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Introduction

The orderly transition through the cell cycle is orchestrated by 
the sequential activation and inactivation of cyclin-dependent 
kinases. The regulatory subunits of the CDK4/6 kinase are 
encoded by the D-type cyclins. Cyclin D1 is induced early dur-
ing G

1
 phase progression by mitogenic stimuli, which activate the 

transcription of cyclin D1, through specific DNA sequences in 
the cyclin D1 promoter and through the assembly of protein com-
plexes.1,2 The cyclin D1/CDK complexes phosphorylate and inac-
tivate the retinoblastoma (pRb) protein promoting nuclear DNA 
synthesis. We have previously shown that the nuclear respiratory 
factor 1 (NRF-1) is phosphorylated in a cyclin D1-dependent 
manner. Phosphorylation of NRF-1 represses its transactivation 
function thereby inhibiting mitochondrial metabolism.3

The heterodimeric partner of cyclin D1, CDK4/6, is associ-
ated in high molecular weight cytoplasmic complexes contain-
ing Hsp90 and Cdc37.4,5 Hsp90 and Cdc37 facilitate appropriate 
CDK4 folding, inducing competence for D-type cyclin binding. 

Cyclin D1 overexpression is a common feature of many human malignancies. Genomic deletion analysis has demonstrated 
a key role for cyclin D1 in cellular proliferation, angiogenesis and cellular migration. To investigate the mechanisms 
contributing to cyclin D1 functions, we purified cyclin D1a-associated complexes by affinity chromatography and 
identified the PACSIN 2 (protein kinase C and casein kinase substrate in neurons 2) protein by mass spectrometry. The 
PACSIN 2, but not the related PACSIN 1 and 3, directly bound wild-type cyclin D1 (cyclin D1a) at the carboxyl terminus and 
failed to bind cyclin D1b, the alternative splicing variant of cyclin D1. PACSIN 2 knockdown induced cellular migration and 
reduced cell spreading in LNCaP cells expressing cyclin D1a. In cyclin D1-/- mouse embryonic fibroblasts (MEFs), cyclin D1a, 
but not cyclin D1b, reduced the cell spreading to a polarized morphology. siPACSIN 2 had no effect on cellular migration 
of cyclin D1-/- MEFs. Cyclin D1a restored the migratory ability of cyclin D1-/- MEFs, which was further enhanced by knocking 
down PACSIN 2 with siRNA. The cyclin D1-associated protein, PACSIN 2, regulates cell spreading and migration, which are 
dependent on cyclin D1 expression.
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The sequential association requires assembly factors to bring 
cyclin D1 and CDK4 together.6,7 Both p21CIP1 and p27KIP1 facili-
tate assembly of the cyclin D/CDK complexes.8 Additional com-
ponents that contribute to the molecular weight of holoenzymes 
have been identified in complexes ranging from 150 to 200 
kDa4,9,10 including Hsc70.11

In keeping with a role for cyclin D1 in diverse human 
cancers, including breast, colon, prostate and hematopoetic 
malignancies,2 mice deficient in cyclin D1 are resistant to onco-
gene-induced tumorigenesis. Gastrointestinal tumors induced 
by mutation of the Apc gene are reduced in number by cyclin 
D1 deficiency.12 Consistent with findings that the cyclin D1 
antisense abrogates mammary epithelial cell growth induced by 
ErbB2,13 cyclin D1-deficient mice are resistant to mammary gland 
tumorigenesis induced by Ras or ErbB2.14 Cyclin D1-deficient 
cells demonstrate reduced cellular survival and DNA synthesis,15 
increased mitochondrial size and activity,3,16 and reduced cellular 
migration of diverse cell types including blood vessels, bone mar-
row macrophages, fibroblasts and mammary epithelial cells.17 It 
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protein, HSC70 that have been previously identified as cyclin 
D1a associated proteins.11 An additional protein was identified 
by mass spectrometry with sequences identical to the homolog 
of chicken FAP52, now identified as PACSIN 2. The PACSIN 
(Protein Kinase C and Casein Kinase 2 Substrate) family of 
proteins is structurally conserved and functions as cytoplasmic 
adaptor proteins.27 The association of PACSIN 2 with cyclin 
D1a was validated by Immunoprecipitation-western blotting 
(IP-WB). Protein lysates were prepared from either NIH 3T3 
cells or murine liver. IP was conducted using agarose beads pre-
conjugated with anti-cyclin D1 (mouse) antibody (Santa Cruz 
biotechnology, Clone 72-13G), which was followed by WB to 
detect endogenous Pacsin 2 that bound to cyclin D1. As shown 
in Figure 1A, Pascin 2 was co-immunoprecipitated with cyclin 
D1. We further confirmed this observation in cyclin D1-deficient 
HEK 293T cells. The cells were co-transfected with FLAG-
tagged cyclin D1 and Myc-tagged PACSIN 2. IP was conducted 
for cyclin D1 using a FLAG antibody conjugated to agarose. WB 
analysis was performed with an anti-Myc antibody. As shown in 
Figure 1B and C, PACSIN 2 was co-precipitated with cyclin D1.

Cyclin D1 binds to PACSIN 2 through its carboxyl ter-
minus containing an E-rich motif. To identify the domains of 
cyclin D1 required for PACSIN 2 binding, cyclin D1 deletion 
mutant expression vectors were assessed (Fig. 1B). Deletion of 
the carboxyl terminal 28 amino acids of cyclin D1 abolished 
binding to PACSIN 2. The role of an acidic rich region within 
the carboxyl terminus of cyclin D1, a stretch of eight amino acids 
referred to as the “E-rich domain,”28 was examined for PACSIN 
2 binding. Deletion of the acidic rich stretch (cyclin D1 ΔE) 
reduced binding of PACSIN 2 to ~6% of wild-type (WT) 
cyclin D1 (Fig. 1B and C). The C-terminal deletion mutant (D1-
N1) has an intact E-rich motif and showed ~45% of WT bind-
ing to PACSIN  2, suggesting additional C-terminal sequences 
(last 8 amino acids of cyclin D1 protein) contribute to complete 
PACSIN 2 binding. Sequence alignment of D-type cyclins sug-
gested that E278 and E280 within cyclin D1 are conserved in 
cyclin D2, but not in cyclin D3. Cyclin D1 and cyclin D2, but 
not cyclin D3 (data not shown), co-precipitated with PACSIN 2 
in transfected cells, suggesting a role of these conserved glutamic 
acids in mediating the protein interaction with PACSIN 2. Point 
mutations of amino acid residues 278 or 280 reduced binding of 
PACSIN 2 by 70% (Fig. 1C and D). Similarly, the conserved 
acidic residues within cyclin D2, when mutated (E272A cyclin 
D2 or E274A cyclin D2), reduced binding of PACSIN 2 by 70 to 
80% (Fig. 1C). The cyclin D1b protein failed to bind PACSIN 
2 (Fig. 1C). Together, these studies demonstrate that PACSIN 2 
binds cyclin D1a, but not the alternately spliced form cyclin D1b. 
Further, these studies demonstrate the importance of the acidic 
rich region within the carboxyl terminus of cyclin D1 and D2 in 
physical association with PACSIN 2.

The NPF motifs of PACSIN 2 are required for cyclin D1 
binding. The physical association of cyclin D1 with the PACSIN 
family members was assessed using IP-WB. HEK293T cells were 
transduced with expression vectors encoding PACSIN 1, 2 or 
3 (Fig. 2A) and an expression vector encoding cyclin D1 with 
an amino-terminal FLAG epitope. Cyclin D1 co-precipitated 

has been predicted that the diverse functions regulated by cyclin 
D1 in cellular differentiation, proliferation and migration may 
be governed by subpartitioning of cyclin D1 into distinct sub-
cellular compartments, or through physical association with dis-
tinct binding proteins. In this regard, cyclin D1 associates with 
the p160 coactivator SRC-1 (AIB-1) to regulate estrogen recep-
tor α activity. In association with transcription factors, cyclin 
D1a regulates CDK-independent transcriptional activities of the 
androgen receptor, CEBPα and PPARγ.2,18 Cyclin D1 recruit-
ment to transcription factor binding sites in the contect of local 
chromatin by ChIP assays is associated with the recruitment of 
histone modifying enzymes including HDAC1, HDAC3, p300/
CBP, SUV39 and HP1α.19-21

A common polymorphism of the human cyclin D1 gene has 
been associated with an increased rate of cancer development.22-24 
The polymorphism (A870G) is located at the splice donor region 
at the exon 4-intron 4 boundary and modulates the efficiency of 
alternate splicing. Alternate splicing results in distinct carboxyl 
terminal amino acid sequences. Characterization of the func-
tional properties of the canonical cyclin D1a and the alternate 
cyclin D1b isoform has revealed that each encodes subunits with 
a similar capacity to phosphorylate pRb, but distinguishable abil-
ities to regulate cellular migration. Cyclin D1a promotes migra-
tion of fibroblasts and mammary epithelial cells.24,25 However, 
the cyclin D1b isoform is defective in promoting migration.24,26 
The mechanism responsible for these distinct functions of cyclin 
D1a and cyclin D1b is unknown, although a postulated mecha-
nism includes distinct interaction partners.

In order to determine adapter proteins regulating cyclin D1 
function, we immunopurified cyclin D1a-associated proteins. 
Mass spectrometry and sequence analysis identified PACSIN 2 as 
a cyclin D1a-associated protein. PACSIN family members (also 
called syndapins) have been shown to function as cytoplasmic 
adapter proteins in focal adhesions. Herein, PACSIN 2 co-local-
ized in membrane ruffles with cyclin D1a. The current studies 
demonstrate the physical association of cyclin D1a, but not cyclin 
D1b, with NPF motifs of PACSIN 2. We show that endogenous 
PACSIN 2 represses cellular migration in a cyclin D1a-dependent 
manner.

Results

Identification of PACSIN as a cyclin D1-binding protein. 
In view of the diverse functions of cyclin D1 in DNA synthe-
sis, oncogenesis and migration, we hypothesized that cyclin 
D1-associated proteins may mediate these functions. Therefore, 
to identify proteins associated with the cyclin D1a protein, 
immunopurification of cyclin D1a complexes was conducted 
using a column pre-loaded with 1 ml of agarose beads conjugated 
with FLAG antibody (Sigma). 20 mg of cellular extracts were 
prepared from HEK 293T cells transfected with a vector express-
ing FLAG-tagged cyclin D1a and loaded on to the column. The 
complexes co-associating with cyclin D1 were eluted and sepa-
rated by SDS-PAGE gel followed by silver staining. Bands were 
excised, eluted and subjected to electro-spray liquid mass spec-
troscopy. Co-purifying proteins included Cdk4 and heat shock 
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and NPF-3 domains had no significant effect on the interaction 
between cyclin D1 and PACSIN 2 (Fig. 2C). Deletion of all three 
NPF domains abolished the binding, suggesting that these NPF 
domains are required for binding. A PACSIN 2 mutant with an 
internal deletion of a single NPF domain (NPF-1) maintained the 
ability to bind cyclin D1 (Fig. 2D), suggesting that the remaining 
NPF-2 and NPF-3 may contribute to cyclin D1 binding.

PACSIN 2 represses cellular migration and enhances cell 
spreading. In view of the finding that cyclin D1 promotes cellular 
migration and PACSIN 2 associates with cyclin D1 in membrane 
ruffles, we examined the role of PACSIN 2 in mammalian cellular 
migration using prostate cancer LNCaP cells expressing PACSIN 
2 and cyclin D1 (Fig. 3A and data not shown). siPACSIN 2 
reduced PACSIN 2 abundance and enhanced transwell migration 

PACSIN 2, but not PACSIN 1 or PACSIN 3 (Fig. 2B). In order 
to identify the binding motifs of PACSIN 2 required for physical 
interaction with cyclin D1a, a series of point mutants of PACSIN 
2 were examined. The amino terminus of PACSIN proteins 
encodes an F-BAR domain and an SH3 domain is located within 
the carboxyl terminus. The SH3 motif interacts with proline-rich 
proteins to mediate protein-protein interactions. The C-terminal 
SH3 domain of PACSIN 2 regulates interactions with dynamin1, 
synapsin 1, mSos and N-WASP. The N-terminal F-BAR domain 
of PACSIN 2 is required for homo-ligomerization and associa-
tion with curved membranes29-31 and mediates several cytoskeletal 
rearrangements required for cytokinesis in S. pombe.32 We exam-
ined further the domains of PACSIN 2 required for cyclin D1 
binding using C-terminal truncation mutants. Deletion of NPF-2 

Figure 1. Cyclin D1 binds to PACSIN 2 through its C-terminal E-rich motif. (A) Immunoprecipitation (IP)-western blot (WB) was performed to determine 
the binding of endogenous cyclin D1 and Pacsin 2. Protein lysates were prepared from either NIH 3T3 cells or murine liver tissue. IP was conducted 
with a cyclin D1 antibody pre-conjugated to agarose. The immunoprecipitates was subjected to WB for detection of Pacsin 2. (B) IP-WB was conducted 
of cells transfected with either an expression vector for Myc epitope-tagged PACSIN 2 and FLAG-tagged cyclin D1 wild type or mutant expression vec-
tors. The schematic representation shows the acidic-rich region. The C-terminal E-rich motif is required for PACSIN 2 binding. (C) Amino acid sequence 
of the carboxyl terminal region of cyclin D1. IP-WB of PACSIN 2 association with D-type cyclins, wild type or mutant is as shown. IP was conducted with 
the FLAG antibody directed to the N-terminus of cyclin Ds with western blot to detect the Myc epitope of PACSIN 2. The amino acid residues required 
for the binding were mapped to E278 and E280 for cyclin D1 and E272 and E274 for cyclin D2, respectively. (D) Schematic representation of constructs 
of D-type cyclins that were used for mapping the domain requirement for PACSIN 2 binding.



76	 Cell Cycle	 Volume 10 Issue 1

We compared the spreading efficiency of 
cells transfected with either siPACSIN 2 or 
scramble siRNA on fibronectin-coated cell 
culture dishes. As shown in Figure 3E, a dif-
ference in the appearance of cell spreading 
was observed between control siRNA (Ctrl. 
siRNA) and siPACSIN 2 expressing cells 
after 90 min of seeding (Fig. 3E and F). 
We have previously shown that cyclin D1 
promotes cellular migration.25,26 We next 
determined whether PACSIN 2 inhibition 
of cellular migration is dependent on cyclin 
D1 levels. NIH 3T3 and LNCaP cells were 
transiently transfected with siPACSIN 2 or 
control. Western blot confirmed a reduc-
tion of PACSIN 2 abundance (Fig. 3G and 
H). Cyclin D1 levels were decreased in cells 
transfected with siPACSIN 2. Conversely, 
overexpression of PACSIN 2 in MCF-7 
cells increased cyclin D1 protein abundance 
(Fig. 3I). Collectively, these findings suggest 
that PACSIN 2 may not regulate migration 
through affecting cyclin D1 abundance 
because PACSIN 2 inhibits migration; 
cyclin D1 promotes migration; and PACSIN 
2 increases cyclin D1 abundance.

Cyclin D1a is required for PACSIN 2 
repression of cellular migration. Cyclin D1a 
overexpression enhances cellular migration. 
A similar phenotype was induced by siPAC-
SIN 2 expression. We examined whether 
PACSIN 2 repression of cellular migration 
was cyclin D1 dependent. We first deter-
mined whether cyclin D1 re-introduction 
could restore the migratory ability of cyclin 
D1-/- MEFs. Cyclin D1-/- MEFs were trans-
duced with a viral expression vector encod-
ing cyclin D1a, cyclin D1b or GFP control. 
Cyclin D1a, but not cyclin D1b, induced 
a more polarized morphology (Fig. 4A), 
which is consistent with our prior observa-
tion.17 siPACSIN 2 reduced the abundance 
of PACSIN 2 by >80% compared to scram-
ble control (Fig. 4B). siPACSIN 2 increased 
the transwell migration by 2-fold in cells 
transduced with cyclin D1a compared to 
GFP or cyclin D1b (p < 0.001) (Fig. 4C). 

The time-lapse video-microscopy to track the single cell move-
ment was also performed. Cyclin D1+/+ and cyclin D1-/- mouse 
embryonic fibroblast cells were transfected with vector encoding 
PACSIN 2. Expression of PACSIN 2 significantly reduced the 
migration velocity of cyclin D1+/+ cells, but not cyclin D1-/- cells 
(Fig. 4D and E).

Endogenous PACSIN 2 enhances cell spreading via cyclin 
D1a. Cyclin D1 promotes cellular migration and MEFs derived 
from cyclin D1-/- mice showed enhanced cell spreading, we 

with >2-fold increase (p < 0.001) (Fig. 3B and C). In view of the 
relationship between cellular migration and cell spreading, we 
determined the role of endogenous PACSIN 2 on cell spreading. 
NIH 3T3 cells express abundant PACSIN 2 protein (data not 
shown) and were more suitable for cell spreading assay consider-
ing the consistent and relatively short time for this cell to attach 
to the culture surface and spread (data not shown). The validated 
siRNA pool to PACSIN 2 (Santa Cruz Biotechnology) reduced 
the expression level of PACSIN 2 by 80% (Fig. 3G and H).  

Figure 2. The NPF motifs of PACSIN 2 are required for cyclin D1 binding. (A) Schematic repre-
sentation of PACSIN 1, 2 and 3. (B) The mammalian expression vectors encoding PACSIN 1, 2 or 3 
were co-expressed with FLAG-tagged cyclin D1 and subsequent IP-WB was conducted. The Myc 
epitope of PACSINs are shown by western blot of cellular lysates. Co-precipitation of cyclin D1 
with PACSIN 2 is shown by immunoprecipitation of cyclin D1 with FLAG antibody.  
(C and D) HEK293T cells were co-transfected with mutant constructs of PACSIN 2 (as indicated) 
together with vector encoding FLAG-cyclin D1. Immunoprecipitation was performed with an 
anti-Myc antibody following by western blot using FLAG antibody to detect cyclin D1.
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90 min. At 60 min after seeding, about half of the cyclin D1-/-

+D1a MEFs had spread, similar to that in cyclin D1 wild-type 
cells. siPACSIN 2 did not further reduce cell spreading in cyclin 
D1-/- MEFs (data not shown). Knockdown of PACSIN 2 reduced 
the cell spreading only when cyclin D1 was present (Fig. 5). We 
had previously shown that cyclin D1b is defective in rescuing the 
impaired migration phenotype in cyclin D1-/- cells. Due to the 
slow migratory phenotype of cyclin D1-/- cells, it is not feasible to 
test the effect of knocking down PACSIN 2 on cellular migra-
tion. We compared the spreading efficiency of cyclin D1-/-+D1b to 

investigated whether the effect of PACSIN 2 on cell spreading 
is cyclin D1-dependent. Cell spreading assays were conducted 
on non-coated or fibronectin-coated plastic surface using cyclin 
D1-/- MEFs transduced with viral expression vector encod-
ing cyclin D1a or cyclin D1b. Re-introduction of physiological 
levels of cyclin D1a reduced the abnormal spreading of cyclin 
D1-/- MEFs on both non-coated and fibronectin-coated surface. 
Data presented here was from fibronectin-coated surface. In con-
trast, siPACSIN 2 transfected cells spread at a reduced rate with 
only about 20% of the cells spreading at 60 min and 50% at 

Figure 3. Knockdown of PACSIN 2 reduced cell migration. (A) Prostate cancer cells, LNCaP, were transiently transfected with PACSIN 2 siRNA (siPACSIN 
2). 72 hr after transfection, western blot was conducted for PACSIN 2 protein. Actin was included as protein loading control. (B) Transwell migration 
assays were performed with cells transfected with either control siRNA (Ctrl. siRNA) or siPACSIN 2. (C) Quantitative analysis of trans-migrated cells.  
(D) 3T3 cells were assessed for cell spreading. Cells transfected with siPACSIN 2 have reduced cell spreading phenotype. (E) Quantitative analysis of 
cell spreading (arbitrary unit). (G and H) NIH 3T3 and LNCaP cells were transiently transfected with siPACSIN 2 or control. Western blot was performed 
to determine the expression of cyclin D1 and PACSIN 2. (I) MCF-7 cells were transfected vector encoding PACSIN 2. GDI and β-actin served as protein 
loading control.
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D1 governing DNA synthesis, contact-independent growth, 
angiogenesis and cellular migration, are critical for understand-
ing cyclin D1 function. Proteins involved in cell cycle regulation 
(CDK4/6, p21CIP1/p27KIP1), mitochondrial biogenesis (NRF-1),3 
tumor suppression (pRb, BRCA1),34 DNA-binding transcription 
factors and co-integrator proteins with histone acetyl transferase 
(HAT) or histone deacetylase activity (HDAC) associate with 
cyclin D1 to coordinate diverse functions (reviewed in ref. 2). 
Through identification of polypeptides associated with cyclin D1 
by tandem mass spectrometry, the current studies have identified 

cyclin D1-/-+D1a cells. A well-spreading phenotype was observed 
at 120 min after cyclin D1-/-+D1b cells were plated. Knocking 
down PACSIN 2 by siRNA did not affect the cell spreading in 
cyclin D1b expressing cells.

Discussion

The abundance of cyclin D1 is a key determinant of both human 
and murine tumorigenesis.1,33 The identification of cyclin D1 
binding partners that contribute to the diverse functions of cyclin 

Figure 4. PACSIN 2 repression of cellular migration is dependent on cyclin D1a. (A) Cyclin D1-/- MEFs were transduced with viral expression vector 
(MSCV-IRES-GFP) encoding cyclin D1a, cyclin D1b or GFP control. (B) Cells were transiently transfected with siPACSIN 2. Western blot was performed 
with an anti-PACSIN 2 antibody to show a reduction of endogenous PACSIN 2. (C) Transwell migration assays were conducted in triplicate. Cells that 
migrated were stained and counted. Five fields in each of triplicate wells were randomly recorded. (D and E) The time-lapse video-microscopy was 
conducted in cyclin D1+/+ and cyclin D1-/- MEFs transfected with a PACSIN 2 expression or control vector. Vector expressing GFP was co-transfected. The 
GFP-positive cells were further analyzed for cell migration velocity. Student t-test was used for quantitative analysis of cell migration.
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PACSIN 2 as a new cyclin D1-associated pro-
tein, which contributes to the induction of cel-
lular migratory directionality.

The current studies demonstrate PACSIN 
2 binding to the cyclin D1 and D2, but not 
cyclin D3 carboxyl terminus. The carboxyl ter-
minal region of cyclin D1a (amino acids 264–
295) is structurally divergent from cyclin D3 
(Fig. 1C) and the alternate transcript of cyclin 
D1, cyclin D1b. PACSIN 2 failed to bind 
either cyclin D3 or cyclin D1b. Point mutation 
of amino acids 278 or 280 reduced cyclin D1 
binding to PACSIN 2 by greater than 60%. It 
is likely that the D-type cyclins evolved dis-
tinct structures to conduct distinct functions. 
The alternate transcript of cyclin D1, cyclin 
D1b, is associated with poor prognosis in head 
and neck cancer and breast cancer.23,35,36

Cyclin D1-deficient macrophages, fibro-
blasts and mammary epithelial cells show 
reduced cellular migration and enhanced adhe-
sion.17,24,37 Reintroduction of cyclin D1 rescued 
the defect in migration consistent with the 
role for cyclin D1 in promoting migration of 
macrophages and blood vessels.17,38 siPACSIN 
2 increased cellular migration, indicating a role 
for PACSIN 2 in repressing cellular migration. 
Together, these studies are consistent with a 
model in which endogenous PASCIN 2 serves 
as a brake to cyclin D1-mediated induction 
of cellular migration. PACSIN 1 regulates 
the induction of actin rearrangements medi-
ated by Arp2/3 complexes.39-41 In Xenopus 
cells, PACSIN 2 co-localizes with ADAM13. 
PACSIN 2 interacts with the cytoplasmic 
domain of ADAM13, a cell surface metallo-
protease and the two proteins are co-localized 
in membrane ruffles and cytoplasmic vesicles.42 
PACSIN 2 functions to regulate ADAM13 sub-
cellular localization and its catalytic activity.42 
The possibility that cyclin D1 association with 
PACSIN 2 regulates ADAM13 metallopro-
tease function remains to be determined. All 
three PACSIN proteins interact with dynamin 

Figure 5. PACSIN 2 regulation of cell spreading 
depends on cyclin D1 expression. (A) Cyclin D1-/- 
cells transduced with either cyclin D1a or cyclin 
D1b retrovirus and transfected with either control 
or siPACSIN 2 were assessed for cell spreading at 
different time points after seeding. (B) Quantita-
tive analysis of cell spreading (arbitrary unit). 
Student t-test was used for quantitative analysis 
of cell spreading. p-value and number of cells 
analyzed were indicated in the figure. N is for the 
number of cells counted. Data are representative 
of three separate experiments.
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mapping using instrument PerSeptive DE STR MALDI-TOF  
instrument.

Immunoprecipitation and immunoblotting analysis. Cells 
were lysed in radioimmune precipitation assay buffer (50 mM 
Tris-HCl pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxycholate, 
150 mM NaCl, 1 mM EDTA, 1 mM NaF, 2 mM Na

3
VO

4
 and 

1 mM phenylmethylsulfonyl fluoride).47 Whole cell lysates (500 
μg) were immunoprecipitated with 1 μg of antibodies as indi-
cated. Immunoprecipitates were washed three times with washing 
buffer (20 mM Hepes pH 7.5, 150 mM NaCl, 1% glycerol, 0.1% 
Triton X-100 and 1 mM Na

3
VO

4
) and resolved by SDS-PAGE gel 

followed by immunoblotting with the indicated antibodies.
Cellular migration assay. Cells were transfected with control 

and siPACSIN 2 and Transwell migration assays were performed 
as previous described in reference 26. Following transfection, the 
cells were allowed to express siRNAs for 72 h, then trypsinized 
and seeded on an 8 μm-pore size Transwell filter insert (Costar) 
coated with ECM (Sigma, St. Louis, MO) at a density of 1 x 104 
cells in each well in DMEM containing 10% FBS. After 6 h of 
incubation at 37°C and 5% CO

2
, cells adherent to the upper 

surface of the filter were removed using a cotton applicator. Cells 
were stained with 0.4% crystal violet dissolved in methanol, and 
the numbers of cells on the bottom were counted. Data are from 
at least three experiments done in triplicate (mean ± SEM).

Cell spreading and migration assays. Cyclin D1-/- MEFs were 
transduced with retroviral vector expressing GFP, cyclin D1a and 
cyclin D1b, respectively, followed by transient transfection with 
siRNA to PACSIN 2. 72 hrs post-transfection, the cells were 
detached with trypsin and 2 x 105 of cells were re-seeded in the 
6-well plate pre-coated with fibronectin (10 μg/ml) and incubated 
at 37°C. The cells were washed with medium after 30 min and 
images were collected at the time points indicated. The experi-
ments were carried out in triplicate and the number of attached 
cells at 30 min was counted. The images were taken with the 
20x objective (Axiovert 200, Zeiss) and further analyzed by NIH 
Image J and the average cell spreading was calculated as previ-
ously described in reference 48. For time-lapse observation of cell 
movement, cells on 12-well plates were maintained in DMEM 
with 10% fetal calf serum (FCS) and HEPES. Cells were placed 
in an incubator to maintain the temperature at 37°C and CO

2
 at 

5%. The cell movement videos were taken at 5-min intervals by 
using a Nikon Eclipse TE-300 inverted microscope system. The 
cell movement velocity was determined by tracing the single cells 
at different time points using MetaMorph software.
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I, synapsin, synaptojanin and the neural Wiskott-Aldrich syn-
drome protein (N-WASP). The PACSIN SH3 domain regulates 
vesicle endocytosis.39,43 The current finding that PACSIN 2 asso-
ciates with cyclin D1a, suggests a mechanism by which cyclin D1 
may contribute to the induction of migration.

Materials and Methods

Plasmids, antibodies and reagents. Mutants of the D-type 
cyclin cDNAs (D1, D2 and D3) were generated by PCR and sub-
cloned into p3xFLAG-CMV-10 (Sigma) or MSCV-IRES-GFP. 
pcDNA3-Myc-PACSIN 1, 2, 3 were described in a previous pub-
lication.44 All the mutant constructs for PACSIN 2 were gener-
ated by PCR site-directed mutagenesis. The cDNA of PACSIN 
2 were amplified by PCR and subcloned into the MSCV-IRES-
GFP vector to generate retroviral expression plasmid. Anti-Myc 
(clone 9E10), anti-cyclin D1 (DCS6), anti-β-actin, siPACSIN 2 
(sc-36174(m), sc-36173(h)), control siRNA (sc-27007) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
PACSIN 2 rabbit serum was previously described in reference 44.

Cell culture, transfection and transduction. The human 
embryonic kidney 293T (HEK293T), prostate cancer cell line 
LNCaP and NIH 3T3 were maintained in DMEM contain-
ing 1% penicillin/streptomycin and supplemented with 10% 
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