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Sorting nexin 33 (SNX33) is a novel member of the sorting
nexin superfamily with three predicted structural domains,
SH3-PX-BAR. Very little is known about the cellular function
of SNX33. In an effort to analyze its structure/function relation-
ship, we attempted but failed to generate stable cell lines for
short hairpin RNA or overexpression SNX33. Transient knock-
down of SNX33 induces both HeLa and MCF7 cells to grow
multiple long processes, delay the G1/M transition, and become
more apoptotic, implying that SNX33 may control cell cycle
process through influence the cytoskeleton. In vitro cell lineage
analysis revealed that cells transfected with SNX33 failed to
divide and became micronucleated, suggesting a specific defect
in cytokinesis. Further analysis revealed that SNX33 induced
the accumulation of actin at the perinuclear space, whichmight
have disabled the cytokinetic machinery. However, SNX33
appears to mediate actin polymerization indirectly, as they do
not interact with each other. SNX33 interacts with itself and
SNX9. Interestingly, it also interacts with VCA domain of Wis-
kott-Aldrich syndrome protein (WASp), a protein known to be
involved in actin polymerization. Indeed, cells overexpressing
WASp failed to divide and form stable colonies as SNX33, con-
sistent with the notion that SNX33may interfere with cytokine-
sis. On the other hand, knockdown ofWASp alleviates the phe-
notype induced by SNX33. Taken together, our results suggest
that SNX33 plays a role in maintaining cell shape and cell cycle
progression through its interaction withWASp.

Among SNX (sorting nexin) family, SNX1 was first iden-
tified by yeast two-hybrid selection for epidermal growth
factor receptor binding partners (1), which also include
SNX2, SNX3, and SNX4 (2). Interestingly, SNX1, SNX2 and

SNX4 appear to interact with each other (3–5). Subse-
quently, more SNXs were discovered based on sequence
homology, including SNX5 as a putative Fanconi anemia
complementation group A-binding protein (6), SNX6 (7),
and SNX9 (8, 9). SNX10 was discovered by its ability to
induce vacuoles in mammalian cells (10). To date, 33 SNXs
have been reported in mammalian genomes, and they can be
classified into threemajor groups; (i) SNXPX (SNX3, -10, -12,
-22, and -24); (ii) SNXPX-BAR (SNX1, -2, -4–9, -18, -30, -32,
and -33); (iii) SNXPX-other(SNX11, -13–17, -19–21, -25, -27,
-29, and -31) (11). The physiological function of these SNXs
remains poorly understood.
SNX33 is a novel SNX with three conserved domains: SH3,

PX, and BAR. Recent studies suggest that SNX33may function
to regulate endocytic process and �-secretase cleavage process
of the amyloid precursor protein (12) and the formation of PrP
(13). These functions are similar to those reported for SNX9, a
close relative of SNX33. SNX9 was identified as a binding part-
ner for MDC9 andMDC15 (8). It appears that SNX9 functions
through ACK2 to regulate epidermal growth factor receptor
degradation with necessary dimerization of itself (9, 14), Wis-
kott-Aldrich syndrome protein (WASp) in T cells (15), and
multiple phosphoinositides to direct membrane remodeling
(16). Furthermore, SNX9, when overexpressed in 3T3L1 adipo-
cytes, can co-immunoprecipitate with insulin receptor and
decrease insulin receptor binding (17). These findings suggest
that SNX9 regulates endocytosis, remodels membrane struc-
ture, and serves as a bridgingmediator betweenmembrane and
cytoskeleton.
WASp, the protein encoded by the gene for the Wiskott-

Aldrich syndrome protein, contains WH1, BR, the GTPase
binding, proline-rich, and VCA domains and plays an essential
role in actin polymerization (18). The VCA domain interacts
with ARP2/3, and phosphorylation of the VCA domain
enhances this interaction, which leads to actin polymerization
(19–21). Activation of WASp triggers abnormal mitosis and
cytokinesis with multi-nucleate phenotype (22).
In this paper we report the cloning and characterization of a

novel sorting nexin, SNX33. SNX33was cloned fromHEK293T
cells, and it showed a very extensive expression profile accord-
ing to the cells lines we tested. We found that knockdown of
SNX33 caused HeLa or MCF7 cell morphology change, which
may influence the cell cycle and apoptosis ratios of these two
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cell lines. We proved that SNX33 was very important for cell
survival because overexpression of SNX33 in HeLa cells gives
rise to cell death with micronuclei phenomena. SNX33 does
behave like the other members in the SNX family, in that
SNX33 can form homodimers by itself and form heterodimers
with SNX9, which is another member in the same subfamily.
We further demonstrated that SNX33 can bind to WASp,
enhance actin polymerization, and induce abnormal cytokine-
sis process. As far as we know this is the first report that asso-
ciates SNX33 with WASp and actin polymerization.

EXPERIMENTAL PROCEDURES

Reverse Transcriptase-PCR Analysis—Total RNA (2 �g) was
reverse-transcribed in a final volume of 20 �l. PCR was per-
formed for 28 cycles (SNX33) or 18 cycles (actin), respectively.
The primers used were: human SNX33 reverse transcriptase
(RT) forward, 5�-ctctctaccagggcctgctctccaacttc-3�, and reverse,
5�-gaggttgtcatacatgcgcagggtc-3�; human actin RT forward, 5�-
aagctgtgctacgtcgccctggacttcgag-3�, and reverse, 5�-agaa-
gcatttgcggtggacgatggaggggc-3�.
Expression, Purification of Human SNX33, and Preparation of

Anti-SNX33 Antibodies—Full-length human SNX33 cDNA was
inserted into the SmaI site in the modified vector PET-32a.
Human SNX33 protein was expressed in BL21-DE3 as described
(23) and stored at�80 °C. Puritywas subjected to SDS/PAGE and
Coomassie blue staining. Rabbit polyclonal antibodies against
human SNX33 were prepared and purified as described (23).
Plasmid Construction—Human SNX33 and WASp open

reading frames were amplified by PCR using high fidelity poly-
merase KOD taq (TOYOBO) from mRNA isolated from
HEK293T cells and then inserted individually into the EcoRV
site of the modified pCR3.1II with GFP and Myc tags at the N
terminus or FLAG tag at the C terminus (24). cDNAs for SNX1,
SNX2, SNX3, SNX9 were purchased from ATCC (Manassas,
VA) and subcloned into the modified pCR3.1 with a FLAG or
Myc tag at the C terminus. F-WASp was subcloned into the

PmeI site of the modified pPyCAGIP vector (a kind gift from
Dr. Ian Chamber, University of Edinburgh) with a FLAG tag at
the N terminus. Deletions of human WASp (WASp-D1,
WASp-D2, WASp-D3, WASp-D4, WASp-D5, WASp-D6)
were subcloned by inserting PCR products into the EcoRV site
of the modified pCR3.1II with GFP and Myc tags at the N ter-
minus (25). Deletions of human SNX33 (D2F, D3F, D5F, D6F)
were generated by inserting PCR products into a modified
pCR3.1 vector with a FLAG tag at the C terminus. Deletions of
human SNX33 with GFP fusion (GFP-D1, GFP-D2, GFP-D3,
GFP-D4, GFP-D5, GFP-D6, GFP-D7), SNX9, and its deletion
SNX9�SH3 were cloned into a modified pCR3.1II vector with
GFP andMyc tags at theN terminus. The control, shRNA1, and
shRNA2 plasmids were kind gifts from Dr. Stefan F. Licht-
enthaler (Ludwig Maximilians University). All constructions
were confirmed by DNA sequencing. Primers for cloning are
shown in Table 1.
Cell Culture, Transfection, and FACS3—Cellswere cultured in

Dulbecco’smodified Eagle’smedium (forHEK293T cells, Invitro-
gen) or RPMImedium 1640 (for A549, pro5, PC3, SPC-A1, NCI-
H460,HT1080,Hlamp,LN4,GLC82,L-78,MCF7, andHeLacells,
Sigma) supplemented with 10% fetal bovine serum (Hyclone) and
100 �g/ml antibiotics (penicillin and streptomycin, Invitrogen).
HeLa cells, MCF7 cells, andHEK293T cells were transfected by
Lipofectamine 2000 (Invitrogen). The transfection of short
interfering RNA (siRNA) was performed using Lipofectamine
2000 (Invitrogen). Sense siRNA sequences targeting WASp or
control sequences were: siWASp-1, TGAGATGCTTGGACG-
AAAA; siWASp-2, GAATCAGAGGCAAAGTGGA; siControl,
CGGCCAGATCTCAATATCAT (26, 27). For cell cycle analy-
sis, cells were stained with BD CycletestTM Plus DNA Reagent
kit and analyzed by FACScalibur (BD Biosciences). For apopto-

3 The abbreviations used are: FACS, fluorescence-activated cell sorter; SNX,
sorting nexin; siRNA, small interfering RNA; TRITC, tetramethylrhodamine
isothiocyanate; GFP, green fluorescent protein; shRNA, short hairpin RNA.

TABLE 1
Primers for cloning

Gene Forward sequence (5�–3�) Reverse sequence (5�–3�)

SNX1-F accatggcgtcgggtggtggtggctgtag ggagatggcctttgcctcaggaaggaag
SNX2-F accatggcggccgagagggaacctcctcc ggcaatggctttggcttcaggtaggaatgc
SNX3-F accatggcggagaccgtggctgacacc ggcatgtcttattttagatggagtatagctttt
SNX9-F/Myc accatggccaccaaggctcgggttatgtat tcactggaaagcggctgagggcctgcct
SNX33-(GFP)F accatggcactgaaaggccgagccctctatg gaggttgtcatacatgcgcagggtc
(Myc)-GFP-SNX33 accatggcactgaaaggccgagccctctatg tcagaggttgtcatacatgcgcagggtc
GFP-D1 accatggcactgaaaggccgagccctctatg tcaggtgctgatgccagaacggacgatc
GFP-D2 accatggcactgaaaggccgagccctctatg tcagaggttgtcatacatgcgcagggtc
GFP-D3 accatggcactgaaaggccgagccctctatg ggcacccaccatctcatccttctcc
GFP-D4 accatggccaagatcgctgagacatactcca tcaggcacccaccatctcatccttctcc
GFP-D5 accatggccaagatcgctgagacatactcca tcagaggttgtcatacatgcgcagggtc
GFP-D6 accatggatgacaagcagtggaagatgggca tcagaggttgtcatacatgcgcagggtc
SNX33-D2F accatggcactgaaaggccgagccctctatg aatggagtatgtctcagcgatc
SNX33-D3F accatggcactgaaaggccgagccctctatg ggcacccaccatctcatccttctcc
SNX33-D5F accatggccaagatcgctgagacatactcca gaggttgtcatacatgcgcagggtc
SNX33-D6F accatggatgacaagcagtggaagatgggca gaggttgtcatacatgcgcagggtc
(Myc)-GFP-SNX33-D7 accatggactactccagcagccctgcaggct tcagaggttgtcatacatgcgcagggtc
F/GFP-WASP accatgagtgggggcccaatgggaggaagg tcagtcatcccattcatcatcttcatc
WASp-D1 accatgagtgggggcccaatgggaggaagg tcaagatggcggtgggggcggcggaag
WASp-D2 accatgcgaggagggaaccagctcccccgg tcagtcatcccattcatcatcttcatc
WASp-D3 accatgagtgggggcccaatgggaggaagg tcacttcttcttccctgagcgtttctta
WASp-D4 accatgagtgggggcccaatgggaggaagg tcaaagctgtgagtacagctcctgttcc
WASp-D5 accatggtctactccacccccacccccttct tcagtcatcccattcatcatcttcatc
WASp-D6 accatggctctggtgcctgccgggggcctgg tcagtcatcccattcatcatcttcatc
SNX9 accatggccaccaaggctcgggttatgtat tcactggaaagcggctgagggcctgcct
SNX9�SH3 accatgagtgatggaaaagatcaattttcttgtg tcactggaaagcggctgagggcctgcct
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sis assay, cells were treated by PE annexin V Apoptosis Detec-
tion Kit I (BD Biosciences) and analyzed by FACScalibur (BD
Biosciences).
Stable Cell Line Selection and Live Cell Counting Assay—

HeLa cells were seeded into 3.5-cm dishes and transfected with

2 �g of each expression plasmid by
Lipofectamine 2000 (Invitrogen).
24 h after transfection cells were
divided at 1:50 and seeded into new
10-cm dishes for selection. G418
(800 �g/ml, Merck) was added to
the medium for selection. For cell
counting, HeLa cells were seeded
into 12-well plates and transfected
with 1 �g of each expression plas-
mid by Lipofectamine 2000. 24 h
post-transfection, cells were split at
1:100 and seeded to 96-well plates
with 5 wells per transfection and
then counted everyday. For counting
micronuclei cells, HeLa cells were
seeded in 12-well plates and trans-
fected with 1 �g of each expression
plasmid by Lipofectamine 2000. 24 h
post-transfection, cells were fixed
with 4% paraformaldehyde in PBS,
stained for nuclei with 4�,6-
diamidino-2-phenylindole (1:5000,
Sigma), captured by Olympus digital
cameral and counted.
Microscopy and Cell Staining—

The morphologies of cells were
photographed by Olympus digital
cameral. For immuno-staining,
cells grown on coverslips were
fixed with 4% paraformaldehyde in
phosphate-buffered saline, washed,
blocked in 10% normal goat
serum, then stained with first anti-
bodies, including anti-SNX33 an-
tibody (prepared in this study),
anti-�-tubulin antibody (Sigma),
anti-FLAG antibody (Sigma),
and anti-Myc antibody (Cell Sig-
naling Technology), and then
stained with goat anti-mouse IgG
TRITC (Santa Cruz) or goat anti-
rabbit IgG TRITC (Santa Cruz).
F-actin filaments were detected by
staining with rhodamine-phalloi-
din (Invitrogen). The images were
acquired by a Leica confocal system.
Western Blot and Immunopre-

cipitation—For Western blotting
analysis, HEK293T cells cultured
in 24-well plates were transfected
by Lipofectamine 2000 with ex-
pression plasmids (0.5 �g each).

Cells were lysed in radioimmune precipitation assay buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.25% sodium
deoxycholate, 0.1%Nonidet P-40, 0.1% Triton X-100), electro-
phoresed with 10% SDS-PAGE, and blotted to polyvinylidene
difluoride membranes (Millipore). The membranes were then

FIGURE 1. Expression of SNX33 RNA and protein in various human cells. A, RNA expression profile of SNX33
in 15 cell lines. Semiquantitative analysis of SNX33 expression was performed as described under “Experimen-
tal Procedures” with actin as the internal control. Note that PMN is negative, and Hlamp is low in SNX33
expression. B, prokaryotic expression of human SNX33. BL21-DE3 cells harboring His-SNX33 expression vector
was induced to express the recombinant protein (lane 3) by using 1 mM isopropyl 1-thio-�-D-galactopyrano-
side. Recombinant SNX33 was purified by using Ni� affinity chromatography and then analyzed by SDS-PAGE
and stained with R250. C, generation and characterization of anti-human SNX33 antibodies. FLAG-tagged
SNX33 expression plasmid and the control vector were transfected into HEK293T cells. Cell lysates were ana-
lyzed on a SDS/PAGE gel by using anti-FLAG antibodies and anti-SNX33 antibodies as first antibodies (1:5000)
and then developed with ECL as described under “Experimental Procedures.” IB, immunoblot. D, the anti-
SNX33 antibody is mono-specific. Cell lysates of HEK293T cells transfected with control vector, SNX1-F, SNX2-F,
SNX3-F, SNX9-F, or SNX33-F were fractionated on 12% SDS-PAGE and then electroblotted to polyvinylidene
difluoride membrane. The proteins were detected by using anti-FLAG antibodies (a), anti-SNX33 antibodies (b
and d), or anti-SNX33 antibodies pre-absorbed with SNX33 soluble proteins (c and e) as first antibodies, then
detected with goat anti-mouse or goat anti-rabbit antibodies as secondary antibodies conjugated with horse-
radish peroxidase, and then developed with ECL. E, protein expression profile of human SNX33 in 13 cell lines.
Cell lysates of 13 different cell lines quantified with DCA protein quantify kits were run on 12% SDS-PAGE and
then electroblotted to polyvinylidene difluoride membranes. The proteins were detected by using anti-SNX33
antibodies, anti-SNX33 antibodies pre-absorbed with SNX33-soluble proteins, or anti-glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) as first antibodies, then detected with goat anti-mouse or goat anti-rabbit
antibodies as secondary antibodies conjugated with horseradish peroxidase, and then developed with ECL.
Note the triangle, indicating SNX33 proteins. F, quantification of SNX33 expression in E with glyceraldehyde-
3-phosphate dehydrogenase as the internal reference. G, localization of endogenous SNX33 by confocal
microscopy. Pro5, SPC-A1, HT1080, and Hlamp fixed in coverslips were stained with anti-SNX33 antibodies or
pre-immunized serum as first antibodies and detected by using TRITC-conjugated goat anti-rabbit antibodies
and then captured by Leica confocal systems. Note the negative staining of SNX33 in Hlamp.
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FIGURE 2. shRNA knockdown of SNX33 results in dramatic cell shape change, cell cycle arrest, and apoptosis. A, knockdown of exogenous SNX33 by
shRNA1 and shRNA2. HEK293T cells transfected with control vector (con), shRNA1, or shRNA2 with GFP-tagged SNX33 for 24 h and then photographed for the
GFP signal as described. Note the reduction of GFP signal in shRNA1- and shRNA2-treated cells. B, confirmation of SNX33 knockdown by Western blot (IB).
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. C, efficient knockdown of endogenous SNX33 in HeLa and MCF7 cells. The cell lysates were analyzed as
described above. Note the effective reduction of SNX33 in shRNA1-treated cells (panels b and d). D, cell shape alteration as a result of SNX33 knockdown in HeLa
or MCF7 cells. Cells transfected with control or shRNA1 were selected for hygromycin and photographed (upper panels). Cells with abnormal shape were
counted and presented in the lower panels. Note that up to 80% of the cells observed are atypical in shape. E, immuno-staining of markers in SNX33 knockdown
cells. Cells were grown in lips and fixed with 4% paraformaldehyde and then stained with the indicated antibodies. Note the cell shape changes, as indicated
by signals from WASp and F-actin. F, cell cycle shift toward G1 blockade in cells with SNX33 knockdown. Cells were stained by using BD CycletestTM Plus DNA
reagent kit and analyzed by FACScalibur (BD Biosciences). G, knockdown of SNX33 enhances apoptotic rate. Cells were treated by PE annexin V Apoptosis
Detection Kit I (BD Biosciences) and then analyzed by FACScalibur (BD Biosciences).
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blotted with 5% nonfat milk and incubated with anti-FLAG
(1:5000, Sigma), anti-Myc (1:5000, Abcam), anti-SNX33
(1:5000, made by us), anti-glyceraldehyde-3-phosphate dehy-
drogenase (1:2000, Kang Chen), or anti-WASp (1:500, Abcam)
antibodies followed by horseradish peroxidase-conjugated
anti-mouse (1:5000, Sigma), anti-rabbit (1:5000, Sigma), or
anti-goat (1:5000, Promega) secondary antibodies. The mem-
branes were then washed extensively and developed with ECL
(GE Healthcare).
For immunoprecipitation, the indicated plasmids were

transfected into HEK293T cells by Lipofectamine 2000
(Invitrogen). 48 h after transfection cells were lysed in 400 �l of
TNE buffer (50 mMTris-HCl, pH 7.5, 150mMNaCl, 0.5%Non-
idet P-40, 1 mM EDTA, protease inhibitor mixture (Sigma)) on
ice. Cell lysates were cleared by centrifugation at 13,000 � g for

10 min at 4 °C. Cleared cell lysates
(60 �l) were saved for direct West-
ern blotting analysis, and the
remaining samples were transferred
to a new tube containing 40 �l
of anti-FLAG-conjugated-agarose
beads (Sigma). The anti-FLAG
beads were then washed 10 times
with TNE buffer and then eluted by
boiling for 5 min in 2% SDS loading
buffer (with 5% �-mercaptoethanol).
After centrifugation, supernatants
were loaded on 12% SDS-PAGE and
then blotted onto polyvinylidene
difluoride membrane (Millipore) for
detection.

RESULTS

Human SNX33 Is Widely Ex-
pressed in Various Cell Lines at Both
mRNA Levels and Protein Levels—
For functional study of human
SNX33, we first tested the expres-
sion of human SNX33 in 15 human
cell lines: U251, A549, PC3, 95D,
SPCA1, NCIH460, HT1080, Hlamp,
HEK293T, HSC, GLC82, PMN,
Du145, MCF7, and HeLa cells.
Among the above 15 cell lines,
HEK293T, HSC, and PMN are nor-
mal cells or cell lines, the others are
tumor cells. As shown in Fig. 1A,
humanSNX33was detected in 13 cell
lines except Hlamp and PMN; actin
was taken as the internal control.
These results indicate that human
SNX33 expresses very widely.
To see if the human SNX33 pro-

tein is also expressed as widely as its
mRNA, we generated polyclonal
antibody against human SNX33
expressed in Escherichia coli (Fig.
1B, lane 2). Upon affinity purifi-

cation against the recombinant protein coupled to agarose beads,
the antibody could detect human SNX33 proteins with a FLAG
tag much more efficiently than anti-FLAG antibody (Fig. 1C).
To further test the specificity of anti-SNX33 antibody,
we transfected FLAG-tagged SNX1 (SNX1-F), SNX2 (SNX2-F),
SNX3 (SNX3-F), SNX9 (SNX9-F), or SNX33 (SNX33-F) and
analyzed the expression of these proteins in lysates byWestern
blot with anti-FLAG or anti-SNX33 antibodies. As shown in
Fig. 1D, SNX1, SNX2, SNX3, SNX9, and SNX33 expressed nor-
mally and specifically when using anti-FLAG antibody detec-
tion. When using anti-SNX33 antibody, only cell lysates
expressing SNX33 could be detected. To further demonstrate
the specificity of the SNX33 antibody, we preincubated the
antibody with purified SNX33 protein beforeWestern blotting.
As shown in Fig. 1D, preabsorption of the antibody with the

FIGURE 3. Overexpression of SNX33 blocks cell division. A, SNX33 deletion constructs. The domain structure
of SNX33 fused to Myc-tagged GFP is shown on top with various deletions listed below. SH3, Src homology 3
domain; PX, phox homology domain; BAR, Bin/amphiphysin/Rvs domain. B, Western blot analysis of constructs
listed in A. C, full-length SNX33 expression in HeLa cells blocks cell division. Clonal tracing demonstrates that
cells transfected with GFP-tagged SNX33 (b, d, and f) failed to divide, whereas those with GFP were dividing
normally (a, c, and e). D, growth curves of cells transfected with GFP or SNX33 in HeLa cells. HeLa cells trans-
fected with GFP or GFP-tagged SNX33 (GFP-SNX33) were split into 96-well plate (5 wells each), and GFP-positive
cells were counted daily. E, growth inhibitory effects of SNX33 deletions in HeLa cells. Cells transfected with the
indicated deletions of SNX33 failed to grow, except the GFP-D1 deletion. F, growth curves of transfected cells
in E. HeLa cells transfected with GFP-tagged SNX33 deletions (GFP-D1, GFP-D2, GFP-D3, GFP-D4, GFP-D5,
GFP-D6) were cultured and counted daily to show the inhibitory effects of SNX33 domains.
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FIGURE 4. Overexpression of SNX33 leads to micronucleated cells. A, morphology and DNA content of HeLa cells transfected with GFP or GFP-SNX33. HeLa
cells were transfected with GFP or GFP-tagged SNX33 and analyzed by confocal microscopy (upper) and FACS (lower panel) 24 h post-transfection as described
under “Experimental Procedures.” DNA contents (2N and 4N) are indicated. B, micronucleated morphology of cells expressing SNX33. HeLa cells transfected
with GFP- or FLAG- tagged SNX33 were fixed with 4% paraformaldehyde and then stained with 4�,6-diamidino-2-phenylindole or with anti-FLAG antibodies.
Images were acquired by confocal microscopy. C, SNX33 induced almost 60% micronucleated phenotype. HeLa cells transfected with GFP or GFP-tagged
SNX33 were photographed and then quantified to show the percentage of micronucleated cells.
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purified SNX33 eliminated the signal completely (c and e). This
antibody was then used to detect endogenous SNX33 proteins.
We detected endogenous SNX33 expression in 13 human cell
lines (A549, pro5, PC3, SPC-A1, NCI-H460, HT1080, Hlamp,
HEK293T, LN4, GL82, L-78, MCF7, HeLa cells) with anti-
SNX33 antibody (Fig. 1, E and F). We concluded that SNX33
protein is widely distributed in a variety of cell lines. We per-
formed fluorescence immunostaining for the endogenous
SNX33 in 4 human cell lines, including pro5, SPC-A1, HT1080,
and Hlamp. As shown in Fig. 1G, the negative control did not
detect any protein as predicted, and human SNX33 proteins are
distributed in the cytoplasm of pro5, SPC-A1, HT1080 but not

in Hlamp as expected. Taken
together, human SNX33 does have
an extensive expression profile.
SNX33 Knockdown Results in

Abnormal Cell Morphology—To find
out the function of SNX33 in cells,
we knocked it down in different cell
lines. GFP expression levels and
Western blots (Fig. 2, A and B)
showed that shRNA1, shRNA2
could significantly decrease the
level of co-transfected SNX33 pro-
tein, and shRNA1 was more effec-
tive than shRNA2. We chose
shRNA1 for further experiments.
shRNA1 treatment also reduced the
level of endogenous SNX33 in
MCF7 and HeLa cells (Fig. 2C). We
found that knockdown of SNX33
caused hugemorphological changes
in these cells. They appeared as neu-
ral-like cells with multi-tentacles
(Fig. 2D). These morphological
changes were further demonstrated
in WASp, �-tubulin, and F-actin
staining (Fig. 2E). We failed to
detect expression changes of several
neural cell markers byWestern blot
and immunostaining (data not
shown).We tried but failed to estab-
lish stable cell lines constitutively
expressing SNX33 shRNA in HeLa
or MCF7 cells. So we selected the
transfected cells by hygromycin for
7 days and used FACS to examine
whether therewas any change in cell
cycle or apoptosis. Fig. 2F indicated
the G1 phase of the transfected cell
was delayed and the S phase was
shortened. The annexinV apoptosis
detection assay showed that the per-
centage of the apoptotic cells in
transfected HeLa and MCF7 cells
was significantly raised (Fig. 2G).
These results suggest that inhibition
of endogenous SNX33 induces cell

cycle arrest, which may induce abnormal cell morphology and
enhanced apoptosis rate.
SNX33Overexpression Blocks Cell Division inHeLaCells—In

the case of SNX33 playing functions in cell cycle and cell skel-
eton, what about the situation of SNX33 overexpression. To
probe its function, we constructed an expression vector for
GFP-SNX33 fusion protein (Fig. 3A), and this construct
expressed the correct protein in transfected cells (Fig. 3B). We
then tried to generate stable cell lines that would express this
GFP-SNX33 constitutively. To our surprise, we failed repeat-
edly to establish such cell lines. To figure out why cells express-
ing SNX33 failed to form colonies, we performed lineage anal-

FIGURE 5. SNX33 overexpression causes actin polymerization. A, human SNX33 causes F-actin abnormal
polymerization in cytoplasm. HeLa cells transfected with GFP or GFP-tagged SNX33 were fixed and stained
with rhodamine-phalloidin. Note the micronucleated cells with F-actin polymerization clustered in the middle
of the cells (panels g, h, and i). B, quantification of micronucleated cells in A. HeLa cells transfected as in A were
processed and analyzed by confocal microscopy and quantified for micronucleated cells. C, SNX33 does not
interact with actin. HEK293T cells transfected with the control vector or FLAG-tagged SNX33 were analyzed by
co-immunoprecipitation (IP) assays using anti-FLAG resin for the pulldown and anti-ACTIN antibodies for the
detecting interactions. IB, immunoblot. L, lysis.
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ysis for cells transfected with GFP or GFP-SNX33 as shown in
Fig. 3, C andD. Although HeLa cells with GFP could form a lot
of colonies that we could see (a, c, and e), cells withGFP-SNX33
failed to divide (b, d, and f), thus, providing an explanation for
the failed attempts to generate SNX33 stable lines. To localize
the protein sequence responsible for this inhibitory activity, we
analyzed the six deletion mutants of SNX33 with adequate
expression (Fig. 3, A and B). Except GFP-D1 (only with SH3
domain), the rest of the mutants remain inhibitory to cell pro-
liferation (Fig. 3, E and F). These results demonstrate that over-
expression of human SNX33 disrupts the normal cell division.
SNX33 Expression Induces Micronucleation—Upon careful

examination, we uncovered that SNX33 triggers cells to
undergomicronucleation (Fig. 4A, panel b versus a). Compared
with GFP-transfected cells, cells expressing GFP-SNX33 con-
tain multiple small nuclei (Fig. 4A) yet without alteration in the
DNA contents. The percentage of these micronuclei-like cells
was nearly 60% in GFP-SNX33 cells (Fig. 4, A and C) but non-

existent in GFP-transfected cells.
Further analysis by confocalmicros-
copy revealed that the nuclei of
GFP-SNX33-transfected cells have
been cleaved into multiple micro-
nuclei (Fig. 4B).
SNX33 Expression Causes F-actin

Abnormal Polymerization—Evidence
presented so far suggests that
SNX33 may impact cytokinesis
through actin polymerization. To
test this possibility, we stained for
F-actin, which reflected specific fil-
amentous actin localization. As
shown in Fig. 5A, actin filaments in
HeLa cells transfected with GFP are
mostly distributed at the cell
peripheral area (a, b, and c). How-
ever, actin filaments in SNX33-
transfected HeLa cells are distrib-
uted in twomain categories; (i) cells
with normal nuclei have normal
actin distribution (d, e, and f), and
(ii) cells withmicronuclei have poly-
merized actin bundles localized at
the center with enriched localiza-
tion of SNX33 as well (g, h, and i).
Compared with cells with GFP, the
percentage of enhanced actin
polymerization is nearly 60% in cells
with SNX33 (Fig. 5B). However,
when we tested if SNX33 and actin
interactwith each other, the result is
negative (Fig. 5C). We concluded
that SNX33 enhanced F-actin
polymerization indirectly.
SNX33 Interacts with Itself, SNX9,

and Also with WASp—Many SNXs
have been shown previously to form
homodimers such as demonstrated

for SNX9 (14). To test this possibility for SNX33, we co-trans-
fected FLAG-tagged SNX33withMyc- andGFP-tagged SNX33
into HEK293T cells and performed a co-immunoprecipitation
assay using anti-FLAG resin and detected with anti-Myc anti-
body as described under “Experimental Procedures.” As shown
in Fig. 6A, Myc- and GFP-tagged SNX33 (lane 8, upper band)
was co-precipitated with FLAG-tagged SNX33 (lane 8, lower
band), confirming that SNX33 could form homodimers. As
members of the SNX family tend to formheterodimers (3–5, 7),
we tested if SNX33 interacts with one of its close relatives (11).
As shown in Fig. 6B, Myc-tagged SNX9 (lane 8, upper band)
was co-precipitated with GFP- and FLAG-tagged SNX33 (lane
8, lower band), confirming that human SNX33 did have the
ability to form heterodimers with another SNX. We further
confirmed that SNX33 and SNX9 also co-localize intracellu-
larly (Fig. 6C).
Because SNX9 interacts with WASp, we hypothesize that

SNX33 may also interact with WASp (15, 21). To test this

FIGURE 6. SNX33 interacts with itself, SNX9, and WASp. A, homotypic interaction of SNX33. pCR3.1 vector (4
�g, lane 1-2), SNX33 fusion with Myc and GFP tag (4 �g), or SNX33 fusion with a FLAG tag (4 �g) was either
transfected alone (lanes 3 and 4 or 5 and 6) or together (lanes 7– 8) into HEK293T cells. Cell lysates were analyzed
for protein expression (lanes 1, 3, 5, and 7) or for interactions by immunoprecipitation (IP) followed by Western
blotting (IB) as described under “Experimental Procedures” (lanes 2, 4, 6, and 9). Human SNX33 interacts with
itself. L, lysis. B, SNX33 interacts with SNX9. The transfections and analyses were carried out as in A. C, co-
localization of SNX33 and SNX9. HeLa cells transfected with SNX9-Myc and GFP- and FLAG-tagged SNX33
(GFP-SNX33) were stained with anti-MYC antibodies and detected with TRITC-conjugated goat anti-rabbit
antibodies and then scanned by Leica confocal systems as described under “Experimental Procedures.” D,
SNX33 interacts with WASp. The transfections and analyses were carried out as in A. E, co-localization of SNX33
and WASp. The transfections and stainings were executed as in C.
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hypothesis, we cloned WASp to a mammalian expression
vector and designed a co-immunoprecipitation assay. As
shown in Fig. 6D, GFP- and Myc-tagged WASp was precip-
itated with FLAG-tagged SNX33 (lane 8). As shown in Fig.
6E, GFP-tagged WASp diffused with a punctate pattern as
expected and colocalized with SNX33. These results demon-

strate that SNX33 interacts and
colocalizes with SNX9 and WASp.
SH3 and BAR Domains of SNX33

Interact with the VCA Domain of
WASp Directly—To map the do-
mains in WASp and SNX33
required for their interaction, we
designed six deletions of WASp
(WASp-D1, WASp-D2, WASp-D3,
WASp-D4, WASp-D5, WASp-D6)
and eight deletions of SNX33 (D2F,
D3F, D5F, D6F, GFP-D1, GFP-D4,
GFP-D6, andGFP-D7) (Fig. 7,A and
C). Full-length SNX33 was precipi-
tated with full-length WASp,
WASp-D2, WASp-D5, and WASp-
D6 but not WASp-D1, WASP-D3,
and WASp-D4 (Fig. 7B). Therefore,
we conclude that the VCA domain,
which is responsible for ARP2/3
complex binding (28, 29), is also
required for WASp to interact with
SNX33. On the other hand, all the
SNX33 deletions (D2F, D3F, D5F,
and D6F) appear to co-precipitate
with WASp (Fig. 7D). The interac-
tion between SNX33 and WASp
was maintained in GFP-D1 (SH3
domain), GFP-D6 (BAR domain),
and GFP-D7 but not GFP-D4.
These data reveal that either the
SH3 or the BARdomain in SNX33 is
sufficient forWASp binding. This is
in contrast to SNX9 in which the
SH3 domain is essential for its inter-
action with WASp (Fig. 7E and Ref.
15). Taken together, we conclude
that SNX33 can interact with the
VCA domain of WASp through
either the SH3 or the BAR domain.
WASp Phenocopies SNX33 When

Ectopically Expressed in HeLa Cells,
and the Knockdown ofWASpAllevi-
ates the Phenotype Induced by
SNX33—The direct interaction
between SNX33 and WASp sug-
gests that SNX33 may mediate its
function through WASp. To test
this hypothesis, we transfected
GFP-tagged WASp into HeLa cells.
Compared with GFP vector control,
we found that HeLa cells with high

WASp expression could not divide, similar to those cells
expressing SNX33 (Fig. 8A). The growth curve confirmed the
same conclusion thatWASpblocked cell division (Fig. 8B), thus
phenocopying SNX33. Furthermore, we also found that the
micronucleated phenotype induced by SNX33 was inhibited by
about 50% when endogenous WASp was knocked down with

FIGURE 7. SNX33 interacts with VCA domain of WASp through multi-domains. A, the scheme depicts the
respective domain contained in WASp and its deletions (WASp-D1– 6). WH1, WASp homology domain 1; BR,
basic region; GBD, GTPase binding domain; Proline-rich, praline-rich domain; VCA, verprolin, central, acidic
domains, which interacts with ARP2/3 complex. B, SNX33 interacts with WASp through the VCA domain.
Deletion mutants of WASp with the Myc tag and SNX33-F were co-expressed in HEK293T cells, immunopre-
cipitated (IP) with anti-FLAG resin, and detected as indicated. IB, immunoblot. C, the scheme depicts the
respective domain contained in SNX33 (GFP-SNX33), SNX33 deletions (D2F, D3F, D5F, D6F and GFP-D1, GFP-
D4, GFP-D6, GFP-D7), SNX9, and SNX9�SH3. SH3, Src homology 3 domain; PX, phox homology domain; BAR,
Bin/Amphiphysin/Rvs domain. D, co-immunoprecipitation of Myc-tagged WASp with FLAG-tagged SNX33
deletions with indicated antibodies. E, co-immunoprecipitation of FLAG-tagged WASp with Myc and GFP-
tagged SNX33 deletions, control vector, SNX9, and SNX9�SH3 with indicated antibodies.
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specific siRNAs (Fig. 8,C andD). Consistently, the endogenous
WASpwas inhibited effectively by both siRNAs as shown in Fig.
8E. These results strongly suggest that SNX33 functions
through WASp in regulating cytokinesis.

DISCUSSION

In this report we identified SNX33 as a novel member of the
SNX family. SNX33 is widely expressed in many tumor cells or
cell lines. Knockdown of this gene results in the morphology,
cell cycle progression, and apoptosis rate changes in HeLa and
MCF7 cells. These changes may come from the actin dysfunc-
tion. We also found that SNX33 and WASp, when ectopically
expressed, were able to halt cytokinesis in HeLa cells or MCF7
cells. This function has never been reported previously andmay
help explain many cellular activities in cell division and
cytoskeleton. We were surprised that cells are so sensitive to
activities associated with SNX33 and WASp expression ini-
tially. We then found that SNX33 interacts with the VCA

domain ofWASp, which has been known to autoinhibitWASp
by interacting with the GTPase binding domain (30). The bind-
ing of SNX33 to the VCA domain could relieve the autoinhibi-
tion, leading to an increase ofWASp activity (Fig. 9). AsWASp
can induce ectopic actin polymerization (31) and cause abnor-
mal cytokinesis (22), we propose that SNX33 functions through
WASp. This was supported by the facts that WASp pheno-
copies SNX33 when expressed in HeLa under similar condi-
tions, and the knockdown of endogenous WASp alleviated the
micronucleated phenotype triggered by SNX33 (Fig. 8). Finally,
given the effect observed for SNX33 overexpression or knock-
down inHeLa orMCF7 tumor cells, SNX33 could be a potential
target for anti-cancer drug development.
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