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The actin cytoskeleton is extremely dynamic and supports
diverse cellular functions in many physiological and pathological
processes, including tumorigenesis. However, the mechanisms
that regulate the actin-related protein 2/3 (ARP2/3) complex and
thereby promote actin polymerization and organization in cancer
cells are not well-understood. We previously implicated the pro-
line-rich 11 (PRR11) protein in lung cancer development. In this
study, using immunofluorescence staining, actin polymeriza-
tion assays, and siRNA-mediated gene silencing, we uncovered
that cytoplasmic PRR11 is involved in F-actin polymerization
and organization. We found that dysregulation of PRR11 ex-
pression results in F-actin rearrangement and nuclear instabil-
ity in non-small cell lung cancer cells. Results from molecular
mechanistic experiments indicated that PRR11 associates with
and recruits the ARP2/3 complex, facilitates F-actin polymeri-
zation, and thereby disrupts the F-actin cytoskeleton, leading to
abnormal nuclear lamina assembly and chromatin reorganiza-
tion. Inhibition of the ARP2/3 complex activity abolished irreg-
ular F-actin polymerization, lamina assembly, and chromatin
reorganization due to PRR11 overexpression. Notably, experi-
ments with truncated PRR11 variants revealed that PRR11 reg-
ulates F-actin through different regions. We found that deletion
of either the N or C terminus of PRR11 abrogates its effects on
F-actin polymerization and nuclear instability and that deletion
of amino acid residues 100 –184 or 100 –200 strongly induces an
F-actin structure called the actin comet tail, not observed with
WT PRR11. Our findings indicate that cytoplasmic PRR11 plays
an essential role in regulating F-actin assembly and nuclear sta-
bility by recruiting the ARP2/3 complex in human non-small
cell lung carcinoma cells.

Lung cancer is the leading cause of cancer-related mortality
worldwide. Despite some advances in early detection and
recent improvements in treatment, 5-year survival rates for
lung cancer remain low (19%) for all stages (1). Thus, unraveling
more detailed and special molecular mechanisms underlying
lung cancer progression is required. Changes in the pattern of
gene expression play an important role in allowing cancer cells
to acquire their hallmark characteristics (2, 3). Nuclear lamina
interacts with special histones and lamina-associated domains
(LADs)3 to help organize chromatin inside the nucleus and asso-
ciate with gene expression repression (4–6). Alterations in nuclear
lamina often result in changes to chromatin organization and
genome function (4, 7). The actin cytoskeleton is capable of medi-
ating a huge range of specific cellular processes such as nuclear
lamina assembly and chromatin organization (8–11). Recent stud-
ies have shown that the cytoskeleton is involved in nuclear mor-
phology and chromatin dynamics (10, 11), but as yet very little is
known about cytoplasmic factors involved in modulating nuclear
lamina integrity and chromatin organization.

The actin cytoskeleton is outstandingly dynamic, and the
polymerization of globular (G)- to filament (F)-actin can gen-
erate a variety of architectures, which is tightly regulated and
catalyzed by actin-nucleating proteins such as the Arp2/3 com-
plex (actin-related protein 2/3 complex), which nucleates and
facilitates branched actin filaments. The Arp2/3 complex drives
branched actin filament networks playing critical roles in
lamellipodium protrusion, vesicle trafficking, and pathogen
motility (12–15). The Arp2/3 complex has an important role
in human respiratory syncytial virus–induced filopodia in A549
cells (16). In contrast, formins nucleate and elongate
unbranched actin filaments (8, 17). Arp2/3 complex, a seven-
subunit protein consisting of Arp2, Arp3, and Arpc1 to Arpc5,
is tightly regulated and is activated by actin monomers and
Wiskott-Aldrich syndrome protein (WASP) family proteins.
WASP family proteins activate the Arp2/3 complex to produce
branched actin filaments through the conserved Arp2/3-bind-
ing catalytic C-terminal VCA domain (verprolin-homology
(WH2), cofilin homology, and acidic domains), which have

This work was supported in part by National Natural Science Foundation of
China Grants-in-aid 81501979 (to C. Z.) and 81672301 and 81001097 (to
Y. B.), Chongqing Natural Science Foundation Grant cstc2017jcyjAX0464
(to C. Z.), and Scientific and Technological Research Projects of Chongqing
Education Commission Grant KJQN201800423 (to C. Z.). The authors
declare that they have no conflicts of interest with the contents of this
article.

This article contains Figs. S1–S5 and Tables S1 and S2.
1 To whom correspondence may be addressed. E-mail: buyqcn@cqmu.

edu.cn.
2 To whom correspondence may be addressed. E-mail: zhangcd@cqmu.

edu.cn.

3 The abbreviations used are: LAD, lamina-associated domain; NPC, nuclear
pore complex; DAPI, 4�,6-diamidino-2-phenylindole; siNC, negative con-
trol siRNA; TRITC, tetramethylrhodamine isothiocyanate; WASP, Wiskott-
Aldrich syndrome protein.

croARTICLE

J. Biol. Chem. (2020) 295(16) 5335–5349 5335
© 2020 Zhang et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

https://www.jbc.org/cgi/content/full/RA119.012260/DC1
https://www.jbc.org/cgi/content/full/RA119.012260/DC1
mailto:buyqcn@cqmu.edu.cn
mailto:buyqcn@cqmu.edu.cn
mailto:zhangcd@cqmu.edu.cn
mailto:zhangcd@cqmu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.012260&domain=pdf&date_stamp=2020-3-13


been well-understood (8). In addition, either surface proteins of
the pathogen (ActA or IcsA) recruit N-WASP or WHAMM
(WASP homolog-associated protein with actin) is directed to
activate the Arp2/3 complex and is able to kinetically stimulate
the Arp2/3 complex for actin polymerization resulting in actin
comet tails (15, 18, 19). Profilin binds with and inhibits Arp2/3
complex-mediated branched actin assembly. In contrast, it
can bind with formins and Ena/VASP, which accelerates
unbranched actin filament polymerization (20 –23). However,
less is known about the other factors stimulating the Arp2/3
complex to promote actin polymerization and arrangement.

Actin cytoskeleton couples with nuclear lamins by the LINC
complex, which is composed of KASH domain proteins
(Nesprins) in the outer nuclear membrane and SUN domain
proteins (SUN1/2) in the inner nuclear membrane (6, 24–26).
Nuclear laminae consist of A-type and B-type lamins, which
form a meshwork of intermediate filaments underlying the
inner nuclear membrane. Nuclear laminae maintain the
shape and mechanical stability of the nucleus and also have
important roles in chromatin organization, gene expression,
and DNA replication (5, 25, 27, 28). Nuclear laminae regulate
chromatin organization to provide a transcriptionally-re-
pressive environment via directly interacting with hetero-
chromatin marks, the histone 3 lysine 9 di- and tri-methyla-
tion modifications (H3K9me2/3) and histone 3 lysine 27 di-
and tri-methylation modifications (H3K27me2/3), as well as
the heterochromatin protein 1 (HP1) family, and/or hundreds of
LADs (4, 29, 30). In addition, nuclear laminae associate with sev-
eral transcription factors and are involved in specific regulatory
pathways (5, 31). It is clear that perturbations in the nuclear lamina
structure can strongly influence chromatin organization and gene
expression.

We have previously demonstrated that PRR11 is implicated
in non-small cell lung cancer development and cell-cycle pro-
gression. PRR11 knockdown caused the dysregulation of mul-
tiple critical pathways and various important genes involved in
cell cycle, tumorigenesis, and metastasis (32, 33). PRR11 also
has critical roles in gastric cancer, breast cancer, and hilar
cholangiocarcinoma (34 –36). However, the precise molecular
mechanism behind PRR11-mediated cellular functions and
tumorigenesis remains unclear.

In this report, we demonstrate that cytoplasmic PRR11 pro-
motes Arp2/3 complex-dependent F-actin polymerization,
nuclear lamina integrity, and chromatin organization. Mecha-
nistically, PRR11 interacts and recruits the Arp2/3 complex to
drive F-actin polymerization. Overexpression of PRR11 in lung
cancer cells led to higher F-actin polymerization and F-actin
rearrangement, inducing aberrant nuclear lamina integrity and
chromatin dynamics, which is tightly associated with altered
gene expression and tumorigenesis. Our study reveals that
PRR11 serves as a novel cytoplasmic factor regulating F-actin
assembly and nuclear stability.

Results

PRR11 associates with and recruits Arp2/3 complex

PRR11 is previously identified as a cancer-related gene that is
implicated in lung cancer development (32, 37); however, the

mechanism behind PRR11-mediated cellular function remains
unclear. To explore how PRR11 regulates cellular functions and
lung tumorigenesis, we first performed PRR11 protein co-im-
munoprecipitation to identify its interacting partners. Multiple
components of the seven-subunit actin-related protein 2/3
(Arp2/3) complex were identified in the PRR11 immunopre-
cipitates by mass spectrometry (MS), including Arp2, Arp3,
ARPC1A, ARPC1B, ARPC2, ARPC3, ARPC4, ARPC5, and
ARPC5L (Fig. 1a). To verify the interaction of PRR11 with the
Arp2/Arp3 complex, we carried out co-immunoprecipitation
followed by Western blotting assays. Consistent with the result
from MS, we detected a significant amount of Arp2 and Arp3 in
ectopic Flag-tagged wildtype (WT) PRR11 immunoprecipitates
(Fig. 1b). The endogenous PRR11 and Arp2 in H1299 lung can-
cer cells are also co-immunoprecipitated (Fig. 1c). To further
test the notion that PRR11 was associated with the Arp2/3 com-
plex in lung cancer cells, we used immunofluorescence assay to
analyze the co-localization of PRR11 and Arp2 in H1299 cells.
Notably, WT PRR11-overexpression cells showed PRR11-con-
taining meshwork structures (Fig. S1a). Arp2 was dramatically
co-localized with the PRR11 in cytoplasm (Fig. 1d). In addition,
endogenous Arp2 was also localized to the PRR11-containing
meshwork structures in the PRR11 ectopic expression cells
(Fig. S1, b and c). Additionally, immunofluorescence assay also
showed that Arp2 expression significantly increased in ectopic
PRR11-expressing cells (Fig. S1, b and d), which was consistent
with the Western blotting result that overexpression of PRR11
increased Arp2 and Arp3 levels (Fig. 1e). To confirm the spec-
ificity of PRR11 immunostaining signals, we have stained the
Flag–PRR11-overexpression cells with both PRR11 and Flag
antibodies. We showed that PRR11 antibody can detect both
endogenous and exogenous Flag–PRR11 (Fig. S1e).
Together, these data demonstrate PRR11 is associated with
the Arp2/3 complex, and it is required for the recruitment
and accumulation of the Arp2/3 complex in lung cancer
cells.

PRR11 facilitates F-actin polymerization via Arp2/3 complex

The seven-subunit actin-related protein 2/3 (Arp2/3) com-
plex is the key nucleation factor for the polymerization of
branched actin network as opposed to the formins or Ena/
VASP, which form bundle actin filaments, and this complex is
highly conserved in almost all eukaryotes (17, 20). Recently, a
target Arp2-specific siRNA and an Arp2/3 complex inhibitor,
CK-666, were employed to inhibit Arp2/3 complex assembling
branched actin filaments in A549 cells (16, 38). To test whether
PRR11 could promote F-actin polymerization by facilitating the
recruitment and accumulation of Arp2/3 complex, H1299
and A549 cells were expressed with WT PRR11, and then
phalloidin–TRITC staining was performed to identify F-actin.
Interestingly, the phalloidin–TRITC staining not only demon-
strated that the fluorescence signal of F-actin was notably
increased in WT PRR11-expressing cells compared with
pvN173-control cells, but also revealed that the subcellular dis-
tribution of F-actin was rearranged into more meshwork actin
structures upon PRR11 overexpression, indicating that PRR11
promoted F-actin polymerization and rearrangement (Fig. 2,
a–c). To investigate whether PRR11-induced F-actin polymer-
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ization and rearrangement depended on the Arp2/3 complex,
we inhibited the activity of the Arp2/3 complex by silencing
ARPC1A (a subunit of Arp2/3 complex) expression or using
CK-666 (the Arp2/3 complex inhibitor), respectively (20, 39).
As shown in Fig. 2, d–g, knockdown of ARPC1A restored both
the F-actin signal and its rearrangement induced by PRR11
overexpression. In keeping with the siRNA-mediated knock-
down experiments, CK-666 also gave rise to an inhibition of
PRR11-induced F-actin signal enhancement and rearrange-
ment, whereas DMSO, CK-689 (the Arp2/3 complex negative
control reagent), and SMIFH2 (inhibitor of formin homology 2
domains) did not (Fig. 2, h–j). To further confirm that PRR11
promotes the kinetics of Arp2/3 complex-induced F-actin poly-
merization, we next performed pyrene-labeled actin polymeri-
zation assays. GST–PRR11 was produced and purified (Fig. 2k).
The recombinant GST–N-WASP was used as the nucleation-
promoting factor, which stimulated the activation Arp2/3 com-
plex to induce actin polymerization (Fig. 2l). In the presence of
both GST–N-WASP and Arp2/3 complex, GST–PRR11 signif-

icantly enhanced actin polymerization compared with GST
protein (Fig. 2l). In addition, GST–PRR11 stimulates Arp2/3
complex-mediated actin polymerization in a dose-dependent
manner (Fig. 2m). Taken together, these data demonstrate that
PRR11 associates with the Arp2/3 complex to promote F-actin
polymerization.

To support the notion that PRR11 is required for F-actin
polymerization and arrangement, we further investigated
the F-actin polymerization and arrangement in response to
siRNA-mediated PRR11 silencing in H1299 and A549 cells.
Western blotting showed that silencing of PRR11 reduced the
expression levels of Arp2 and Arp3 (Fig. 3a). Immunofluores-
cence staining also showed a decreased fluorescence signal of
F-actin following PRR11 siRNA treatment (Fig. 3, b and c). We
also found that the F-actin meshwork structure was inhibited,
leading to an increased number of long linear filament fibers in
PRR11 siRNA cells (Fig. 3, b and d), suggesting that PRR11
knockdown suppressed F-actin polymerization and induced its
rearrangement in lung cancer cells.

Figure 1. PRR11 associates with and recruits Arp2/3 complex. a, mass spectrometry analysis of PRR11-associated proteins. Lysates from H1299 cells
transfected with Flag-WT PRR11 or pcDNA3.0 (empty) were immunoprecipitated with anti-Flag and then analyzed by MS. Subunits of Arp2/3 complex (Arp2,
Arp3, ARPC1A, ARPC1B, ARPC2, ARPC3, ARPC4, ARPC5, and ARPC5L) were identified in the PRR11 immunoprecipitates. b, and c, interaction between PRR11 and
Arp2 was confirmed by coimmunoprecipitation. b, cells were transfected with plasmids encoding Flag-WT PRR11 or pcDNA3.0. Cell lysates were immunopre-
cipitated with Flag antibody and blotted with different antibodies as indicated. c, to verify the interaction of endogenous proteins, the lysate of cell was
immunoprecipitated with Arp2 antibody. Co-immunoprecipitation (Co-IP) and whole-cell lysates (Input) were subjected to immunoblotting (IB) with different
antibodies as indicated. d, endogenous PRR11 co-localizes with Arp2. Cells were fixed and stained for PRR11 and Arp2 antibody. Scale bars, 10 �m. White
arrowhead indicates that Arp2 localizes at the lamellipodia, and zoomed images of the boxed region are shown at the bottom-left corner (scale bars, 1 �m). e,
Western blot analysis for the indicated proteins in the pvN173- and WT PRR11-transfected cells. Cells were lysed 24 h after transfection and analyzed for the
indicated proteins. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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PRR11 promotes F-actin polymerization and rearrangement
via both N and C termini

We found that PRR11 overexpression or depletion altered
F-actin polymerization and rearrangement. We then sought to
determine the regions of PRR11 that are essential for F-actin
organization. To this end, we first generated the �33– 41
mutant by deleting proline-rich region 1 and a series of trun-
cated mutants of PRR11 by deleting the protein regions from
the N terminus to the C terminus, including the N-terminal
1–100 amino acids (�1–100) and 100 –200 amino acids (�100 –
200) and the C-terminal 200 –300 amino acids (�200 –300) and
290 –360 amino acids (�290 –360) (Fig. S2a).

By overexpression of WT PRR11 and the truncated PRR11
mutants, we found that the truncated mutant absence of pro-
line-rich region 1 (�33– 41) showed similar localization to WT
PRR11 (Fig. 4a). The mutant absence of N-terminal �1–100
was localized at the pericellular region and dispersed in the
cytoplasm. �200 –300 and �290 –360 localized mainly in the
perinuclear space (Fig. 4a). In contrast, in �100 –200 –
expressing cells, a kind of PRR11-containing circular aggrega-
tion (circular granules) was identified (Fig. 4a). These data sug-
gested that all of the domains of 1–100, 100 –200, 200 –300, and
290 –360 were essential for PRR11 localization, whereas the
proline-rich 1 domain was not.

Because of the specific phenotype (circular granules) identi-
fied in �100 –200 overexpression cells, but not in WT PRR11
and other truncated mutant overexpression cells (Fig. 4, a and
b), we further generated �100 –184 and �185–200 (�proline-
rich region 2) by deleting shorter domains in the region of 100 –
200 and a mutant containing 100 –200 amino acids (�1–110/�
200 –360) (Fig. S2a). Interestingly, we found that �185–200
showed thick filamentous PRR11-containing structures (Fig.
4a), but in �100 –184 – expressing cells, both PRR11-contain-
ing meshwork and circular granules were identified (Fig. 4, a
and b). However, the 100 –200 protein domain (�1–110/200 –
360 construct) was localized to the perinuclear cytoplasm, sim-
ilar to �200 –300 and �290 –360 (Fig. 4a). Taken together,
these data demonstrated that domain 100 –200 is involved in

specific subcellular localization of PRR11, and deletion of resi-
dues 100 –200 induces PRR11-containing circular aggregation
(circular granules).

Next, we examined whether ectopic expression of the trun-
cated mutations can affect F-actin polymerization and rear-
rangement. The result showed that WT PRR11, �33– 41,
�100 –184, �185–200, and �100 –200 remarkably facilitate
F-actin assembly. The �33– 41 mutant, which showed the same
localization as WT PRR11, caused F-actin polymerization and
rearrangement similar to that of WT PRR11 (Fig. S2b). How-
ever, the expression of �100 –184, �185–200, and �100 –200
led to F-actin organization different from that of WT PRR11
(Fig. 4, c–e). In contrast to WT PRR11 that promoted more
meshwork F-actin assembly, �185–200 mutant stimulated
thick actin filaments that highly co-localized with �185–200
PRR11 mutant (Fig. 4c). The �100 –200 mutant, however, led to
the formation of actin comet tails associated with PRR11 circu-
lar granules (Fig. 4, c and e). �100 –184 mutant also caused
polymerized actin (including actin comet tails) associated with
PRR11 (Fig. 4, c and e). These data suggest that the disordered
localization of certain PRR11 mutants caused different forms of
aberrant F-actin organization.

Actin comet tails are assembled by actin polymerization and
mediated by Arp2/3 complex (18). As mentioned above, we
have demonstrated that PRR11 recruits Arp2/3 complex to
facilitate F-actin polymerization. We therefore examined
whether the actin comet tails induced by PRR11 �100 –200
truncations were also dependent on Arp2/3 activity by treating
the cells with CK-666. As expected, the actin comet tails were
absolutely inhibited by CK-666 in �100 –200 – expressing cells,
although the localization of mutant PRR11 in circular granules
was not affected (Fig. 4, f–h). Taken together, these data sup-
ported that Arp2/3 complex is required for the formation of
actin comet tails in �100 –200 overexpression cells.

Despite the positive effect of WT PRR11, �33– 41, �100 –
184, �185–200, and �100 –200 in F-actin polymerization and
assembly, the expression of �200 –300, �290 –360, and
�1–100/200 –360 mutants, which localized at the perinuclear

Figure 2. PRR11 promotes F-actin polymerization via Arp2/3 complex. a, PRR11 overexpression stimulates F-actin assembly and reorganization. H1299
and A549 cells were fixed at 24 h after transfection with pvN173 Flag– control or Flag-WT PRR11 and stained with Flag antibody and F-actin– binding
phalloidin–TRITC. Scale bars, 20 �m. White arrowhead indicates WT PRR11-expressing cells, and zoomed images of boxed region are shown at the bottom-left
corner (scale bars, 2 �m). Representative images are shown. b, relative phalloidin fluorescence (Flag PRR11–positive cells/pvN173–positive cells) was quanti-
tatively analyzed for a. Results are shown as the mean � S.E. (n � 3). Greater than 20 cells were counted per condition in every repeat. c, quantitative analysis
of F-actin rearrangement of cells is demonstrated in a. Ratio indicated that the number of cells with whole F-actin rearrangement is relative to the number of
Flag-positive cells. Results are shown as the mean � S.E. (n � 3). Greater than 20 cells were counted per condition in every repeat. d, siRNA-mediated silencing
of ARPC1A. H1299 cells were transfected with negative control siRNA (siNC) or siRNA against ARPC1A (siARPC). 48 h after transfection, whole-cell lysates were
prepared and subjected to immunoblotting. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. e– g, silencing of ARPC1 represses F-actin assembly
induced by overexpression of PRR11. e, H1299 cells were transfected with siNC or siARPC1 for 24 h, and then the cells were transfected with Flag–PRR11 or
pvN173 Flag– control for another 24 h, respectively. The cells were fixed and stained for F-actin and Flag. Representative images are shown. Scale bars, 10 �m.
f, relative fluorescence of F-actin (Flag PRR11-positive cells/pvN173-positive cells) was quantitatively analyzed for e. Results are shown as the mean � S.E. (n �
3). Greater than 20 cells were counted per condition in every repeat. g, quantitative analysis of F-actin rearrangement of cells is demonstrated in e. Ratio
indicated that the number of cells with whole F-actin rearrangement is relative to the number of Flag-positive cells. Results are shown as the mean � S.E. (n �
3). Greater than 20 cells were counted per condition in every repeat. h–j, CK-666, the Arp2/3 complex inhibitor, represses F-actin assembly driven by PRR11. h,
H1299 cells transfected with Flag–PRR11 or pvN173 Flag– control were treated with CK-666 (84 �M), SMIFH2 (15 �M), or CK-689 (100 �M) for 24 h and then were
fixed and stained with Flag antibody and the F-actin– binding phalloidin–TRITC. Representative images are shown. Scale bars, 20 �m. i, relative phalloidin
fluorescence (Flag–PRR11-positive cells/pvN173–positive cells) was quantitatively analyzed for h. Results are shown as the mean � S.E. (n � 3). Greater than 50
cells were counted per condition in every repeat. j, quantitative analysis of F-actin rearrangement of cells demonstrated in h. Ratio indicated that the number
of cells with whole F-actin rearrangement is relative to the number of Flag-positive cells. Results are shown as the mean � S.E. (n � 3). Greater than 20 cells were
counted per condition in every repeat. k, Coomassie Blue–stained gel shows the purified GST–PRR11. l, effect of PRR11 on Arp2/3-mediated actin polymeri-
zation was examined using the pyrene actin assay. N-WASP was added to activate Arp2/3-mediated actin polymerization. The addition of 3 �M purified
GST–PRR11 promoted actin assembly. As a control, GST had no effect on the kinetics of actin polymerization mediated by Arp2/3 and N-WASP. m, PRR11
stimulates Arp2/3-mediated actin polymerization in a dose-dependent manner. The graph showed the effects of 0 –3 �M PRR11 on Arp2/3-mediated actin
polymerization in the presence of N-WASP. A.U., arbitrary units. Cell nuclei were stained with DAPI (blue). *, p � 0.05; ***, p � 0.001; N.S., p � 0.05.

PRR11 regulates F-actin assembly and arrangement

J. Biol. Chem. (2020) 295(16) 5335–5349 5339

https://www.jbc.org/cgi/content/full/RA119.012260/DC1
https://www.jbc.org/cgi/content/full/RA119.012260/DC1
https://www.jbc.org/cgi/content/full/RA119.012260/DC1


space, showed little co-localization with F-actin and did not
affect F-actin organization (Fig. 4, c–e). �1–100 mutant also did
not affect the F-actin structure compared with the pvN173 con-
trol, although it partially co-localized with F-actin at the peri-

cellular region and cytoplasm (Fig. 4, c–e). These data revealed
that N terminus (1–100), C terminus (290 –360), and domain
200 –300 were required for WT PRR11-mediated F-actin
assembly.

Figure 3. Silencing of PRR11 inhibits F-actin polymerization and arrangement. a, Western blot analysis for the indicated proteins. Cells transfected with
siNC or siRNA directed against PRR11 were lysed, and whole-cell lysates were prepared to analyze the expression of the indicated proteins 48 h after
transfection. b, PRR11 knockdown suppressed F-actin assembly. Cells treated with siRNA were fixed 48 h after and stained with F-actin– binding phalloidin–
TRITC and PRR11 antibody. Representative images are shown. Bars, 20 �m. c, relative phalloidin–TRITC fluorescence in cells demonstrated in b. Results are
shown as the mean � S.E. (n � 3). Greater than 50 cells were counted per condition in every repeat. d, quantification of the number of rearranged long filament
actin following the siRNA treatment described as in b. Results are presented as mean � S.E. (n � 3). Greater than 20 cells were counted per condition in every
repeat. Cell nuclei were stained with DAPI (blue). *, p � 0.05; ***, p � 0.001.
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Cytoplasmic PRR11 regulates nuclear integrity via Arp2/3
complex

Nuclear lamins form a dense meshwork of filaments termed
nuclear lamina at the nuclear periphery that is thought to play a
critical role in nuclear stability, chromatin organization, and
gene expression (4, 5, 7, 10). The subcellular distribution of
nuclear lamins is usually disorderly in cancer cells, and altera-
tions in the nuclear lamina of cells are closely related to tumor-
igenesis (26). Interestingly, we found that the H1299 lung can-
cer cells expressing a higher level of PRR11 showed more severe
aberrant nuclear laminae as demonstrated by dislocated Lamin
A/C compared with its nuclear peripheral localization in
PRR11 low cells (Fig. S3a).

The actin cytoskeleton has been shown to physically couple
with the nuclear laminae to regulate nuclear morphology,
nuclear stability, and chromatin organization (8, 10, 11,
40 – 42). Also, we have shown above that PRR11 is required for
the Arp2/3 complex– dependent F-actin accumulation and
cytoskeleton assembly in lung cancer cells. We then examined
whether PRR11 could regulate nuclear laminae through the
Arp2/3 complex. We first tested whether silencing of PRR11
influences the integrity of nuclear laminae. As shown in Fig. 5, a
and b, and Fig. S3, b and c, the irregular distribution of Lamin B1
and lamin A/C in PRR11 knockdown cells (Lamin B1, 4.8 �
1.3%; Lamin A/C, 4.3 � 1.9%) was notably reduced compared
with that in control knockdown cells (Lamin B1, 13.6 � 4.2%;
Lamin A/C, 12.8 � 4.7%). In contrast, immunofluorescence
staining showed that the number of cells with disordered Lamin
B1 and Lamin A/C distributions was remarkably increased in
ectopic PRR11 expression cells (Lamin B1, 54.8 � 9.3%; Lamin
A/C, 58.7 � 10.2%) compared with that in pVN173-control
cells (Lamin B1, 14.7 � 3.3%; Lamin A/C, 15.7 � 4.2%) (Fig. 5, c
and d, and Fig. S3, d and e). Our data show that PRR11 is
involved in the novel regulation of lamins’ subcellular distribu-
tion and nuclear lamina integrity.

We have demonstrated that PRR11 is key for the distribution
of lamins and nuclear lamina integrity. However, immunofluo-
rescence staining showed PRR11 does not co-localize with the
nuclear lamina as demonstrated by Lamin A/C staining (Fig. S3,
f and g), and immunoblot analyses identified that PRR11 was
expressed in cytoplasm (Fig. S3h). These findings indicate that
cytoplasmic PRR11 regulates nuclear lamina assembly indepen-
dent of its direct interaction with nuclear lamins, supporting

the notion that PRR11 might regulate Arp2/3 complex-depen-
dent F-actin polymerization and rearrangement to modulate
nuclear lamins. To test this possibility, WT PRR11 was overex-
pressed in H1299 cells with or without the treatment of the
Arp2/3 complex inhibitor CK-666. Remarkably, the number of
PRR11-overexpression cells with irregular lamina assembly was
completely restored to the level of pvN173 controls upon
CK-666 treatment (Fig. 5, e and f), supporting the essential role
of Arp2/3 complex activity in the regulation of nuclear laminae
by PRR11. We also compared the effect of PRR11 N- and C-ter-
minal truncations �1–100 and �290 –360 in nuclear lamina
assembly. Strikingly, the ability of PRR11 to induce disorgani-
zation or collapse of nuclear lamina was absolutely abrogated
by the �1–100 and �290 –360 mutants, which lack the ability of
assembling F-actin cytoskeleton (Fig. 5, g and h). Our data
together indicate that PRR11 recruits and activates the Arp2/3
complex to drive F-actin polymerization and rearrangement,
thereby regulating the integrity of nuclear laminae. PRR11
serves as a novel cytoplasmic factor involved in the cyto-nucle-
oskeletal assembly.

PRR11 regulates chromatin organization via Arp2/3 complex

We previously found that overexpression of PRR11 pro-
motes abnormal chromatin remodeling (33). The WT PRR11–
expressing cells displayed a highly-abnormal level of chromatin
condensation (Fig. S4, a– c). To characterize the reasons for
abnormal chromatin remodeling driven by overexpression of
PRR11, we first determined whether it depended on the chro-
matin condensation–related protein. We silenced the chroma-
tin condensation-related gene expression by specific siRNAs
and found that abnormal chromatin remodeling caused by
PRR11 overexpression was independent of chromatin conden-
sation-related proteins in H1299 and A549 (Fig. S4, d and e). By
cleaved caspase 3 staining, we also found the percentage of apo-
ptotic cells was less than the percentage of cells with abnormal
chromatin remodeling in the cells that overexpressed PRR11
(Fig. S4, f and g), indicating that PRR11-induced abnormal
chromatin remodeling is also independent of apoptosis.

Recent reports have demonstrated that nuclear laminae
interact with heterochromatic genomic regions. The dysfunc-
tion of nuclear lamina can span large domains of chromatin
organization with coordinated chromatin dynamic gene ex-
pression, histone modification, and DNA methylation changes

Figure 4. PRR11 promotes F-actin polymerization via both N and C termini. a, subcellular distribution of truncated mutations. H1299 cells were overex-
pressed with Flag-tagged pvN173, WT PRR11, �33– 41, �1–100, �100 –200, �200 –300, �290 –360, �185–200, �100 –184, or �1–100/200 –360, and then the
cells were fixed 24 h after and stained for Flag. Representative images are shown. Bar, 10 �m. Zoomed images of boxed region are shown at the bottom-left
corner (scale bars, 5 �m). b, quantitative analysis of circular granules demonstrated in a. The number of circular granules per Flag-positive cells is given. Results
are shown as the mean � S.E. (n � 3). Greater than 20 cells were counted per condition in every repeat. c– e, effects of truncated mutations on F-actin
polymerization and rearrangement. c, H1299 cells were overexpressed with Flag-tagged pvN173, WT PRR11, �1–100, �100 –200, �290 –360, �185–200,
�100 –184, or �1–100/200 –360, and then cells were fixed 24 h after and stained for Flag and phalloidin. Representative images are shown. Bar, 10 �m. Zoomed
images of boxed region are shown at the bottom-left corner (scale bars, 5 �m). d, quantitative analysis of aberrant F-actin polymerization cells demonstrated in
c. Ratio indicated that the number of cells with aberrant F-actin polymerization is relative to the number of Flag-positive cells. Results are shown as the mean �
S.E. (n � 3). Greater than 20 cells were counted per condition in every repeat. e, quantitative analysis of actin comet tails demonstrated in c. The number of cells
with actin comet tails per Flag-positive cells is shown. Results are shown as the mean � S.E. (n � 3). Greater than 20 cells were counted per condition in every
repeat. f, CK-666 inhibited actin comet tails but not circular granules induced by �100 –200. H1299 cells were overexpressed with �100 –200 and combined
with/without CK-666 (84 �M), and then cells were fixed 24 h after and stained for Flag and phalloidin. Representative images are shown. Bar, 10 �m. Zoomed
images of boxed region are shown at the bottom-left corner (scale bars, 5 �m). g, quantitative analysis of circular granules demonstrated in f. The number of
circular granules per Flag-positive cells is shown. Results are shown as the mean � S.E. (n � 3). Greater than 20 cells were counted per condition in every repeat.
h, quantitative analysis of actin comet tails demonstrated in f. The number of cells with actin comet tails per Flag-positive cells is shown. Results are shown as
the mean � S.E. (n � 3). Greater than 20 cells were counted per condition in every repeat. Cell nuclei were stained with DAPI (blue).***, p � 0.001, or N.S., not
significant (p � 0.05).
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(4, 8, 9, 43). As mentioned above, PRR11 is involved in nuclear
lamina assembly. We next examined whether PRR11 is also
involved in chromatin organization.

To determine the role of PRR11 in chromatin organization,
we examined heterochromatin markers upon PRR11 overex-

pression and knockdown in lung cancer cells. H3K9me3, a his-
tone modification associated with heterochromatin, contrib-
utes to gene regulation by forming large repressive domains on
the chromosomes that can be dynamic in mammalian develop-
ment (4, 44). Immunofluorescence microscopy showed that
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H3K9me3 was diminished from the nucleoplasm and was
enriched at the nuclear periphery in PRR11-positive cells rela-
tive to pvN173 controls (Fig. 6, a and b), although the expres-
sion of H3K9me3 was not changed (Fig. 6c). However, knock-
down of PRR11 also elicited H3K9me3 redistribution to the
nucleoplasm but repressed its localization at the nuclear
periphery, without affecting H3K9me3 expression level (Fig. 6,
d–f). H3K4me3 is often described as an “activating” histone
modification and assumed to have an instructive role in the
transcription of genes (4, 44). As shown in Fig. S5, a and b, the
fluorescence intensity of H3K4me3 significantly decreased in
Flag–PRR11-expressing cells. To examine whether PRR11 reg-
ulates H3K9me3 localization dependent on nuclear lamins,
Lamin B1 was silenced with oligonucleotide siRNA in cells.
Western blot analysis verified that the expression of Lamin B1
can be significantly inhibited 48 h post-transfection of Lamin
B1 siRNA (Fig. S5c). Similar the PRR11 knockdown, Lamin B1
silencing also showed that H3K9me3 was redistributed, and its
nuclear peripheral localization decreased (Fig. S5, d and e).
Notably, PRR11 overexpression-induced H3K9me3 enrich-
ment at the nuclear envelope was abrogated in Lamin B1–
silenced H1299 cells (Fig. S5, f and g), without changing the
expression level of H3K9me3 (Fig. S5h).

Next, we asked whether inhibition of Arp2/3 complex– de-
pendent F-actin polymerization and rearrangement can rescue
heterochromatin reorganization by treating PRR11-overex-
pression cells with or without CK-666. The number of PRR11-
overexpression cells with dislocated H3K9me3 was restored to
the level of pvN173 control cells upon CK-666 treatment, sug-
gesting that PRR11-induced H3K9me3 redistribution depends
on Arp2/3 complex activity (Fig. 6, g and h). We further inves-
tigated the role of PRR11 truncations �1–100 and �290 –360 in
H3K9me3 localization. Notably, the effect on disorganization
of H3K9me3 was also abolished in �1–100- and �290 –360 –
expressing cells (Fig. 6, i and j). Taken together, these data dem-
onstrate that PRR11 regulates chromatin H3K9me3 localiza-
tion through modulating Arp2/3 complex and nuclear lamins.
Overexpression of PRR11 in lung cancer cells led to Arp2/3
recruitment and accumulation, F-actin polymerization, and
cytoskeletal rearrangement, thereby disturbing lamina
assembly and chromatin organization. Our findings provide
a potential mechanism that dysfunction of PRR11 disrupts
chromatin organization and gene expression to promote
lung tumorigenesis via the Arp2/3 complex/F-actin/nuclear
lamins axis (Fig. 6k).

Discussion

PRR11 has been reported to overexpress in lung cancers and
demonstrated an important role in cell-cycle progression and
tumorigenesis (32, 33). Silencing of PRR11 results in altered
expression of various important genes involved in cell cycle,
tumorigenesis, and metastasis (32). However, the molecular
mechanisms underlying these events remain elusive. In this
study, we have found that cytoplasmic PRR11 associates with
and recruits Arp2/3 complex, thereby facilitating F-actin poly-
merization in vivo and in vitro, leading to nuclear lamina insta-
bility and chromatin reorganization in lung cancer cells, which
is associated with aberrant gene expression and tumorigenesis
(Fig. 6k). Our findings have uncovered the molecular mecha-
nisms that cytoplasmic PRR11 regulates Arp2/3 complex–
mediated actin polymerization and rearrangement, nuclear
integrity, as well as chromatin organization via the cyto-nucle-
oskeletal assembly.

Actin cytoskeleton controls diverse cellular functions in
many physiological and pathological processes, including
tumorigenesis (8). Also, actin cytoskeleton is a dynamic struc-
ture with continuous polymerization and disassembly. F-actin
polymerization pathways are classified as Arp2/3-dependent
pathway and -independent pathway, including formins and
Ena/VASP, which polymerize F-actin at specific subcellular
locations and lead to various cellular responses (17, 20, 21, 45,
46). We know that the dysregulation of the actin cytoskeleton is
tightly connected with tumorigenesis, however, the mecha-
nisms by which the Arp2/3 complex is recruited to modulate
cytoskeleton assembly in cancer cells remains poorly known. In
this paper, we find a novel cytoplasmic protein PRR11 that pro-
motes Arp2 recruitment and accumulation, thereby facilitating
cytoskeleton organization. PRR11 overexpression disorders
Arp2/3-dependent F-actin polymerization and rearrangement
in lung cancer cells. Our data suggest that aberrant expression
of PRR11 might participate in tumorigenesis by disturbing the
actin cytoskeleton that is involved in diverse cellular processes
such as cell division, cellular motility, endocytosis, intracellular
nuclear positioning, chromatin dynamics, and gene expression
(11, 20). Future investigations into the functions of PRR11–
Arp2/3 complex will lead to better understanding of the many
biological processes, including tumorigenesis.

Evidence suggests that the association of chromatin with the
nuclear periphery could serve as a prime determinant of chro-
matin modeling. The mechanical integrity of the nuclear
periphery is defined by the nuclear laminae where deficiencies

Figure 5. PRR11 controls nuclear lamina assembly via F-actin cytoskeleton organization. a, H1299 cells treated with siNC or siPRR11 were stained for
Lamin B1. Representative images are shown. White arrowheads indicate the cells with irregular shape. Bars, 10 �m. b, quantification of cells of irregular shape
demonstrated in a. Results are shown as the mean � S.E. (n � 3). Greater than 50 cells were counted per condition in every repeat. c, immunofluorescence
staining for Lamin B1 of cells transfected with Flag-tagged pVN173 or WT PRR11. White arrowheads indicate the WT PRR11-expressing cells with disordered
nuclear lamina as shown by Lamin B1. Representative images are shown. Scale bars, 10 �m. d, quantification of cells of disordered Lamin B1 as normalized to
total Flag-positive cells demonstrated in c. Results are shown as the mean � S.E. (n � 3). Greater than 50 cells were counted per condition in every repeat. e and
f, CK-666 inhibited nuclear lamina reassembly induced by WT PRR11 overexpression. e, H1299 cells were overexpressed with WT PRR11 and treated with or
without CK-666 (84 �M), and then cells were fixed 24 h after and stained for Flag and Lamin B1. Representative images are shown. Bar, 10 �m. f, quantification
of cells of disordered Lamin B1 as normalized to total Flag-positive cells demonstrated in e. Results are shown as the mean � S.E. (n � 3). Greater than 50 cells
were counted per condition in every repeat. g and h, effects of PRR11 N- and C-terminal truncated mutations on nuclear lamina assembly. g, H1299 cells were
overexpressed with �1–100 or �290 –360, and then cells were fixed 24 h after and stained for Flag and Lamin B1. Representative images are shown. Bar, 20 �m.
h, quantitative analysis of aberrant Lamin B1 distribution cells demonstrated in g. Ratio indicated that the number of cells with aberrant Lamin B1 distribution
is relative to the number of Flag-positive cells. Results are shown as the mean � S.E. (n � 3). Greater than 20 cells were counted per condition in every repeat.
Cell nuclei were stained with DAPI (blue). ***, p � 0.001, or N.S., not significant (p � 0.05).
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in specific components result in nuclear instability, chromatin
remodeling, as well as multiple diseases (3, 11). In particular,
alterations in the nuclear morphology of tumor cells is the gold
standard for cancer diagnosis (4, 5, 24, 47).

Nuclear laminae can directly interact with LADs of the
nuclear periphery to regulate chromatin organization and gene
expression, as well as DNA replication and repairing (4, 5).
LADs are among the most prominent heterochromatin
domains in genomes. LADs collectively cover about 30 – 40% of
the genome and are enriched in the histone modifications
of H3K9me2, H3K9me3, and H3K27me3. Several thousands of
genes are located within LADs, and the majority of these genes
are transcriptionally inactive. Loss of nuclear lamins leads to
abnormal chromatin organization, which is accompanied by a
reduction in the levels or redistribution of heterochromatin
marks, because it is believed that LADs may form a repressive
chromatin state (5, 48–51). Current studies have demonstrated
that alteration of heterochromatin-related proteins, such as
H3K9me3, HP1�, or HP1�, is implicated in lung cancer, breast
cancer, and prostate cancer (52–54). In this paper, we find that
PRR11 is implicated in the assembly of nuclear lamina, and
aberrant PRR11 expression induces nuclear lamina instability
and aberrant heterochromatin organization as shown by the
disordered H3K9me3 expression via the Arp2/3-mediated
cytoskeletal organization in lung cancer cells. We thereby iden-
tify that PRR11 serves as a new cytoplasmic factor involved in
nuclear laminae and chromatin remodeling via Arp2/3-depen-
dent cyto-nucleoskeletal assembly.

Truncated mutations demonstrate that PRR11 regulates
F-actin polymerization and rearrangement dependent on dif-
ferent regions. Both the N and C termini are required for
PRR11-mediated F-actin organization. Deletion of the PRR11
N and C termini (�1–100 and �290 –300) completely abolished
the effect of PRR11 on F-actin polymerization. In addition, the
effects of PRR11 on nuclear lamina assembly and heterochro-
matin organization are also abrogated by deleting the regions
(N and C termini), further demonstrate that the role of PRR11
on nuclear integrity and functions depends on its N and C
termini–mediated cytoskeleton assembly.

Interestingly, we show that residues 100 –200 are necessary
for PRR11 regulating actin cytoskeleton rearrangement, but in
a way different from WT PRR11, by forming actin comet tails. It
has been shown that actin comet tails are implicated in phago-
cytosis and endocytosis (18). To date, the mechanism of actin
comet tail formation is best understood in Listeria monocyto-
genes and Shigella flexneri where the surface proteins ActA or
IcsA of pathogens recruit N-WASP to stimulate actin nucle-
ation activity of the Arp2/3 complex and form actin comet tails
(19). Wiskott-Aldrich syndrome protein family members, the
nucleation promoting factors of Arp2/3 complex, direct the
Arp2/3 complex to induce actin comet tails (18). However,
other proteins inducing actin comet tails are still rarely
reported in mammal cells. One of the important findings in our
work is not only that PRR11 regulates actin polymerization and
rearrangement in lung cancer cells but also deletion of residues
100 –200 powerfully promote actin comet tails.

Our data collectively demonstrate for the first time that cyto-
plasmic PRR11 associates with and recruits Arp2/3 complex to
stimulate F-actin polymerization and cytoskeleton rearrange-
ment, consequently influencing nuclear lamina integrity and
chromatin organization in lung cancer cells. We thereby
uncover a potential novel mechanism driven by the PRR11-
Arp2/3 complex-nuclear lamina axis for lung cancer progres-
sion, diagnosis, and treatment.

Materials and methods

Cell culture

Human non-small cell lung carcinoma– derived H1299 and
A549 cells were obtained from the ATCC. Cells were cultured
in RPMI 1640 medium and Dulbecco’s modified Eagle’s
medium (DMEM), respectively, supplemented with 10% heat-
inactivated fetal bovine serum (Gibco), and penicillin (100
IU/ml)/streptomycin (100 mg/ml). Cells were maintained at
37 °C in a water-saturated atmosphere of 5% CO2 in air. For the
detection of mycoplasma in the cell cultures, we used the Myco-
plasma stain kit (Mpbio). CK-689, CK-666, and SMIFH2 were
purchased from Sigma-Aldrich.

Figure 6. PRR11-mediated cyto-nucleoskeletal assembly regulates heterochromatin organization. a, immunofluorescence staining for H3K9me3 in cells
transfected with Flag-tagged pVN173 or WT PRR11. The H3K9me3 localization of WT PRR11– expressing cells was diminished from the nucleoplasm. Repre-
sentative images are shown. Bar, 20 �m. Zoomed images of boxed region are shown at the bottom-left corner (scale bars, 10 �m). b, quantification of cells with
diminished H3K9me3 nucleoplasm distribution as normalized to total Flag-positive cells demonstrated in a. Results are shown as the mean � S.E. (n � 3).
Greater than 50 cells were counted per condition in every repeat. c, Western blot analysis for the indicated proteins. Cells were treated as in a and then were
lysed and analyzed for expression of the indicated proteins by Western blotting. d–f, PRR11 silencing altered the localization of H3K9me3. d, immunofluores-
cence staining for H3K9me3 in cells treated with siNC or siRNA directed against PRR11. Representative images are shown. Bars, 20 �m. Zoomed images of boxed
region are shown at the bottom-left corner (scale bars, 10 �m). e, qualification of cells with H3K9me3 nuclear peripheral distribution as normalized to total cells
demonstrated in d. Results are shown as the mean � S.E. (n � 3). Greater than 50 cells were counted per condition in every repeat. f, Western blot analysis for
the indicated proteins. Cells were treated as in d and then were lysed and analyzed for expression of the indicated proteins by Western blotting. g and h, CK-666
restored H3K9me3 nucleoplasm distribution in WT PRR11-overexpression cells. g, H1299 cells were transfected with WT PRR11 with or without CK-666 (84 �M)
treatment, and then cells were fixed and stained for Flag and H3K9me3. Representative images are shown. Bar, 10 �m. h, quantification of cells with diminished
H3K9me3 nucleoplasm distribution as normalized to total Flag-positive cells. Results are shown as the mean � S.E. (n � 3). Greater than 50 cells were counted
per condition in every repeat. i and j, effects of PRR11-truncated mutations on the H3K9me3 redistribution. i, H1299 cells were overexpressed with Flag-tagged
�1–100 or �290 –360, and then cells were fixed 24 h after transfection and stained for Flag and H3K9me3. Representative images are shown. Bar, 10 �m. j,
quantitative analysis of cells with diminished H3K9me3 nucleoplasm distribution. Ratio indicated that the number of cells with aberrant localization of
H3K9me3 is relative to that of total Flag-positive cells. Results are shown as the mean � S.E. (n � 3). Greater than 20 cells were counted per condition in every
repeat. Cell nuclei were stained with DAPI (blue). ***, p � 0.001, or N.S., not significant (p � 0.05). k, proposed working model. PRR11 associates with and recruits
Arp2/3 complex to facilitate F-actin assembly and rearrangement via the N and C termini (red regions) and thereby to regulate nuclear lamina integrity, which
might be mediated by the LINC complex coupling both nuclear lamina and actin cytoskeleton. Nuclear laminae bind directly to lamina-associated domains
and/or heterochromatin-associated proteins, such as H3K9me2/3 and H3K27me3, and this is important for chromatin organization and gene expression
repression. Dysfunction of PRR11 disrupts cytoskeleton–nucleoskeleton, chromatin organization, and gene expression to promote lung tumorigenesis.
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Construction of expression plasmids and transient
transfection

The entire or the truncated coding sequence of human
PRR11 was inserted into the mammalian expression plasmid
pcDNA3.0 along with an N-terminal Flag-tag. After sequencing
to confirm the accuracy of the resulting sequences, these con-
structs were designated as WT PRR11 (pcDNA–PRR11),
�33– 41 (deletion of residues 33– 41), �1–100 (deletion of res-
idues 1–100), �185–200 (deletion of residues 185–200), �100 –
184 (deletion of residues 100 –184), �290 –360 (deletion of res-
idues 290 –360), �100 –200 (deletion of residues 100 –200),
�200 –300 (deletion of residues 200 –300), and �1–110/200 –
360 (deletion of residues 1–100/200 –360). (The primers used
for construction of expression plasmids are listed in Table S1).
For fusion protein expression, PRR11 was cloned in pET-GST
vector. pvN173 (Flag-tagged N-terminal 173 residues of en-
hanced GFP) was obtained from Dr. Cheng Lu, State Key Lab-
oratory of Silkworm Genome Biology, Southwest University,
China.

For transient transfection, cells were seeded at a density of
0.8 � 105 cells/well in a 24-well tissue culture plate or 2.5 � 105

cells/well in a 6-well tissue culture plate and incubated over-
night. Cells were then transiently transfected with the indicated
plasmids using Lipofectamine 2000 transfection reagent (Invit-
rogen) following the manufacturer’s protocols.

Immunoprecipitation and MS

For immunoprecipitation assays, cells were lysed with 500 �l
of ice-cold lysis buffer (20 mM Tris, pH 7.5; 150 mM NaCl; 1%
Triton X-100; protease inhibitors (10 �g/ml aprotinin, 1 �
10	3 mol/liter phenylmethylsulfonyl fluoride, 10 �g/ml leu-
peptin), and phosphatase inhibitors (50 �mol/liter sodium fluo-
ride, 1 �mol/liter sodium orthovanadate, 10 �mol/liter sodium
pyrophosphate)). Then cellular extracts were incubated with
the appropriate primary antibodies at 4 °C overnight, followed
by addition of protein A/G–agarose beads for 2 h at 4 °C. Beads
were then washed, and the immune complexes were subjected
to SDS-PAGE followed by immunoblotting with secondary
antibodies. Fractions of the bead volume were collected and
resolved on SDS-PAGE with subsequent silver staining. To
identify proteins associated with Flag–PRR11, LC-MS/MS
analysis was performed using a Thermo Finnigan LTQ linear
ion trap mass spectrometer in line with a Thermo Finnigan
Surveyor MS Pump Plus HPLC system. Consequently, MS data
were analyzed using SEQUEST (version 28) against NCBI
human protein database (December 14, 2011 download, 33,256
entries). At least three distinct peptides were used to identify
each protein.

Indirect immunofluorescence staining

Cells were fixed and incubated with primary antibodies, fol-
lowed by incubation with Alexa 488/594 – conjugated second-
ary antibodies (Table S2). Cells were then mounted with
medium containing 4�,6-diamidino-2-phenylindole (DAPI;
Sigma), and the preparations were visualized with a Leica fluo-
rescence microscope and a Zeiss confocal LSM 768 micro-
scope. Pixel quantification was done using ImageJ software.

The antibodies used for immunofluorescence assays are listed
in Table S2.

Immunoblotting analysis

Cells were lysed in RIPA lysis buffer (50 mM Tris-HCl, pH 7.4;
150 mM NaCl; 0.1% SDS; 1% Nonidet P-40; 0.5% deoxycholate;
Santa Cruz Biotechnology) supplemented with protease inhib-
itor mixture (Roche Applied Science). For nuclear and cyto-
plasmic separation, the cells were incubated with lysis buffer on
ice for 5 min. The samples were spun down at 4 °C for 15 min at
full speed, and the supernatants were collected as cytoplasmic
fractions. The pellets were washed with lysis buffer twice and
sonicated in the lysis buffer to obtain the nuclear fractions. The
protein concentration of each lysate was determined by BCA
reagent (Applygen Technologies, Inc.). Equal amounts of the
lysates (30 �g of protein) were denatured at 100 °C for 5 min,
separated by 10% standard SDS-PAGE, and electro-transferred
onto polyvinylidene difluoride membranes (Millipore). The
membranes were blocked with 5% nonfat dry milk in Tris-buff-
ered saline (TBS) containing 0.1% Tween 20 at 4 °C overnight.
After blocking, the membranes were then probed with the indi-
cated primary antibodies at room temperature for 1 h, followed
by incubation with the corresponding horseradish peroxidase–
conjugated secondary antibodies at room temperature for 1 h.
The proteins were finally visualized by enhanced chemilumi-
nescence (Amersham Biosciences). The antibodies used in this
study are listed in Table S2.

Actin polymerization assay

Protein purification—GST–PRR11 was expressed in Esche-
richia coli strain BL21-CodonPlus (DE3)-RP and purified
using GSH-Sepharose 4B (GE Healthcare). GST–N-WASP
(ab132277) was purchased from Abcam.

Pyrene–actin assay—The Actin Polymerization BiochemTM

kit and Arp2/3 protein complex were purchased from Cytoskel-
eton. Pyrene–actin assays were performed as described previ-
ously (39). The kinetics of actin polymerization was monitored
by pyrene fluorescence with excitation at 365 nm and emission
at 407 nm. Polymerization reaction mixtures contained 2 �M

G-actin, 20% �M pyrene-labeled actin, 0.2 �M ATP, and various
proteins in 80 �l of X buffer (10 mM HEPES, pH 7.0; 100 mM

KCl; 1 mM MgCl2; 0.1 mM EDTA; 1 mM DTT) and were prein-
cubated for 5 min. GST–N-WASP and GST–PRR11 were
added at final concentrations of 25 and 0 –3 �M, respectively.
The reaction was initiated by adding a mixture of actin and
pyrene-labeled actin to the preincubated protein mixtures.

siRNA-mediated knockdown

The nucleotide sequences of control siRNA and specific
against PRR11, Lamin B1, and ARPC1 siRNAs were described
previously or were designed by Online tools (Invitrogen) (Table
S1) (32, 33, 39). Prior to transfection, cells were seeded at a
density of 5 � 104 cells/well in a 24-well tissue culture plate or
2 � 105 cells/well in a 6-well tissue culture plate and allowed to
attach overnight. The indicated siRNAs were then transiently
transfected into cells using Lipofectamine RNAiMAX transfec-
tion reagent (Invitrogen) according to the manufacturer’s
instructions.
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Quantitative RT-PCR

The expression level of genes was detected as described (55).
The primers used for quantitative PCRs are listed in Table S1.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
(RRID:SCR_002798). Data were expressed as the means � S.E.
of the values from the independent experiments performed, as
indicated in the corresponding figure legends. The numbers of
biological replicates, and what they represent, are indicated in
each figure legend. Two-tailed Student’s t tests were used for
single comparison, and two-way analysis of variance was used
for multiple comparisons. In all figures, statistical significances
between the indicated sample and control or between marked
pairs are designated: *, p � 0.05; **, p � 0.01; ***, p � 0.001, or
N.S. (p � 0.05, refers to no significant difference).
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