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ABSTRACT Collagen type I is the most abundant component of extracellular matrix in the 
arterial wall. Mice knocked out for the protein kinase C δ gene (PKCδ KO) show a marked 
reduction of collagen I in the arterial wall. The lack of PKCδ diminished the ability of arterial 
smooth muscle cells (SMCs) to secrete collagen I without significantly altering the intracellular 
collagen content. Moreover, the unsecreted collagen I molecules accumulate in large peri-
nuclear puncta. These perinuclear structures colocalize with the trans-Golgi network (TGN) 
marker TGN38 and to a lesser degree with cis-Golgi marker (GM130) but not with early en-
dosomal marker (EEA1). Associated with diminished collagen I secretion, PKCδ KO SMCs 
exhibit a significant reduction in levels of cell division cycle 42 (Cdc42) protein and mRNA. 
Restoring PKCδ expression partially rescues Cdc42 expression and collagen I secretion in 
PKCδ KO SMCs. Inhibition of Cdc42 expression or activity with small interfering RNA or se-
cramine A in PKCδ WT SMCs eliminates collagen I secretion. Conversely, restoring Cdc42 
expression in PKCδ KO SMCs enables collagen I secretion. Taken together, our data demon-
strate that PKCδ mediates collagen I secretion from SMCs, likely through a Cdc42-dependent 
mechanism.

INTRODUCTION
Type I collagen—the most abundant collagen in the blood vessel wall 
and other tissues in the human body—is a critical structural and func-
tional component of a healthy artery. Collagen in the arterial wall is 
produced by fibroblasts and smooth muscle cells (SMCs); either too 
much or too little collagen can contribute to the pathogenesis of vas-
cular disease (Rudijanto, 2007). The presence of excessive collagen in 
the atherosclerotic plaque is believed to be an important element of 

occlusive disease by expanding the plaque mass (Libby et al., 2010). 
Furthermore, collagen and other matrix proteins are not inert by-
standers; rather, they contribute to arterial homeostasis and patho-
genesis by influencing the proliferative behavior of SMCs (Hollenbeck 
et al., 2004). Too little collagen or thinning and weakening of collagen 
in the fibrous cap region of atherosclerotic plaques is believed to 
contribute to plaque rupture (Rekhter, 1999), a complex pathological 
event that is frequently responsible for heart attacks and strokes.

Because of all the aforementioned factors, understanding the 
process by which collagen is synthesized, trafficked, and secreted in 
SMCs provides opportunities for the treatment of arterial diseases, 
as well as systemic fibrotic states.

Collagen type I, along with types II, III, V, and IX, forms into fibrils. 
Type I is a heterotrimer composed of two α1 chains and one α2 chain. 
Collagen chains are translated and initially processed in the rough 
endoplasmic reticulum (ER), where the heterotrimer is formed with 
the aid of protein disulfide isomerase. The newly synthesized colla-
gen molecules are then transported through the cisternae of the 
Golgi complex through a cisternal maturation mechanism (Bonfanti 
et al., 1998). Finally, the collagen molecules are packaged in 
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based signaling system (Pulvirenti et al., 
2008). Pro–collagen I aggregates (300–
400 nm) and small, cargo-like vesicular stom-
atitis virus glycoprotein (60–100 nm) are 
transported in the same PGTC, suggesting 
that both use the same mechanism to exit 
the Golgi (Polishchuk et al., 2003). Assembly 
and exit of PGTC carrying cargo from the 
Golgi complex to the plasma membrane take 
place from the TGN and are mediated by a 
variety of mechanisms, including clathrin and 
clathrin adaptors, lipid rafts, and microtubule 
and actin motors (De Matteis and Luini, 
2008). Work in the past decade implicated the 
actin cytoskeleton, including actin filaments, 
motors, and regulators, as important partici-
pants in Golgi exit of plasma membrane pro-
teins (Musch et al., 1997; Stamnes, 2002; 
Carreno et al., 2004; Rosso et al., 2004; Cao 
et al., 2005; McNiven and Thompson, 2006; 
Au et al., 2007; Lazaro-Dieguez et al., 2007; 
Salvarezza et al., 2009; von Blume et al., 
2009; Miserey-Lenkei et al., 2010).

It has been shown that incubation with 
cytochalasin B to disassemble actin fila-
ments reduces the number of intracellular 
collagen fibril carriers in tendon cells, al-
though it does not prevent collagen secre-

tion (Canty et al., 2006). The best molecular candidate to regulate 
actin dynamics is the Rho GTPase Cdc42, known to associate with 
the Golgi complex in an ADP-ribosylation factor– and brefeldin A–
dependent manner (Erickson et al., 1996) and to regulate the post-
Golgi transport of several membrane and secretory proteins (Musch 
et al., 2001; Pelish et al., 2006). More recently, it has been shown 
that reduction of Cdc42 activation and its recruitment to the Golgi 
by the guanine nucleotide exchange factor faciogenital dysplasia 
protein 1 small interfering RNA (siRNA) blocks the pro–collagen I 
trafficking at the Golgi complex (Egorov et al., 2009).

In the present study, we investigated the role of PKCδ in collagen 
secretion from vascular SMCs. Our results suggest that PKCδ regu-
lates trafficking of collagen I by controlling its exit from the trans-
Golgi network through a mechanism involving Cdc42.

RESULTS
PKCδ is a critical mediator of collagen I secretion in vascular 
smooth muscle cells
Aortas were harvested from PKCδ KO mice or their wild-type (WT) 
littermates and analyzed for collagen I content by immunohis-
tochemistry. WT mice revealed considerable collagen I staining 
within both the media (Figure 1A, ) and adventitia of the arterial 
wall (Figure 1A, ). In contrast, PKCδ KO mice showed a significantly 
diminished amount of collagen I. Van Geison staining revealed simi-
lar elastin contents in both genotypes (Figure 1A).

We next tested the ability of aortic SMCs isolated from PKCδ KO 
mice to synthesize and secrete collagen I in vitro. PKCδ gene defi-
ciency dramatically reduced the level of collagen I detected in the 
media without significantly altering its content in the cell lysate (Figure 
1B). Using real-time (RT)–PCR technology, we assessed mRNA levels 
of the α1 and α2 chains of the collagen I molecule (COL1α1 and 
COL1α2, respectively). PKCδ gene deficiency reduced mRNA levels 
of COL1α1 by ∼20% as compared with WT, whereas COL1α2 re-
mained largely unchanged (Supplemental Figure S1).

post-Golgi vesicular carriers at the trans-Golgi network (TGN) and 
secreted (Canty et al., 2004). Although much work has been per-
formed on collagen transcription, the signaling mechanisms that con-
trol collagen trafficking and secretion have yet to be fully elucidated.

Protein kinase C δ (PKCδ) is a 78-kDa member of the novel PKC 
family of serine/threonine kinases. PKCδ regulates multiple cellular 
processes, including proliferation (Fukumoto et al., 1997) and apop-
tosis (Leitges et al., 2001; Ryer et al., 2005) of vascular SMCs. More 
recently, PKCδ has been found to play an important role in the syn-
thesis of extracellular matrix proteins. In vascular SMCs, PKCδ activity 
is necessary for induction of fibronectin production by transforming 
growth factor β (TGFβ; Ryer et al., 2006). Studies of PKCδ knockout 
(KO) mice reveal that mice lacking PKCδ develop normally but ex-
hibit an antiapoptotic phenotype when subjected to models of vas-
cular injury such as vein graft or carotid artery ligation (Leitges et al., 
2001; Bai et al., 2010; Yamanouchi et al., 2010). More recently, PKCδ 
was reported to be involved in the regulation of chemokine expres-
sion and consequently proinflammatory signaling (Liu et al., 2010).

In human fetal lung fibroblasts, PKCδ stimulates elastin expres-
sion by stabilizing its mRNA (Kucich et al., 2002). In renal mesangial 
cells, PKCδ was found to be important for TGFβ-dependent tran-
scription of the gene that encodes collagen α2 chain COLIA2 (Runyan 
et al., 2003). However, the potential roles of PKCδ in other important 
steps of collagen synthesis besides gene transcription, such as trans-
lation, posttranslational modifications, and trafficking, remain unde-
termined. It has been shown that PKCδ localizes to the Golgi com-
plex in fibroblasts (Goodnight et al., 1995; Kajimoto et al., 2001; 
Schultz et al., 2004) and that it regulates the retrograde transport of 
Shiga toxin from early endosomes to the Golgi complex. However, a 
role of PKCδ in anterograde transport has not been reported.

During trafficking through the Golgi apparatus, secreted proteins 
are subject to posttranslational processing and are incorporated into 
post-Golgi transport carriers (PGTCs) for secretion. These processes 
are regulated by multiple factors, including a recently described Golgi-

FIGURE 1: PKCδ is necessary for efficient collagen I secretion. (A) Representative mouse aortic 
sections immunostained for collagen I (left) or van Geison stains (right). Scale bar, 100 μm. 
(B) Primary mouse aortic SMCs isolated from PKCδ KO mice or their WT littermates were 
starved for 48 h and then treated for 48 h with or without 5 ng/ml TGFβ. Extracellular (media) 
and intracellular (cell lysate) collagen I contents were analyzed by Western blot. Representative 
blots and quantifications are shown. Optical density of secreted collagen I was normalized to the 
total collagen I density (secreted plus intracellular). Equal loading of cell lysate was confirmed by 
reprobing with an anti–β-actin antibody. Values are expressed as mean ± SEM (n = 3). *p < 0.05.
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Similarly, PKCδ gene deficiency selectively 
diminished collagen I in the extracellular 
compartment (Figure 1B) in the presence of 
TGFβ. To test whether a similar collagen I 
phenotype can be produced by transient 
inhibition of PKCδ, we acutely inhibited 
PKCδ activity in A10 cells—a rat aortic 
smooth muscle cell line—with the chemical 
inhibitor rottlerin. As seen in Supplemental 
Figure S2A, rottlerin reduced the amount 
of secreted collagen in the presence or 
absence of TGFβ. In contrast, intracellular 
collagen content was not significantly al-
tered by the rottlerin treatment (Supple-
mental Figure S2A). In comparison, PKCδ 
gene deficiency produced different effects 
on collagen type III and tropoelastin. As 
shown in Supplemental Figure S3, PKCδ 
KO SMCs displayed greatly reduced levels 
of collagen III as compared with WT cells 
in both extracellular and intracellular com-
partments. However, PKCδ gene deficiency 
slightly increased levels of tropoelastin 
detected in the culture media without alter-
ing the level of this matrix protein inside the 
cell (Supplemental Figure S3). Taken to-
gether, these data suggest a role of PKCδ in 
regulation of the basic collagen secretion 
mechanism.

PKCδ inhibition causes intracellular 
accumulation of pro–collagen I in 
trans-Golgi
We next studied the intracellular localization 
of the collagen molecules that were retained 
in cells lacking PKCδ activity. Inhibition of 
PKCδ with rottlerin in A10 cells caused simi-
lar perinuclear clusters of collagen I (Supple-
mental Figure S2B, arrowhead).

To determine the organelle in which col-
lagen I and pro–collagen I were trapped, we 
double stained SMCs with antibodies spe-
cific to pro–collagen I and markers for cis- 
and trans-Golgi network (GM130 and 
TGN38) or early endosomes (EEA1). Immu-
nofluorescence was performed in aortic 
SMCs isolated from PKCδ KO mice or their 
WT littermates. WT SMCs showed the TGN 
arranged symmetrically around the nuclei 
and procollagen distributed evenly through-
out the cytoplasm (Figure 2A, WT). KO 
SMCs displayed focal dilations in the TGN 
that colocalized with perinuclear clumps of 
procollagen I (Figure 2A, PKCδ KO). Com-
pared to the WT cells, PKCδ KO cells 
showed a slight accumulation of procolla-
gen I in cis-Golgi (Figure 2B). Comparison 
of EEA1 staining with that of procollagen I 
failed to show any significant colocalization 

of procollagen I clusters and endosomes (Figure 2C). Similar colo-
calization patterns were observed in rottlerin-treated A10 cells (Sup-
plemental Figure S4). Taken together, these data suggest that in the 

Because SMCs are often exposed to various profibrotic factors 
such as TGFβ in a disease state such as occlusive vascular disease, 
we then repeated the experiment in the presence of 5 ng/ml TGFβ. 

FIGURE 2: Intracellular accumulation of pro–collagen I in the trans-Golgi complex of PKCδ-
knockout SMCs. Primary mouse aortic SMCs isolated from PKCδ KO mice or their WT littermates 
were fixed and coimmunostained using antibodies specific to pro–collagen I (left and green in 
merged images) and TGN38, a marker for trans-Golgi; GM130, a marker for cis-Golgi; or EEA1, 
a marker for sorting endosomes (middle and red in merged images). Nuclei were counterstained 
with 4′,6-diamidino-2-phenylindole (DAPI; blue in merged images). Confocal fluorescence images 
were acquired with a BD Biosciences pathway confocal microscope using a 60×/1.42 objective. 
(A) Representative optical sections of PKCδ KO cells (top) show that pro–collagen I is accumulated 
at the perinuclear region, showing higher colocalization with TGN38 (Pearson coefficient, right 
graph) than in WT cells (bottom). Pearson coefficient values range from −1 to 1, where 1 means 
complete colocalization (right). Each point in the graph represents a Pearson colocalization 
coefficient for each field of a slide. Each line represents an independent experiment. Note the 
positive Pearson values in all the optical sections through the PKCδ KO cells (red). (B, C) Cells 
were coimmunostained using antibodies specific to pro–collagen I and GM130 (B) or EEA1 (C). 
Note that PKCδ deficiency induces the perinuclear localization of procollagen I, but it does not 
colocalize with cis-Golgi (B, right) or endosomes (C, right). Scale bar, 20 μm.
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absence of PKCδ, collagen I is transported across the Golgi to reach 
the TGN but does not exit the TGN toward the cell surface.

High PKCδ protein expression is localized to the trans-Golgi
To further explore the role of PKCδ in collagen trafficking, we next 
examined the intracellular localization of PKCδ in relation to the cis 
and trans portions of the Golgi stack. As seen in Figure 3, PKCδ co-
localized with both TGN38 and GM130 markers, with high abun-
dance in the trans-Golgi networks. Such an intracellular distribution 
pattern supports the involvement of PKCδ in regulation of Golgi exit 
of post-Golgi transport carriers.

Cdc42 is impaired in PKCδ KO SMCs
Because the Rho GTPase Cdc42 has been implicated in post-Golgi 
protein trafficking (Kroschewski et al., 1999; Musch et al., 2001; 
Pelish et al., 2006), we evaluated the effect of PKCδ gene deficiency 
on Cdc42. Primary mouse aortic SMCs isolated from PKCδ KO mice 
or their WT littermates were analyzed for Cdc42 activity by measur-
ing GTP-bound Cdc42. As shown in Figure 4A, PKCδ gene defi-
ciency led to a ∼50% reduction of GTP-bound Cdc42, indicating 
decreased levels of total and active Cdc42 in PKCδ KO cells. West-
ern blotting and RT-PCR analysis revealed a similar reduction in the 

level of Cdc42 protein and mRNA in PKCδ 
KO SMCs when compared with wild-type 
SMCs (Figure 4, B and C). To test whether 
the lack of PKCδ affects the Golgi localiza-
tion of Cdc42, we performed coimmunos-
taining of Cdc42 and TGN38 in PKCδ WT 
and KO SMCs. Whereas the intensity of 
Cdc42 was less in KO cells, cells of both 
genotypes displayed similar distribution 
patterns of Cdc42 within the Golgi stack 
(Figure 4D).

Western blot analysis of PKCδ WT and 
KO SMCs revealed that other members 
of the Rho GTPase family—specifically 
RhoA, RhoB, and RhoC—were also down-
regulated in PKCδ gene–deficient SMCs. 
Rac1/2/3 did not appear to be altered 
by PKCδ gene deficiency (Supplemental 
Figure S5).

Cdc42 is an important effector 
necessary for PKCδ-mediated  
collagen I secretion
If Cdc42 is a critical coeffector with PKCδ, 
inhibition of this GTPase should mimic the 
collagen phenotype we observed with PKCδ 
gene deficiency. To test this, we treated A10 
cells with the Cdc42-specific inhibitor se-
cramine A or solvent (dimethyl sulfoxide) for 
48 h. As shown in Figure 5A, secramine A 
eliminated extracellular collagen I but did 
not significantly affect the amount of colla-
gen detected in cell lysate. Furthermore, 
immunocytochemistry performed on A10 
cells treated with secramine A displayed 
perinuclear clumping of pro–collagen I co-
localized with TGN38, similar to results seen 
in PKCδ gene–deficient SMCs (Figure 5B).

To confirm the results obtained with se-
cramine A, we inhibited Cdc42 by silencing 

FIGURE 3: PKCδ resides in the trans-Golgi network. WT primary 
mouse aortic SMCs were coimmunostained using antibodies specific 
to PKCδ (green) and TGN38 or GM130 (red). Nuclei were 
counterstained with DAPI (blue). Confocal fluorescence images were 
acquired with a BD Biosciences pathway confocal microscope using a 
60×/1.42 objective. Scale bar, 20 μm.

FIGURE 4: Reduction of Cdc42 mRNA and protein expression in PKCδ-knockout SMCs. Primary 
mouse aortic SMCs isolated from PKCδ KO mice or their WT littermates were starved for 48 h. 
(A) Activation of Cdc42 was measured by the level of GTP-bound Cdc42 protein in cell lysates. 
(B) Levels of Cdc42 protein were analyzed by Western blot. Representative blots and 
quantifications are shown. Equal loading of cell lysate was confirmed by reprobing with an 
anti–β-actin antibody. (C) Levels of Cdc42 mRNA, normalized to GAPDH mRNA expression, 
were assessed by real-time PCR. Values are expressed as mean ± SEM (n = 3). *p < 0.05 as 
compared with WT. (D) PKCδ WT or KO SMCs were coimmunostained using antibodies specific 
to Cdc42 (green) and TGN38 (red). Nuclei were counterstained with DAPI (blue). Colocalization 
of Cdc42 and TGN38 was quantified by Pearson coefficient analysis (right). Pearson coefficient 
values range from −1 to 1, where 1 means complete colocalization. Each point in the graph 
represents a Pearson colocalization coefficient for each field of a slide. Each line represents an 
independent experiment. Confocal fluorescence images were acquired with a BD Biosciences 
pathway confocal microscope using a 60×/1.42 objective. Scale bar, 20 μm.
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out SMCs with an adenovirus vector that 
expresses the wild-type PKCδ (AdPKCδ). 
Primary mouse aortic SMCs from PKCδ KO 
mice were infected with AdPKCδ or a con-
trol vector AdLacZ. Forty-eight hours after 
viral infection, cells were lysed for Western 
analysis. AdPKCδ but not AdLacZ signifi-
cantly restored PKCδ expression in PKCδ 
KO SMCs (Figure 6A). Furthermore, SMCs 
infected with AdPKCδ but not AdLacZ pro-
duced extracellular collagen I at a level that 
was comparable to the wild-type SMCs 
(Figure 6A). As shown in Figure 6B, intracel-
lular Cdc42 levels were also partially re-
stored by AdPKCδ, further implying a rela-
tionship between these two signaling 
proteins.

Restoration of Cdc42 expression 
partially rescues collagen I secretion
If Cdc42 is downstream of PKCδ in the col-
lagen-trafficking pathway, rescue of Cdc42 
levels in primary mouse aortic SMCs from 
PKCδ KO mice should result in the restora-
tion of collagen trafficking. Plasmids encod-
ing the wild-type Cdc42 (Wills et al., 1996) 
or a constitutively active form (V12) (Musch 
et al., 2001) were introduced to PKCδ KO 
SMCs using a Nucleofector. Compared to 
the GFP plasmid control, transfection with 
either Cdc42 WT or Cdc42 V12 increased 
Cdc42 protein contents in PKCδ KO SMCs 
without altering the expression of PKCδ or 
collagen I (Figure 7A). Western blotting of 
the extracellular proteins in the media dem-
onstrated that ectopic expression of either 
Cdc42 construct was able to partially rescue 
the collagen-trafficking phenotype in the 
absence of PKCδ (Figure 7A). Furthermore, 
immunocytochemistry performed on PKCδ 
KO SMCs transfected with Cdc42 WT or 
Cdc42 V12 for 48 h displayed even distribu-
tion of pro–collagen I throughout the cyto-
plasm, similar to results seen in WT SMCs 
(Figure 7B).

DISCUSSION
Tight regulation of collagen is critical to homeostasis of the arterial 
wall, as well as to stability of atherosclerotic plaque. Malfunction in 
any of the regulatory steps, that is, synthesis, secretion, and degrada-
tion, can potentially lead to abnormal structure of the blood vessel or 
plaque rupture. By using a combination of pharmacological, molecu-
lar, and genetic approaches, we provided evidence that suggests a 
novel role of PKCδ in the regulation of collagen secretion. The re-
quirement of PKCδ activity in normal trafficking of type I collagen 
through the Golgi apparatus is demonstrated by our observation 
that pro–collagen I molecules were trapped in the TGN in arterial 
SMCs that lack PKCδ activity or expression. To our knowledge, this is 
the first report on a regulatory role of PKCδ in collagen trafficking.

We did not observe significant collagen accumulation in cis-Golgi 
or the EEA1–positive endosomes in PKCδ-null or rottlerin-treated 
cells, suggesting this PKC isoform may be specifically required for 

its expression with siRNA. The wild-type mouse aortic SMCs were 
transfected with either siRNA to Cdc42 or a control siRNA. At 24 
and 48 h posttransfection, cell lysate and media were collected for 
Western blot analysis. At both time points, siRNA to Cdc42 was able 
to significantly ablate collagen trafficking to the media with no sig-
nificant effects on the intracellular contents of collagen I or PKCδ, 
despite the marked reduction in Cdc42 protein levels (Figure 5C). 
Similar to secramine A, siRNA to Cdc42 caused PKCδ WT cells to 
display perinuclear clumping of pro–collagen I colocalized with 
TGN38 (Figure 5D). Collectively, our results suggest that Cdc42 is a 
critical mediator in collagen I trafficking out of the SMCs.

Restoration of PKCδ expression rescues collagen I secretion 
and Cdc42 expression
To further support the role of PKCδ in collagen trafficking and Cdc42 
expression, we attempted to restore PKCδ expression in the knock-

FIGURE 5: Cdc42 is necessary for collagen I trafficking. (A, B) A10 SMCs were treated with 
secramine A or solvent (control) for 48 h. (A) Media conditioned by SMCs or cell lysate were 
harvested and analyzed for collagen I by Western blotting. Equal loading was confirmed by 
reprobing for tubulin. (B) Cells were coimmunostained using antibodies specific to pro–collagen 
I (red) and TGN38 (green). Nuclei were counterstained with DAPI (blue). Scale bar, 20 μm. 
(C, D) Primary mouse aortic SMCs were transfected in Opti-MEM I medium with 20 nM of siRNA 
for mouse Cdc42 or scramble siRNA. (C) Cells and media were harvested 24 and 48 h 
posttransfection. Media were evaluated by Western blotting for collagen I content and 
quantified. Values are expressed as mean ± SEM (n = 3). *p < 0.05. Cell lysate was evaluated by 
Western blotting for collagen I, PKCδ, Cdc42, and β-actin. (D) Cells were coimmunostained using 
antibodies specific to procollagen I (green) or TGN38 (red). Nuclei were counterstained with 
DAPI (blue). Confocal fluorescence images were acquired with a BD Biosciences pathway 
confocal microscope using a 60×/1.42 objective. Scale bar, 20 μm.
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reduction was also observed in the level of Cdc42 mRNA and total 
Cdc42 protein, we speculate that PKCδ functions to maintain Cdc42 
levels, presumably through regulation of its gene expression. This 
notion is further supported by our finding that transfection of Cdc42 
expression vectors encoding either the wild-type or constitutively 
active form enabled collagen secretion in the absence of PKCδ. A 
prominent role of Cdc42 has also been reported in other PKCδ-
mediated functions, such as podosome assembly of endothelial cells 
(Tatin et al., 2006) and neurite outgrowth and stress fiber dismantling 
(Troller and Larsson, 2006). Further studies are needed to determine 
how the Cdc42 gene is directly or indirectly regulated by PKCδ.

We noticed that levels of collagen I secreted by Cdc42-trans-
fected, PKCδ-null SMCs were still significantly lower than what was 
secreted by the wild-type cells despite their comparable levels of 
Cdc42 expression. This result suggests that PKCδ may regulate 
collagen secretion through additional mechanisms. Ser-71, located 
within a putative Akt phosphorylation site (64ydRIRplSYp73), is 
conserved among members of the Rho GTPase family, including 
Rac1, Cdc42, Rho A, Rho B, and Rho C (Kwon et al., 2000). By 
using a recombinant Akt, Kwon and colleagues showed that this 
sequence can be phosphorylated by Akt at Ser-71, at least in vitro. 
However, how phosphorylation influences the activation of these 
small GTPases remains unclear. Although we observed a signifi-
cant decrease in the level of phosphorylated Cdc42 (Ser-71) caused 
by PKCδ gene deficiency (unpublished data), we do not believe 
that PKCδ has a direct role in regulation of Cdc42 activation, since 
both the wild-type Cdc42 plasmid and its constitutive form showed 
a similar capacity in rescuing collagen secretion in the absence of 
PKCδ. Alternatively, other members of the Rho GTPase family 
could contribute to collagen I secretion. As we showed, RhoA, 
RhoB, and RhoC were reduced by ∼50% in PKCδ KO SMCs as 
compared with WT. The fact that exogenous Cdc42 was able to 
eliminate the accumulation of collagen I in TGN argues for the 
critical role of this particular GTPase in regulation of Golgi exit. 
Perhaps other steps involved in the post-Golgi transport of secre-
tion vesicles require RhoA, RhoB, or RhoC, which were not de-
signed to be restored by Cdc42 transfection.

PKCδ has been reported to stimulate elastin expression by stabiliz-
ing its mRNA in human fetal lung fibroblasts (Kucich et al., 2002). We 
did not observe any significant effect of PKCδ gene deletion on elas-
tin accumulation in the arterial wall. It is possible that the role of PKCδ 
in regulation of extracellular matrix (ECM) proteins is cell type specific; 
however, we cannot rule out the possibility that technical limitations 
might have prevented us from detecting subtle changes in elastin 
expression. Of note, PKCδ KO mice are viable and do not spontane-
ously develop aortic aneurysm or aortic rupture as seen in mice with 
ECM mutations such as mice deficient in lysyl oxidase, which are un-
able to cross-link elastin and collagen (Maki et al., 2002).

In summary, we showed that PKCδ is a crucial factor in the move-
ment of collagen type I past the TGN on its path to secretion. We 
further showed that PKCδ exerts its effect in part through Cdc42. This 
is the first evidence that PKCδ has a role in collagen type I trafficking 
and a beginning of understanding the mechanisms of collagen secre-
tion after it leaves the endoplasmic reticulum. Our finding that PKCδ 
is necessary for Cdc42 expression provides a new avenue for further 
elucidation of the collagen secretion process and regulatory mecha-
nisms involved in atherosclerotic plaque formation and stability.

MATERIALS AND METHODS
General materials and reagents
Rottlerin was obtained from Sigma-Aldrich (St. Louis, MO). DMEM 
and other tissue culture reagents were from Invitrogen (San Diego, 

collagen I secretion vesicles to bud off the TGN. A study by Tisdale 
(2003) showed that inhibition of PKCλ in HeLa cells resulted in newly 
synthesized reporter protein being trapped in the ER (it is possible 
that different PKC isoforms differentially regulate distinct steps of 
protein secretion). It has been shown that PKCδ localizes at the 
Golgi complex in fibroblasts (Goodnight et al., 1995; Kajimoto et al., 
2001; Schultz et al., 2004). Our immunohistochemistry analysis con-
firmed a similar localization of PKCδ in vascular SMCs, particularly 
rich in trans-Golgi stacks. Furthermore, PKCδ is involved in the en-
dosomes to Golgi trafficking of Shiga toxin in HeLa cells (Torgersen 
et al., 2007), raising the possibility that PKCδ might also affect an-
terograde traffic at the Golgi level.

As an essential player in controlling protein secretion 
(Kroschewski et al., 1999) and post-Golgi protein trafficking (Pelish 
et al., 2006; Egorov et al., 2009), the involvement of Cdc42 in col-
lagen I trafficking is not unexpected. Secramine A, a small chemical 
inhibitor, has been found to inhibit the activation of Cdc42 by inhib-
iting its binding to membranes, GTP, and effectors in a Rho GDP 
dissociation inhibitor–dependent manner (Pelish et al., 2006). Con-
sistent with the prior reported effect of secramine A on Golgi-medi-
ated protein trafficking, we found that secramine A eliminated se-
cretion of collagen I by vascular SMCs, an observation that was 
duplicated with Cdc42 mRNA knockdown. The striking similarity be-
tween the effect of PKCδ inhibition and Cdc42 inhibition on colla-
gen secretion and trafficking led us to hypothesize that PKCδ regu-
lates Golgi-mediated protein trafficking through Cdc42-dependent 
mechanisms. Indeed, we found a substantial reduction in the level 
of GTP-bound Cdc42 in PKCδ-null cells.

Activation of Cdc42 involves conversion from an inactive, GDP-
bound form to the active, GTP-bound form, catalyzed by guanine 
nucleotide exchange factors (Sinha and Yang, 2008). It is unclear 
whether PKCδ gene deficiency affected this conversion and led to a 
lower level of GTP-bound active form of Cdc42. Because a similar 

FIGURE 6: Restoration of PKCδ expression rescues collagen I 
secretion and Cdc42 expression in PKCδ-knockout SMCs. Primary 
mouse aortic SMCs from PKCδ KO mice were infected with AdPKCδ 
or a control vector AdLacZ. (A) Representative Western blot of media 
conditioned by SMCs analyzed for collagen I. Quantification of 
secreted collagen is expressed as relative band density. Values are 
expressed as mean ± SEM (n = 3). *p < 0.05. Cell lysates were blotted 
with the antibodies specific to PKCδ, collagen I, or β-actin. 
(B) Representative Western blot of cell lysate analyzed for Cdc42.
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et al., 2002). Rat aortic A10 SMCs were 
obtained from American Type Culture 
Collection (Manassas, VA) and grown as rec-
ommended in DMEM modified to contain 
4 mM l-glutamine, 4.5 g/l glucose, 1 mM 
sodium pyruvate, and 1.5 g/l sodium bicar-
bonate supplemented with 10% FBS and 
antibiotics.

Transfection
Plasmid DNAs encoding Cdc42 wild-type 
or constitutive mutant V12 have been 
described previously (Musch et al., 2001). 
siRNA to Cdc42, UUUGGGUCCCAA-
CAAGCAAGAAAGG, or its scrambled con-
trol was obtained from Invitrogen (Grand Is-
land, NY). Transfection of plasmid DNA was 
carried out using Nucleofector technology 
(Amaxa Biosystems, Lonza, Cologne, Ger-
many). For each treatment group, one mil-
lion cells were suspended in 100 μl of Nucle-
ofector Solution R, mixed with 5 μg of 
plasmid DNA, and electroporated using the 
proprietary program D-033. Cells were then 
plated onto six-well plates or seeded on 
chamber slides (BD Biosciences, San Jose, 
CA) containing 10% FBS DMEM. For siRNA 
transfection, primary mouse SMCs were 
plated onto six-well plates or seeded on 
chamber slides at 50–60% confluence and 
incubated for 24 h. Cells were then trans-
fected in Opti-MEM I medium with 20 nM of 
siRNA for mouse Cdc42 or control siRNA us-
ing Lipofectamine RNAiMAX transfection 
reagent as described by the manufacturer’s 
protocol (Invitrogen). At 12 h posttransfec-
tion Opti-MEM I medium was replaced with 
DMEM containing 10% FBS.

Adenoviral infection
The construction of the PKCδ-expressing 
adenoviral vector has been previously de-
scribed (Ryer et al., 2006). Infection was car-
ried out by incubating SMCs with adenovi-

rus (30,000 particles/cell) in DMEM/2% FBS for 4 h. After the removal 
of adenovirus, cells were cultured containing 10% FBS and then in 
DMEM/0.5% FBS for 48 h.

Immunoblotting
The same number of PKCδ WT and KO SMCs was seeded to each 
plate and cultured simultaneously. Cells were made quiescent at the 
same time by incubation in medium containing 0.5% FBS for 48 h 
and then collected. SMCs were lysed in radioimmunoprecipitation 
assay buffer consisting of 50 mM Trizma HCl, 150 mM NaCl, 1% 
Nonidet P-40, 0.5% sodium dioxycholate, and 0.1% SDS (all re-
agents from Sigma-Aldrich). Then equal amounts of protein extract 
were separated by SDS–PAGE and transferred to polyvinylidene 
fluoride membranes as described previously. To analyze secreted 
proteins, media were collected from treated cell culture and con-
centrated using Ultracel 10K Centrifugal Filters (Millipore, Billerica, 
MA). Each media sample was centrifuged at 2000 RCF for 10 min, 
ultimately yielding a 40× concentration.

CA). Antibodies used include collagen I, collagen III (Fitzgerald Indus-
tries, Acton, MA), Cdc42, Rho GTPase antibody sampler kit (Cell 
Signaling Technologies, Danvers, MA), PKCδ (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), TGN38 (rat antibody), EEA1, β-actin (Sigma-
Aldrich, St. Louis), TGN38 (mouse antibody), GM130, tropoelastin, 
α-tubulin (Abcam, Cambridge, MA), and pro–collagen I (Develop-
mental Studies Hybridoma Bank, Iowa City, IA). Other chemicals and 
reagents if not specified were purchased from Sigma-Aldrich.

Cell culture
The mouse aortic SMCs were isolated from the thoracic and ab-
dominal aorta based on a protocol described by Clowes et al. 
(1994). Primary SMCs were grown at 37°C in 5% CO2 in DMEM 
modified to contain 1 g/l d-glucose, l-glutamine, 110 mg/l sodium 
pyruvate supplemented with 10% fetal bovine serum (FBS; Gemini, 
Woodland, CA), and antibiotics. Cells between three and seven 
passages were used for all experiments. The generation of mice 
with targeted deletion of PKCδ was described elsewhere (Miyamoto 

FIGURE 7: Restoration of Cdc42 expression enhances collagen I secretion by PKCδ-knockout 
SMCs. Primary mouse aortic SMCs from PKCδ KO were transfected with WT Cdc42 DNA 
plasmid, V12 Cdc42 DNA plasmid, or a control GFP plasmid. (A) At 48 h posttransfection, media 
or cell lysate were harvested and analyzed by Western blotting. Representative Western blot of 
media conditioned by SMCs was analyzed for collagen I. Quantification of secreted collagen is 
expressed as relative band density. Values are expressed as mean ± SEM (n = 3). *p < 0.05. Cell 
lysates were blotted with the antibodies specific to PKCδ, collagen I, Cdc42, or β-actin. (B) At 48 
h posttransfection, cells were coimmunostained using antibodies specific to pro–collagen I 
(green) and TGN38 (red). Nuclei were counterstained with DAPI (blue). Colocalization of 
pro–collagen I and TGN38 was quantified by Pearson coefficient analysis (bottom graph). 
Pearson coefficient values range from −1 to 1, where 1 means complete colocalization. Each 
point in the graph represents a Pearson colocalization coefficient for each field of a slide. Each 
line represents an independent experiment. Confocal fluorescence images were acquired with a 
BD Biosciences pathway confocal microscope using a 60×/1.42 objective. Scale bar, 20 μm.
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cell lysates were incubated in a Cdc42-GTP affinity plate for 15 min. 
The wells were probed with anti-Cdc42 monoclonal antibody and a 
secondary antibody. Finally, the plate was developed with a colori-
metric substrate, and the absorbance was read at 490 nm.

Statistical analysis
Unpaired Student’s t test was used to evaluate the statistical differ-
ences between control and treated groups. Differences with p < 0.05 
were considered significant. All experiments were repeated at least 
three times. Error bars on the graphs represent SEM. Values were 
expressed as mean ± SEM.

For Western blotting, the membranes were incubated with rab-
bit polyclonal antibodies to collagen I, collagen III, tropoelastin, 
Cdc42, RhoA, RhoB, RhoC, Rac1/2/3, and mouse monoclonal anti-
bodies to β-actin and pro–collagen I, followed by horseradish per-
oxidase–labeled goat anti–rabbit or anti–mouse immunoglobulin G 
(Bio-Rad, Hercules, CA). Labeled proteins were visualized with an 
enhanced chemiluminescence system (PerkinElmer-Cetus, Boston, 
MA). For quantification of secreted proteins, optical density of se-
creted proteins, determined by ImageJ (National Institutes of 
Health, Bethesda, MD), was normalized to the total protein density 
(secreted plus intracellular).

Immunohistochemistry and immunocytochemistry
Mouse aortas were embedded in OTC compound, frozen, and then 
cut into 7-μm sections. For immunohistochemical analysis, proto-
cols were supplied by the diaminobenzidine (DAB) kit (DakoCyto-
mation, Carpinteria, CA), and collagen I and pro–collagen I antibod-
ies were selected based on institutional experience. Antigen retrieval 
was performed in a citrate buffer water bath for 10 min. Endoge-
nous peroxidase was quenched by submerging slides in 3% hydro-
gen peroxide for 5 min, followed by two washes in phosphate-buff-
ered saline (PBS). Sections were then incubated for 30 min in 2% 
bovine serum albumin to minimize nonspecific binding and then for 
1 h at room temperature with either anti–collagen I at 1:50 or anti–
pro-collagen I (for human tissue) at 1:1000. Sections were washed 
three times in PBS and incubated with horseradish peroxidase–la-
beled anti–primary antibody (1:1000) for 30, min followed by incu-
bation in freshly prepared EnVision+ solution and developed with 
DAB. All sections were then counterstained with hematoxylin and 
mounted.

For immunofluorescence, SMCs were seeded on chamber 
slides (BD Biosciences) and fixed in 2% paraformaldehyde at room 
temperature for 10 min. After permeabilization in 0.5% bovine se-
rum albumen, 1% goat serum, and 0.1% saponin, the cells were 
decorated with primary antibodies against pro–collagen I, PKCδ, 
Cdc42, TGN38, GM130, and EEA-1, followed by secondary anti-
bodies tagged with Alexa 488 and 568. Images were generated 
with a Zeiss Axio-Observer spinning disk confocal microscope (Carl 
Zeiss, Jena, Germany) or a BD Biosciences pathway confocal mi-
croscope. Colocalization between TGN38, GM130, or EEA-1 and 
pro–collagen I or Cdc42 was quantified by Pearson coefficient 
analysis with ImageJ. For Pearson coefficient analysis, measure-
ments were performed on ≥10 cells in multiple fields and repeated 
in two or three independent experiments.

RNA isolation and quantitative real-time PCR 
Total RNA was isolated from WT or PKCδ KO mice aortic SMCs us-
ing RNeasy Plus Mini Kit (Qiagen, Valencia, CA). Two micrograms of 
total RNA was used for the first-strand cDNA synthesis (Applied Bio-
systems, Carlsbad, CA). Quantitative real-time PCR was carried out 
using the 7500 Fast Real-Time PCR System (Applied Biosystems). 
Each cDNA template was amplified in triplicate using SYBR Green 
PCR Master Mix (Applied Biosystems) with gene-specific primers for 
Cdc42, Col1α1, Col1α2, and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), which were purchased from Qiagen. The rela-
tive mRNA levels were calculated using the 2−ΔΔCt method and nor-
malized by the level of GAPDH.

Cdc42 activation assay
Primary SMCs were grown to 70% confluence and serum starved for 
48 h and then lysed according to the protocol supplied by the Cdc42 
Activation Assay Biochem Kit (Cytoskeleton, Denver, CO). Briefly, 
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