-
stood, but the two Golgi reassembly and stacking proteins 
(GRASPs), GRASP55 and GRASP65, are the only Golgi stacking pro-
teins identified so far (Barr et al., 1997; Shorter et al., 1999; Xiang 
and Wang, 2010; Zhang and Wang, 2015). GRASP55 and GRASP65 
localize at the medial-/trans- and cis-Golgi, respectively, form trans-
oligomers through the N-terminal GRASP domain to hold the cister-
nae together into stacks (Wang et al., 2005), and link Golgi stacks 
into a ribbon (Puthenveedu et al., 2006). The C-terminal serine-pro-
line–rich domains of GRASP55 and GRASP65 are more divergent, 
but both are phosphorylated in mitosis to dissociate the protein 
trans-oligomers and disassemble the Golgi structure. In telophase, 
Golgi tubules and vesicles are divided equally between daughter 
cells, where they are reassembled into stacks and ribbons upon 
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dephosphorylation of GRASP proteins (Vielemeyer et al., 2009; 
Tang et al., 2012). Therefore, GRASPs are essential proteins for 
maintaining an intact and dynamic Golgi structure (Zhang and 
Wang, 2015, 2016). In addition to GRASPs, GRASP-interacting pro-
teins such as GM130 and Golgin 45 may also facilitate Golgi stack 
formation (Lee et al., 2014).

The discovery of the GRASP proteins provides us with a mole-
cular tool to control Golgi stacking and thus to probe the functional 
significance of Golgi structure formation. We have inhibited Golgi 
stacking by microinjecting GRASP65 antibodies (Wang et al., 2003, 
2008), by depleting both GRASPs in cells via knockdown (Tang 
et al., 2010; Xiang and Wang, 2010), and by GRASP knockout (KO) 
(Bekier et al., 2017). These caused accelerated trafficking of several 
marker proteins, including CD8, Vesicular stomatitis virus G-protein, 
cathepsin D, and integrins (Wang et al., 2008; Xiang et al., 2013; 
Bekier et al., 2017). Furthermore, GRASP depletion significantly de-
creased both global N-linked glycosylation and glycan complexity 
and changed the glycolipid composition at the cell surface (Xiang 
et al., 2013; Bekier et al., 2017). A plausible explanation is that stack-
ing reduces the accessibility of coat proteins to Golgi membranes, 
which decreases the rate of vesicle budding and transport but en-
sures accurate glycosylation and sorting. The Golgi harbors various 
glycosyltransferases and glycosidases in different subcompart-
ments, but unlike the ER, which contains a high concentration 
of folding chaperones that retain improperly modified cargoes 
(Helenius and Aebi, 2001; Hebert and Molinari, 2007; Pearse and 
Hebert, 2010), the Golgi lacks a rigorous system to control the fidel-
ity of its biosynthetic processes. An ordered structure and a con-
trolled cargo flow through the Golgi are likely required to carry out 
precise, sequential modifications as cargo proteins pass between 
cisternae (Zhang and Wang, 2015; Huang and Wang, 2017). In addi-
tion, GRASP depletion also caused missorting of the lysosomal 
enzyme cathepsin D to the extracellular space (Xiang et al., 2013), 
suggesting that stacking may ensure that sorting occurs only when 
cargo molecules reach the TGN. These findings demonstrate that 
Golgi stack formation is fundamentally important for Golgi function 
(Zhang and Wang, 2016).

Proper glycosylation and sorting of proteins in the Golgi are re-
quired for many cell activities, such as cell attachment, migration, 
proliferation, and embryonic development (Zheng et al., 1994; Ono 
and Hakomori, 2004; Janik et al., 2010; Hang et al., 2017). In addi-
tion, Golgi structural defects have been linked to human diseases, 
including Alzheimer’s (Aridor and Balch, 1999; Joshi et al., 2014; 
Evin, 2015), Huntington’s (Hilditch-Maguire et al., 2000), Parkinson’s 
(Mizuno et al., 2001), autoimmune diseases (Fritzler et al., 1984; 
Bizzaro et al., 1999), cancer (Yoshimura et al., 1996; Roberts et al., 
1998; Dennis et al., 1999; Diaz-Corrales et al., 2004; Krishnan et al., 
2005), viral infections (Ng et al., 2003), and congenital disorders of 
glycosylation and Wiskott–Aldrich syndrome (Durand and Seta, 
2000; Freeze and Ng, 2011). However, the causal relationship be-
tween Golgi defects and disease pathogenesis remains largely un-
explored. Therefore, it is crucial to understand how Golgi structure 
disruption affects essential cellular activities and physiology such as 
cell attachment, migration, and growth.

Cell attachment depends on a set of cell adhesion proteins 
called integrins; α5β1 integrin is the main form of integrin complex 
in HeLa and MDA-MB-231 cells (Mierke et al., 2011; Yu et al., 2011; 
Jia et al., 2016). As highly glycosylated transmembrane proteins, α5 
and β1 integrins are processed by the Golgi and transported to the 
plasma membrane for their proper functions. When transported 
through the TGN, α5 integrin undergoes posttranslational cleavage 
for activation, wherein pro-integrin α5 (∼170 kDa) is cleaved by pro-

protein convertases (PCs) into heavy (∼130 kDa) and light (∼19 kDa) 
chains that are linked by a disulfide bond (Paule et al., 2012). Be-
cause GRASP depletion accelerates α5-integrin trafficking and pro-
cessing (Xiang et al., 2013), it is reasonable to expect that it may also 
affect α5- and β1-integrin glycosylation and sorting as well as cell 
attachment.

In this study, we found that Golgi destruction by GRASP deple-
tion reduces α5β1-integrin protein level, which results in compro-
mised cell activities such as decreased cell adhesion and migration. 
Using radioactive labeling and pulse–chase assays, we showed that 
decreased protein level of α5β1 integrin is due to reduced protein 
synthesis rather than accelerated protein degradation. Surprisingly, 
Golgi unstacking accelerated overall protein synthesis and cell pro-
liferation. Our study revealed a direct link between Golgi structure, 
function, and cellular activities.

RESULTS
GRASP depletion reduces cell adhesion
The proper glycosylation and localization of cell surface proteins are 
important for cell adhesion and migration. We observed that, when 
examined under a phase-contrast microscope, HeLa cells depleted 
of GRASP65 or both GRASPs spread less well on the dish, and they 
also formed clusters and appeared to be rounder compared with 
cells transfected with control or GRASP55 small interfering RNA 
(siRNA) (Figure 1, C and D vs. A and B, and E). To further assess 
the effect of GRASP depletion on cell adhesion, we detached the 
cells using EDTA and placed the cells on fibronectin-coated plates. 
After incubation with serum-free medium at 37°C for 30 min, the 
attached cells were counted. Compared with the control, in which 
55 ± 4% of cells were attached to the dish, only 38 ± 1% of GRASP55-
depleted cells and 31 ± 3% of GRASP65-depleted cells bound to 
the dish (Figure 1F). When both GRASP55 and GRASP65 were 
depleted, the percentage of attached cells was further reduced to 
22 ± 4% (Figure 1F). This effect was rescued by the exogenous ex-
pression of green fluorescent protein (GFP)-tagged GRASP65 or 
GRASP55, but not GFP alone (Figure 1, G and H). Similar results 
were obtained in HeLa cells in which GRASPs were knocked out by 
CRISPR/Cas9-mediated genome editing (Supplemental Figure 1) 
(Bekier et al., 2017). These results demonstrate that Golgi unstack-
ing reduces cell adhesion.

GRASP depletion reduces cell migration and invasion
To determine the effect of Golgi unstacking on cell migration, we 
first used a well-established wound-healing assay using the human 
breast cancer cell line MDA-MB-231 (Liang et al., 2007). Both 
GRASP55 and GRASP65 could be readily depleted by siRNA treat-
ment in this cell line (Figure 2A). Seventy-two hours after siRNA 
transfection, fully confluent MDA-MB-231 cells were starved in se-
rum-free medium for 24 h. A scratch was made in the confluent layer 
using a 200-µl pipette tip, and the cells were cultured in complete 
growth medium for another 20 h to allow the cells to migrate into 
the wounded region. When examined under a microscope, cells 
that had been transfected with control siRNA almost completely 
covered the wound area, while GRASP-depleted cells only covered 
a portion of the wound region (Figure 2B). Control siRNA-treated 
cells migrated ∼39 ± 1 µm/h, while cells depleted of GRASP55, 
GRASP65, or both migrated at 33 ± 1, 25 ± 2, and 19 ± 2 µm/h, re-
spectively, significantly slower than the control cells (Figure 2C). The 
same wound-healing assay was done with GRASP-KO HeLa cells, 
and consistent results were obtained (Figure 3 and Supplemental 
Figure 2). Cells depleted of GRASP55, GRASP65, or both migrated 
at 22 ± 2, 16 ± 2, and 15 ± 2 µm/h, respectively, significantly slower 
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than the 32 ± 3 µm/h of wild-type (WT) cells 
(Supplemental Figure 2). This defect was 
rescued by the expression of GFP-tagged 
GRASP65 or GRASP55, but not GFP alone 
(Figure 3, A–C). Interestingly, the level of 
the cell adhesion molecule α5 integrin ap-
peared to be lower in GRASP-KO cells and 
was rescued by the expression of GRASP55-
GFP and GRASP65-GFP in the correspond-
ing knockout cells (Figure 3C, lanes 6 and 
7 vs. lanes 4 and 5).

To confirm the result that GRASP deple-
tion reduces cell migration, we performed a 
Transwell assay using WT and GRASP-KO 
HeLa cells (Isaji et al., 2006). In this assay, 
the same number of cells was seeded in the 
inserts with serum-free medium, and full 
growth medium with serum was added in 
the lower chamber as a chemoattractant. 
After a 20 h incubation, cells on the lower 
side of the membrane were fixed, stained 
with crystal violet, and imaged. The results 
showed that the migration rate was signifi-
cantly reduced by the knockout of GRASP55 
or GRASP65, while double deletion of both 
GRASPs had a more severe effect (Figure 4, 
A–C). In the control, 184 ± 3 cells migrated 
to the lower side of the membrane per field 
of view, while GRASP55, GRASP65, and 
double-knockout cells had 94 ± 15, 100 ± 
15, and 59 ± 28 cells migrate to the bottom 
side, respectively (Figure 4C). Exogenous 

FIGURE 1: GRASP depletion reduces cell attachment. (A–D) Phase-contrast images of HeLa cells transfected with 
indicated siRNAs. Scale bar: 20 µm. Note that GRASP-depleted cells are generally rounder than control siRNA-treated 
cells. (E) Western blots of HeLa cells transfected with indicated siRNAs. GRASP55 and GRASP65 were effectively 
depleted. (F) Cell attachment was reduced by GRASP depletion. A total of 3 × 105 control (ctrl) or GRASP siRNA-treated 
cells were seeded on fibronectin-coated plates and incubated in serum-free medium for 30 min. After the removal of 
unbound cells, the number of attached cells was counted. Results are presented as mean ± SEM; statistical analysis was 
performed by comparison with control siRNA-treated cells using Student’s t test. **, p < 0.01. (G) The reduced 
attachment of GRASP55-depleted cells was rescued by the expression of GRASP55-GFP but not GFP. (H) The reduced 
attachment of GRASP65-depleted cells was rescued by expressing GRASP65-GFP.

FIGURE 2: GRASP depletion reduces cell migration. (A) Western blots of MDA-MB-231 cells 
transfected with the indicated siRNAs. GRASP55 and GRASP65 were effectively depleted. 
(B) GRASP depletion reduces MDA-MB-231 cell migration. Cells transfected with indicated siRNAs 
were analyzed in a wound-healing assay. Images were taken at 0 h and 20 h after scratching. Scale 
bar: 500 µm. (C) Quantitation of the migration rate in B. Statistical analysis was performed by 
comparison with control siRNA-treated cells using Student’s t test. *, p < 0.05; **, p < 0.01.
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expression of GFP-tagged GRASP65 or GRASP55 rescued the mi-
gration defect in GRASP-KO cells (Figure 4D and Supplemental 
Figure 3). On the basis of the results from the wound-healing 
and Transwell assays, we conclude that GRASP depletion results in 
decreased cell migration and invasion.

Golgi unstacking reduces α5β1-integrin protein level 
in the cell
The fact that Golgi unstacking reduces cell adhesion and migration 
(Figures 1–4) suggests that it may affect cell adhesion molecules such 
as integrin, as shown in Figure 3C. Therefore, we examined the ef-
fects of GRASP depletion on the protein level of several integrins that 
are known to be expressed in HeLa cells, including α1, α2, α3, α5, 
αV, α6, β1, β3, and β5 (Bergman et al., 1995; Liu et al., 2009; Scheffer 
et al., 2013; Wan et al., 2014; Ratcliffe et al., 2016), by Western blot. 
As shown in Figure 5A, α1, αV, and α6 levels did not change in 
GRASP-KO cells compared with WT HeLa. α3 Integrin was reduced 
only in GRASP65 KO cells, while the β3 level was slightly reduced 
only in GRASP55 KO cells. Consistent with the results shown in 

FIGURE 3: GRASP expression rescues the cell migration defects in GRASP-KO cells. (A) GRASP 
expression rescues the decreased cell migration in GRASP-KO HeLa cells. Cells transfected with 
indicated constructs were tested in a wound-healing assay, and images were processed by 
WimScratch: Wound Healing Assay Image Analysis Solution (Release 4.0). Images were taken at 
0 and 20 h after scratching. Scale bar: 500 µm. (B) Quantitation of A. The reduced migration of 
GRASP55-KO and GRASP65-KO cells was rescued by expressing GRASP55-GFP and GRASP65-
GFP, respectively, but not by GFP alone. Results are presented as mean ± SEM; statistical 
analysis was performed by comparison with WT control (ctrl) using Student’s t test. *, p < 0.05; 
**, p < 0.01. (C) Western blot of HeLa cells transfected with indicated constructs. α5-Integrin 
heavy chain (α5 integrin HC), GRASP55, GRASP65, GFP, and actin were blotted. The reduced 
protein levels of α5 integrin in GRASP55-KO and GRASP65-KO cells were rescued by expressing 
GRASP55-GFP or GRASP65-GFP, respectively, but not by GFP alone.

Figure 3C, both α5 and β1 integrins were 
robustly reduced in GRASP single- or dou-
ble-knockout cells, suggesting that Golgi 
unstacking reduces cell adhesion by de-
creasing the α5β1-integrin level.

Integrins are heterodimers consisting of 
α and β subunits, both of which are type I 
transmembrane proteins with a small cyto-
solic tail and a large extracellular domain. 
The best-characterized integrin complex in 
HeLa cells is the α5β1 integrin (Yu et al., 
2011; Jia et al., 2016; Hang et al., 2017), 
which mediates cell adhesion by binding to 
fibronectin, and this requires proper N-gly-
cosylation of α5β1 integrin (Guo et al., 
2002; Isaji et al., 2006). Given the reduced 
binding of GRASP-depleted cells to fibro-
nectin-coated plates (Figure 1 and Supple-
mental Figure 1), we further examined the 
effects of GRASP depletion on the protein 
level of α5 integrin using two antibodies 
that recognize the N- or C-terminus of the 
protein, or the heavy (∼130 kDa) or light 
(∼19 kDa) chain of the mature protein, re-
spectively (Figure 5B). Depletion of GRASP 
proteins by siRNA, or knockout of GRASPs 
by CRISPR/cas9, both significantly reduced 
α5β1-integrin protein levels (Figure 5, C and 
D, and Supplemental Figure 4, A and B), 
whereas the protein level of other cell sur-
face proteins, such as transferrin receptor 
(TfR) and insulin-like growth factor-1 recep-
tor (IGF-R) did not change (Figure 5F, and 
Supplemental Figure 4, A and B). In contrast 
to GRASP depletion, disruption of the Golgi 
structure by nocodazole (Noc) or brefeldin A 
(BFA) treatment had no effect on the protein 
level of α5β1 integrin (Supplemental Figure 
4C). In addition, disruption of the Golgi rib-
bon by Golgin 84 depletion had no effect 
on integrin level (Supplemental Figure 6 in 
Xiang et al., 2013). These results indicate a 
unique role of Golgi stacking rather than 

ribbon linking in regulating integrin-mediated cell adhesion and 
migration.

Through the use of both N- and C-terminal antibodies, we con-
firmed that α5-integrin heavy-chain, light-chain, and full-length pro-
teins were equally decreased in GRASP-knockout HeLa cells (Figure 
5, B–D). In addition, we analyzed the samples under both reducing 
and nonreducing conditions. Under the nonreducing condition, 
both heavy and light chains are held together by a disulfide bond to 
form mature α5 integrin; while under the reducing condition, the 
heavy and light chains of α5 integrin are unlinked when the disulfide 
bond is disrupted by dithiothreitol (DTT). As shown in Figure 5E, 
both mature α5 integrin and its individual components were equally 
reduced by GRASP knockout.

As a cell surface receptor, mature α5β1 integrin is mainly local-
ized at the plasma membrane and is dynamically internalized and 
recycled. Given that only those molecules at the surface are func-
tional in cell adhesion, we performed a cell surface biotinylation and 
streptavidin pull-down assay. The results showed that the cell surface 
level of α5β1 integrin was robustly reduced in GRASP-knockout cells 
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compared with the level in control cells (Figure 5F). Another plasma 
membrane protein, TfR, was unaffected by GRASP knockout and 
was also pulled down, while the cytosolic protein actin was not de-
tected in the pull-down. As an internal control, only the glycosylated 
upper band of β1 integrin was isolated (Figure 5F). These results 
demonstrate that GRASP depletion reduces α5β1-integrin level at 
the cell surface, which subsequently decreases cell adhesion.

α5 Integrin is synthesized by the ER and transported through the 
Golgi to the plasma membrane. In the TGN, it is cleaved by PCs to 
become mature. To determine whether GRASP depletion reduces 
α5-integrin level by inducing ER-associated protein degradation 
(ERAD) or by affecting its maturation, we blocked newly synthesized 
α5 integrin in the ER by BFA treatment for 2 h and released it for 
indicated times in the presence of cycloheximide (CHX) and MG132 
or monensin. MG132 inhibits ERAD, while monensin blocks the traf-
ficking of α5 integrin from the Golgi stack to the TGN and thus in-
hibits α5-integrin cleavage. In this experiment, we determined the 
level of the full-length uncleaved form of α5 integrin on reducing 
gels. As GRASP KO cells have lower integrin levels, we exposed 
those gels longer, and thus all cell lines had a similar signal at the 0 
time point to start with, and the reduction of the protein was as-
sessed over time. As shown in Figure 5G, the decrease of full-length 
α5 integrin in GRASP-knockout cells was faster than in WT cells. The 
reduction of full-length α5 integrin could be the end result of one of 
two processes. One is ERAD; this possibility was ruled out, because 

the α5-integrin level was not rescued by MG132 (Figure 5G, lane 5 
vs. lane 4). The other possibility is that α5 integrin is cleaved by PCs 
in the TGN to mature; this explanation was supported by the inhibi-
tion of the reduction by monensin (Figure 5G, lane 6 vs. lane 4). 
These results demonstrate that GRASP KO does not cause ERAD of 
α5 integrin; rather, it accelerates integrin trafficking and maturation, 
which is consistent with our previous observation in GRASP- 
depleted cells (Xiang et al., 2013).

Expression of α5β1 integrin rescues the attachment and 
migration defects of GRASP-KO cells
So far, we have confirmed that GRASP depletion reduces α5β1-
integrin level (Figure 5) and decreases cell attachment and migra-
tion (Figures 1–4). Reexpression of GRASP in the related GRASP-
KO cells not only restored the α5β1-integrin level (Figure 3C) but 
also the defects in cell attachment (Figure 1, G and H, and Supple-
mental Figure 1) and migration (Figures 3 and 4 and Supplemental 
Figures 1 and 3). To determine whether the reduction of α5β1 inte-
grin is the main reason for the decreased cell attachment and migra-
tion in GRASP-depleted cells, we exogenously expressed α5 integ-
rin-GFP, which is known to restore the protein level of both α5 and 
β1 integrins (Isaji et al., 2006, 2009). As expected, expression of 
α5-GFP, but not GFP alone, increased the protein levels of both α5 
and β1 integrins in GRASP single- and double-knockout cells to 
levels comparable to those of WT cells (Figure 5H). Significantly, 

FIGURE 4: GRASP depletion reduces cell migration and invasion. (A) Western blots of WT and GRASP-KO HeLa cells 
for GRASP55, GRASP65, and actin. (B) GRASP depletion reduces cell migration and invasion. Indicated WT and 
GRASP-KO HeLa cells were analyzed in a Transwell assay. Images were taken after a 20-h migration. Scale bar: 500 µm. 
(C) Quantitation of the migration rate in B. Results are presented as mean ± SEM; statistical analysis was performed by 
comparison with WT cells using Student’s t test. (D) GRASP expression rescues the decreased cell migration in GRASP-
KO cells. GRASP55-KO or GRASP65-KO cells transfected with indicated constructs were analyzed by a Transwell assay. 
Example images are shown in Supplemental Figure 3. Note that defects in cell invasion in GRASP55-KO and GRASP65-
KO cells were rescued by the expression of GRASP55-GFP and GRASP65-GFP, respectively, but not by GFP alone. 
Results are presented as mean ± SEM; statistical analysis was performed by comparison with WT cells (ctrl) using 
Student’s t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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restoration of α5β1-integrin level in GRASP-KO cells largely rescued 
the reduced cell adhesion (Figure 5I) and migration (Supplemental 
Figure 5) phenotype. These results demonstrate that GRASP deple-
tion decreases cell adhesion and migration via the reduction of 
α5β1 integrin.

GRASP depletion reduces α5β1-integrin protein synthesis
To determine whether the reduction of α5β1-integrin level is due to 
decreased protein synthesis or increased degradation, we assessed 
integrin synthesis by measuring the incorporation of 35S-labeled 
methionine and cysteine. Cells transfected with control or GRASP 
siRNAs were incubated in a medium containing 35S-labeled methio-
nine and cysteine for 1 h, and α5 and β1 integrins were immunopre-
cipitated and analyzed by SDS–PAGE and autoradiography. The 
newly synthesized α5 and β1 integrins existed as single bands of 135 
and 110 kDa, respectively (Figure 6A), corresponding to their im-
mature ER forms. Notably, the amounts of α5 and β1 integrins were 
reduced by ∼50% following GRASP depletion (Figure 6B), consistent 
with the observation that the α5- and β1-integrin protein levels were 
reduced in GRASP-KO cells in a steady state (Figure 5, A–E).

To test the possibility that GRASP depletion may also affect the 
stability of α5β1 integrin, we blocked protein synthesis by CHX 
treatment and assessed the α5β1-integrin level over time. These 
proteins were stable, with no significant reduction within 36 h of 
CHX treatment, and were not affected by GRASP knockdown 
(Figure 6C) or knockout (Supplemental Figure 6). These results are 
consistent with previous reports that integrins are stable proteins in 
the cell (Lobert et al., 2010; Bottcher et al., 2012). To further confirm 
these results by an alternative approach, we performed the same 
metabolic labeling and pulse–chase assay as described earlier. HeLa 
cells transfected with control or GRASP siRNAs were incubated in a 
medium containing 35S-labeled methionine and cysteine for 1 h; 
chased for 12, 24, or 48 h; and lysed. Then α5 and β1 integrin were 
immunoprecipitated and analyzed by nonreducing SDS–PAGE and 
autoradiography. We found that, within 48 h, the degradation rates 
of both α5 and β1 integrin were not significantly affected by GRASP 
depletion (Figure 6, D–F). Therefore, we conclude that GRASP de-
pletion reduces the synthesis of α5β1 integrin but does not affect 
their stability.

GRASP depletion enhances total protein synthesis  
and cell growth
To determine how GRASP depletion–mediated Golgi destruction 
affects cell growth, we examined the growth rate of GRASP-de-
pleted cells using an established crystal violet assay (Tang et al., 
2010). Cells were transfected with indicated control or GRASP 
siRNAs and seeded into 24-well plates at 24 h after transfection. 
After incubation for 24 h, the number of cells was assessed for 6 
successive days. As shown in Figure 7A, the increase in the cell num-
ber was significantly higher in cells treated with GRASP siRNAs com-
pared with those treated with control siRNA.

We then determined the total amount of protein synthesis occur-
ring in these cells. Cells treated with control or GRASP siRNAs were 
labeled using 35S-labeled methionine and cysteine for 1 h and lysed 
in detergent. Equal amounts of total protein were then precipitated 
by trichloroacetic acid (TCA), and the total amount of radioactivity 
incorporated was measured using a scintillation counter. As shown 
in Figure 7B, compared with control siRNA-treated cells, the total 
protein synthesis increased when GRASPs were depleted. This re-
sult is consistent with the observation that Golgi unstacking in-
creases cell growth, suggesting a link between protein synthesis, 
trafficking, posttranslational modification, and cell growth.

DISCUSSION
In this study, we found that disruption of the Golgi structure by 
GRASP knockdown or knockout impacted multiple cell activities, 
including decreasing cell attachment, migration, and invasion, 
which could be explained by the decreased level of α5β1 integrin. 
We also found that GRASP depletion increased cell growth, which 
may be attributed to the increased overall protein synthesis and ac-
celerated protein trafficking. Based on the literature, this is the first 
systematic study that links Golgi structure formation and function 
with cellular activities, including cell attachment, migration, and 
growth. It is reasonable to speculate that Golgi fragmentation found 
in diseases may cause global defects in protein trafficking, glycosyl-
ation, and secretion that impact essential cell activities. Thus, study-
ing the cellular activities under Golgi destruction and discovering 
the factors that drive these changes will help us understand disease 
pathogenesis. In the long term, molecular tools may be developed 
to restore normal Golgi structure and function under disease condi-
tions and thus to delay disease development.

Using GRASP-knockdown and GRASP-KO cells, we demon-
strated that disrupting the Golgi stacks reduced cell adhesion and 
migration. As integrins are key proteins in these cellular activities, 
we determined the protein level of nine integrins that are known to 
be expressed in HeLa cells. Among these integrin subunits, α5 and 
β1, the major and best-characterized integrins in HeLa cells, exhib-
ited the most dramatic reduction in GRASP-KO cells, while other 
integrins did not change or only modestly decreased. This demon-
strates that different integrins are regulated differently in their 
expression, as previously described (Judware and Culp, 1997; 
Palomino et al., 2005). We then used two different antibodies and 
different gel systems to further characterize α5β1 integrin in GRASP-
KO cells. We found that both mature integrins and the individual 
components in the complex were all reduced by GRASP depletion. 
More importantly, restoration of the α5β1-integrin level in GRASP-
KO cells rescued the reduced cell adhesion and migration pheno-
type. These results indicate that the reduced cell adhesion and mi-
gration after GRASP depletion is mostly attributable to the reduced 
α5β1-integrin expression.

Our results are consistent with previous reports that a higher ex-
pression level of α5 integrin or increased trafficking to the plasma 
membrane increases cell attachment and migration (Wan et al., 2014; 
Breuksch et al., 2017). Given that the Golgi plays a critical role in 
protein glycosylation and sorting (Zhang and Wang, 2016; Huang 
and Wang, 2017) and that proper glycosylation of α5β1 integrin is 
important for its function and activation (Zheng et al., 1994; Guo 
et al., 2002; Gu and Taniguchi, 2004; Hang et al., 2017), we ex-
pected that Golgi structural defects might affect integrin glycosyl-
ation, trafficking, and degradation. There are two possible reasons 
for the reduced α5β1-integrin level in GRASP-depleted cells: one is 
increased degradation, the other is decreased synthesis. Given that 
protein glycosylation has been thought to be a key mechanism to 
help protein folding and maintain protein stability (Live et al., 1996; 
Shental-Bechor and Levy, 2008; Sola and Griebenow, 2009; Lee 
et al., 2015), we originally expected that GRASP depletion might 
affect integrin stability. However, the results demonstrated that 
GRASP depletion did not trigger integrin degradation by ERAD or 
its turnover; instead, it reduced α5β1-integrin synthesis, although 
the underlying mechanism remains unknown. In addition, GRASP 
depletion also accelerated α5-integrin trafficking and maturation, 
which is consistent with our previous findings (Xiang et al., 2013).

In contrast to the reduced integrin synthesis, total protein syn-
thesis was increased by GRASP depletion, while some other pro-
teins at the cell surface, such as IGFR and TfR, were unaffected. The 
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FIGURE 5: GRASP knockout reduces α5β1-integrin protein level. (A) GRASP knockout reduces α5β1 level but has only 
modest effects on other integrins. Western blots of WT and GRASP-KO HeLa cells for indicated integrins and actin. 
Note that the protein levels of α1, αV, and α6 did not change after GRASP depletion in contrast to the robust reduction 
of α5 and β1 integrins. (B) Schematic α5-integrin domain structure and epitopes of indicated antibodies. (C) GRASP 
knockout reduces the α5β1-integrin level. The full-length (FL), heavy-chain (HC), and light-chain (LC) forms of α5 integrin, 
β1 integrin, GRASP55, GRASP65, and actin were blotted. Note the reduced protein level of α5 integrin on all three blots 
as well as β1 integrin compared with that in WT cells. (D) Quantitation of C normalized with actin. Statistical analysis was 
performed by comparison with WT cells. (E) Western blot of α5 integrin on nonreducing (without DTT) and reducing gels 
(with DTT). Arrow and arrowhead indicate full length and light chain, respectively. (F) GRASP knockout reduces α5β1-
integrin level at the cell surface. GRASP-KO cells were surface biotinylated, this was followed by streptavidin pull-down 
and Western blotting of α5 integrin, β1 integrin, TfR, and actin. Note that only the highly glycosylated forms of integrins 
were pulled down; this was clearer with β1 integrin (top band). (G) GRASP knockout accelerates α5-integrin maturation. 
WT and GRASP-KO HeLa cells were pretreated with BFA for 2 h and washed out and then released into CHX for 0, 2, or 
4 h or CHX for 4 h with MG132 or monensin. As GRASP-KO cells have a lower level of integrin level, we exposed those 
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gels longer, so all cell lines had a similar signal at the 0 time point to start with, and the reduction of the protein was 
assessed over time. (H) Western blot of indicated HeLa cells transfected with α5 integrin-GFP or GFP. α5-Integrin heavy 
chain (α5-integrin HC), β1 integrin, GFP, and actin were blotted. The reduced protein levels of α5 and β1 integrins in 
GRASP-KO cells were rescued by expressing α5 integrin-GFP, but not by GFP alone. (I) α5-Integrin expression rescues 
the decreased cell attachment of GRASP-KO cells. Cells transfected with indicated constructs were analyzed in an 
attachment assay, as described in Figure 1. The quantitation results are shown. **, p < 0.01; ***, p < 0.001.

FIGURE 6: GRASP depletion reduces α5- and β1-integrin synthesis but has no effect on their 
turnover. (A) GRASP depletion reduces protein synthesis of α5 and β1 integrin. An equal number 
of HeLa cells transfected with indicated siRNAs were labeled with Trans 35S-Label [35S] for 1 h. 
Immunoprecipitated α5β1 integrin was analyzed by gel electrophoresis and autoradiography. 
The protein synthesis rates of both α5 and β1 integrin decreased in GRASP-depleted cells. 
(B) Quantitation of A. Statistical analysis was performed by comparison with control (ctrl) 
siRNA-treated cells. *, p < 0.05; ***, p < 0.001. (C) Western blot of GRASP-depleted HeLa cells 
treated with CHX for the indicated times. At 72 h posttransfection with the indicated siRNA, 
cells were treated with 100 µM CHX for 0, 4, 8, 12, 24, and 36 h; lysed; and analyzed by Western 
blot for β1 integrin and p97 on the same gel. As GRASP knockdown cells have a lower level of 
integrins, we exposed those gels longer, so all cell lines had a similar signal at the 0 time point 
to start with, and the reduction of the protein was assessed over time. (D) GRASP depletion 
does not increase α5- and β1-integrin degradation. HeLa cells transfected with indicated 
siRNAs were labeled with Trans 35S-Label [35S] for 1 h and chased for 12, 24, and 48 h. 
Immunoprecipitated α5β1 integrins were analyzed by SDS–PAGE and autoradiography. 
(E) Quantification of α5 integrin in D. Note that there is no significant difference in the 
degradation rate of α5 integrin between control siRNA-treated and GRASP-depleted cells. 
(F) Quantification of β1 integrin in D. There is no significant difference in the degradation rate of 
β1 integrin between control siRNA-treated and GRASP-depleted cells.

observation of increased protein synthesis 
in this study could also be attributed to the 
increased demand of the cells for more pro-
teins with increased trafficking and cell 
growth. It has been demonstrated that, at 
the onset of mitosis, phosphorylation of 
GRASPs and golgins by mitotic kinases re-
sults in Golgi disassembly, which is required 
for cell cycle progression (Jesch et al., 2001; 
Sutterlin et al., 2002; Duran et al., 2008; 
Xiang and Wang, 2010; Guizzunti and See-
mann, 2016), and GRASP depletion acceler-
ates cell cycle progression (Tang et al., 
2010). It is conceivable that cells with un-
stacked Golgi grow faster, as protein syn-
thesis and cargo transport are enhanced. 
Some signaling pathways may be selec-
tively activated or inhibited to control the 
synthesis of different proteins. Exploiting 
the underlying mechanism will be a future 
direction of this study.

In summary, we found that disrupting the 
Golgi structure by GRASP knockdown or 
knockout results in decreased cell adhesion 
and migration due to decreased synthesis of 
α5β1 integrin. These cells grow faster, pos-
sibly because of accelerated protein traffick-
ing and increased overall protein synthesis.

MATERIALS AND METHODS
Reagents, plasmids, and antibodies
All reagents were purchased from Sigma-
Aldrich, Roche, Calbiochem, and Fisher un-
less otherwise stated. Most of the cDNA 
constructs used in this paper were de-
scribed previously: pEGFP-N1-GRASP55 
(WT), pEGFP-N1-GRASP65 (WT), and 
pEGFP-N1 (Xiang and Wang, 2010; Zhang 
et al., 2018). pEGFP-N1-α5-integrin (WT) 
cDNA construct was a kind gift from Jian-
guo Gu (Tohoku Medical and Pharmaceuti-
cal University). Antibodies used in this study 
include monoclonal antibodies against β-
actin (Proteintech Group, cat. no. 66009-1-
Ig), GFP (Proteintech, cat. no. 66002-1-lg), 
α1 integrin (Santa Cruz, cat. no. SC-271034), 
α2 integrin (Santa Cruz, cat. no. SC-74466), 
α3 integrin (Santa Cruz, cat. no. SC-374242), 
α5 integrin (DSHB, cat. no. BIIG2), α6 integ-
rin (Santa Cruz, cat. no. SC-19622), αV integ-
rin (Santa Cruz, cat. no. SC-376156), β1 inte-
grin (DSHB, cat. no. P5D2), β3 integrin 
(Santa Cruz, cat. no. SC-46655), β5 integrin 
(Santa Cruz, cat. no. SC-398214), TfR (Invit-
rogen, cat. no. 13-6800), and α-tubulin 
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(DSHB, Cat# AA4.3); polyclonal antibodies against human GRASP55 
(Proteintech Group, cat. no. 10598-1-AP), IGF-Rβ (Santa Cruz, cat. 
no. SC-713), α5-integrin C-terminus (Millipore, cat. no. AB1928), α5-
integrin N-terminus (Cell Signaling, cat. no. 4705), β1-integrin C-ter-
minus (Abcam, cat. no. EP1041Y), β1-integrin C-terminus (Cell Sig-
naling, cat. no. 4706), and human GRASP65 (gift from Joachim 
Seemann, University of Texas Southwestern Medical Center).

Cell culture, transfection, and treatment
For cell cultures, HeLa and MDA-MB-231 cells were grown in DMEM 
(Invitrogen) containing 10% super calf serum (Gemini, cat. no. 100-
510) and glutamine at 37°C in a 5% CO2 incubator. For knockdown 
of GRASP55 and/or GRASP65, HeLa cells were plated at 40% con-
fluency in six-well plates and 3 µl of a 50 µM siRNA stock was added 
to 250 µl of Opti-MEM. In a separate tube, 5 µl of transfectamine 
RNAiMAX (Invitrogen) was mixed with 250 µl of Opti-MEM and in-
cubated for 5 min at room temperature. The two mixtures were 
combined and incubated at room temperature for 20 min and then 
added to the cells in 2 ml DMEM containing 10% super calf serum. 
siRNAs for human GRASP55 (AACTGTCGAGAAGTGATTATT) and 
GRASP65 (CCTGAAGGCACTACTGAAAGCCAAT) (Xiang and 
Wang, 2010; Xiang et al., 2013) were purchased from Ambion and 
Invitrogen, respectively. Control nonspecific siRNAs were purchased 
from Ambion. GRASP-KO cell lines were described previously 
(Bekier et al., 2017).

For expression of exogenous GRASP proteins, HeLa cells of 
∼60% confluency were transfected with the indicated GRASP con-
structs (Tang et al., 2010; Xiang and Wang, 2010). For a 10-cm 
plate, 10 µg of pEGFP-N1-GRASP65 (WT) construct or 15 µg of 
pEGFP-N1-GRASP55 (WT) construct was mixed with 30 µl of 
polyethylenimine (PEI) and 1 ml of serum-free medium for 15 min at 
room temperature and then added to the cells in 9 ml of DMEM 
containing 10% super calf serum. For the control treatment, 10 µg 
of pEGFP-N1 construct was mixed with 30 µl of PEI and 1 ml of se-
rum-free medium for 15 min and then added to the cells in 9 ml of 
DMEM containing 10% super calf serum.

For restoration of the α5β1-integrin level in GRASP-KO cells, 
cells at ∼60% confluency in a 6-cm plate were transfected with 8 µg 
of α5-GFP cDNA construct by Lipofectamine 2000 (Invitrogen, 

FIGURE 7: Depletion of GRASP55 and/or GRASP65 enhances cell growth and total protein 
synthesis. (A) Growth rate of HeLa cells transfected with the indicated siRNAs, as measured 
using crystal violet staining. The measurement began at 48 h after transfection. (B) Total protein 
synthesis is enhanced in GRASP-depleted cells. HeLa cells transfected with indicated siRNAs 
were labeled with Trans 35S-Label [35S] for 1 h. Equal amounts of total proteins were precipitated 
with TCA, and [35S]methionine/cysteine incorporation was assessed by scintillation counting. 
Statistical analysis was performed by normalization and comparison with control (ctrl) siRNA-
treated cells using Student’s t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

cat. no. 11668019) following the manufac-
ture’s instructions, and pEGFP-N1 was used 
as a control. In three independent experi-
ments, the transfection rate of α5-GFP in 
GRASP55, GRSAP65, and double-knockout 
cells was 66 ± 1%, 67 ± 3%, and 71 ± 1%, 
respectively. This was tested at 72 h post-
transfection, a time point used for the cell 
adhesion and migration assays.

For drug treatment, 5 µg/ml BFA, 500 
ng/ml Noc, 100 µg/ml CHX, 50 µM MG132, 
or 2 µM monensin was directly applied to 
the medium alone or in combination for in-
dicated times. Cells were lysed and ana-
lyzed by Western blotting.

Cell attachment assay
For cell attachment, a total of 3 × 105 control 
or GRASP siRNA-treated cells were seeded 
on fibronectin-coated plates and incubated 
in serum-free medium for 30 min. Twelve-
well plates were coated with fibronectin 
from human plasma (Sigma, F0895) at a con-

centration of 1 µg/ml in Tris-buffered saline (pH 7.5) at 4°C for 16 h 
and blocked with 2% bovine serum albumin (BSA) for 30 min. HeLa 
cells transfected with the indicated siRNAs, or GRASP-KO HeLa cells 
with or without GRASP or integrin rescue, were detached using 20 
mM EDTA in phosphate-buffered saline (PBS), pelleted, and resus-
pended in serum-free DMEM. The cells were seeded on the plate (3 
× 105 cell per well, three wells for each condition) and cultured in 
serum-free DMEM at 37°C for 30 min. Cells were then gently washed 
four times with PBS, and the attached cells were treated with 20 mM 
EDTA, collected by centrifugation, resuspended in 200 µl of growth 
medium, and counted using a hemocytometer. Attachment was pre-
sented as the percentage of attached cells out of the total number of 
cells.

Wound-healing assay
The wound-healing assay used here was performed using the pro-
tocol described by Jun-Lin Guan and colleagues (Liang et al., 
2007). MDA-MB-231 or HeLa cells were transfected with the indi-
cated plasmids; and at 48 h after transfection, the cells were re-
plated in 12-well plates at 80% confluence in complete growth 
medium. Twenty-four hours later, after the cells became confluent 
and formed a monolayer, the medium was replaced with serum-
free DMEM. Twenty-four hours afterward, the cell monolayer was 
scraped in a straight line to create a “scratch” with a 200-µl 
pipette tip. The cells were washed once with DMEM, and images 
were taken using an inverted bright-field microscope with a 4× 
lens and an IMAGING ERTIGA 1300R camera. The cells were then 
allowed to grow in complete growth medium for 20 h, and images 
of the same area were taken. Images were analyzed with ImageJ 
software (National Institutes of Health) or WimScratch: Wound 
Healing Assay Image Analysis Solution (Release 4.0; available from 
www.wimasis.com/en/products/9/WimScratch) (Jameson et al., 
2013).

Transwell assay
HeLa cells were detached with 20 mM EDTA and resuspended in 
serum-free DMEM. Cells were seeded in Transwell inserts (BD Bio-
Coat control 8.0-µm-pore-size inserts, cat. no. 0877121) at a con-
centration of 5 × 104 in 250 µl of serum-free DMEM. In the lower 
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chamber, 750 µl of full growth medium was added as a chemoat-
tractant. After incubation at 37°C for 20 h, cells on the upper side 
were gently removed by scraping with a cotton swab. The mem-
branes in the inserts were fixed with 4% paraformaldehyde (PFA) for 
30 min and stained with 0.5% crystal violet for 1 h, and cells that had 
migrated to the lower side were visualized under a Leica MZ FLIII 
stereomicroscope. Images were analyzed with ImageJ software 
(National Institutes of Health).

Cell growth rate
HeLa cells transfected with the indicated siRNAs were trypsinized 
24 h after transfection. Cells (1 × 104) were plated in 24-well plates 
and incubated in complete growth medium. One day later, the cell 
number was measured every 24 h for 6 d using crystal violet stain-
ing, as described previously (Feinstein and Linstedt, 2007). Briefly, 
cells were washed with PBS, fixed in 4% PFA for 30 min, stained with 
0.5% crystal violet (in 30% methanol) for 15 min, and extensively 
washed with H2O. The crystal violet was extracted using 1 ml of 10% 
acetic acid for 5 min, and the optical density was measured at 590 
nm. The cell number at different times was normalized to the cell 
number from the first measurement (day 0).

Radioactive labeling and immunoprecipitation
This method was previously described (Xiang et al., 2013). Briefly, 
HeLa cells grown in 60-mm dishes were incubated in methionine/
cysteine-free DMEM (Invitrogen) for 1 h and labeled with 1 ml of 
medium containing 250 µCi/ml Trans 35S-Label [35S] (MP Biomedi-
cals, cat. no. 15100614) for 1 h. After being washed with PBS, cells 
were collected either immediately on ice or after incubation in 4 ml 
of complete growth medium containing 2 mM l-cysteine and l-
methionine for the indicated time periods. Cells were lysed in 
0.8 ml of lysis buffer (PBS containing 1 mM CaCl2, 0.5 mM MgCl2, 
1% Triton X-100, protease inhibitor cocktail, and 1 µM pepstatin A) 
and centrifuged at 14,000 rpm for 15 min. The protein concentra-
tion of the supernatant was measured using a Bio-Rad protein assay 
(Bio-Rad Laboratories, cat. no. 5000006). The cell lysates (2 mg) 
were immunoprecipitated with 50 ng of the α5-integrin antibody 
BIIG2 and 60 ng of the β1-integrin antibody P5D2 overnight at 4°C. 
The antibodies were precipitated with 30 µl of protein G beads 
(Roche Diagnostics GmbH, Germany) at 4°C for 2 h. The beads 
were washed five times with lysis buffer, and the immunoisolated 
materials were eluted by boiling for 5 min in nonreducing SDS sam-
ple buffer. Integrins were resolved using 6.5% nonreducing SDS–
PAGE followed by autoradiography.

For determination of total protein synthesis, 40 µl of the cell ly-
sate was precipitated with 10 µl of 100% (wt/vol) TCA at 4°C for 
10 min. The protein pellets were washed with acetone, dissolved in 
0.2 M NaOH, neutralized with 0.2 M HCl, and mixed with Scintiverse 
BD cocktail (Fisher Scientific, cat. no. B14001). The incorporation of 
radioactivity was analyzed using scintillation counting and normal-
ized based on the total protein amount.

Cell surface biotinylation
All procedures were performed on ice or at 4°C. Cells grown on 
15-cm plates were incubated on ice for 20 min, washed three times 
with PBS, treated with 6 ml of 0.5 mg/ml NHS-SS-biotin (Fisher, cat. 
no. P121331) in PBS for 20 min, and quenched by 100 mM glycine/
PBS for 10 min. After three washes with PBS, cells were lysed in RIPA 
buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 
0.1% SDS, 0.1% sodium deoxycholate, 1 mM EDTA, 0.5% sodium 
orthovanadate, 0.1% sodium fluoride, and 1× protease inhibitor 
cocktail [Bimake, cat. no. B14001]). Cell lysates were adjusted to 

5.86 mg/ml in lysis buffer, and 3-mg samples were incubated with 
50 µl of streptavidin-agarose beads (GE Healthcare, cat. no.17-511-
01) at 4°C overnight. After being washed, beads were boiled in SDS 
sample buffer with 100 mM DTT, and bound proteins were analyzed 
by SDS–PAGE, transferred to polyvinylidene difluoride (PVDF) mem-
branes, and blotted with α5-integrin (Cell Signaling, cat. no. 4705), 
β1-integrin (Cell Signaling, cat. no. 4706), TfR (Invitrogen, cat. no. 
13-6800), and β-actin (Proteintech, cat. no. 66009-1-Ig) antibodies.

Quantification and statistics
In all figures, the quantification results are expressed as the mean ± 
SEM from three independent experiments, unless otherwise stated. 
The statistical significance of the results was assessed using a Stu-
dent’s t test. *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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