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Rho GTPase Rac1 is a central regulator of F- actin organization and signal transduc-
tion to control plasma membrane dynamics and cell proliferation. Dysregulated Rac1 
activity is often observed in various cancers including breast cancer and is suggested 
to be critical for malignancy. Here, we showed that the ubiquitin E3 ligase complex 
Cullin- 3 (CUL3)/KCTD10 is essential for epidermal growth factor (EGF)- induced/
human epidermal growth factor receptor 2 (HER2)- dependent Rac1 activation in 
HER2- positive breast cancer cells. EGF- induced dorsal membrane ruffle formation 
and cell proliferation that depends on both Rac1 and HER2 were suppressed in 
CUL3-  or KCTD10- depleted cells. Mechanistically, CUL3/KCTD10 ubiquitinated 
RhoB for degradation, another Rho GTPase that inhibits Rac1 activation at the 
plasma membrane by suppressing endosome- to- plasma membrane traffic of Rac1. In 
HER2- positive breast cancers, high expression of Rac1 mRNA significantly correlated 
with poor prognosis of the patients. This study shows that this novel molecular axis 
(CUL3/KCTD10/RhoB) positively regulates the activity of Rac1 in HER2- positive 
breast cancers, and our findings may lead to new treatment options for HER2-  and 
Rac1- positive breast cancers.
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1  | INTRODUC TION

Cullin- 3, a cullin family protein, is a scaffold protein that forms a 
RING ubiquitin E3 ligase complex. Its adaptor proteins, BTBP, bridge 
CUL3 and substrate proteins leading to their ubiquitination.1,2 CUL3/
BTBP/substrates axes are essential for development and regulate a 
variety of cellular functions (e.g. cell cycle progression, membrane 
trafficking, transcription, signaling in stress response, and cytoskel-
etal reorganization). Dysfunction of CUL3 has been implicated in the 
development of human diseases such as hypertension and cancer.3,4 
CUL3 also regulates endothelial functions (e.g. cell proliferation and 
barrier function) and angiogenesis by formation of complexes with 
multiple BTBP.5–9 Recently, we found that CUL3 or KCTD10, one of 
the BTBP, is essential for endothelial barrier functions in HUVEC.7 
Loss of CUL3 or KCTD10 induces strong actin polymerization and 
cell contraction, inhibiting the proper generation of endothelial bar-
riers.7 We also found that RhoB, an endosomal Rho GTPase, sup-
presses endothelial barrier formation in HUVEC.7 An inhibitory role 
of RhoB in endothelial barrier formation was also implicated in TNF- 
simulated HUVEC and vascular endothelial cells in Crohn's disease.10 
Mechanistically, we found that RhoB was constitutively degraded 
in lysosomes, and the degradation process was mediated through 
K63 polyubiquitination at lysine 162 and 181 of RhoB by CUL3/
KCTD10.7

Rac1, another Rho GTPase, is a central regulator of F- actin 
organization at the plasma membrane. Rac1 is translocated from 
endosomes to cell borders during endothelial barrier formation 
and stabilizes endothelial barriers in HUVEC.10 Interestingly, the 
translocation of Rac1 was inhibited by high expression of RhoB, 
resulting in impaired barrier restoration.10 Given our finding of 
the constitutive degradation of RhoB by CUL3/KCTD10,7 CUL3/
KCTD10 may be critical for Rac1 trafficking and activation through 
RhoB degradation.

In addition to the physiological roles of Rac1 in endothelial cells, 
the oncogenic roles of Rac1 in various cancers have been recog-
nized.11 Elevated expression or hyperactivation of Rac1 is frequently 
observed in human cancers, correlating with their aggressiveness 
and poor prognosis.12 NSC23766, a selective inhibitor of Rac1 ac-
tivation, has been developed and was found to show anti- cancer 
effects in lymphoma.13 In BC, both upregulation of Rac1 GEF and 
downregulation of Rac1 GAP have been reported. Overexpression 
of P- Rex1, a Rac1 GEF, played a critical role in metastasis of luminal- 
type BC.14,15 Low expression of SrGAP3, a Rac1/Cdc42 GAP, was 
observed in invasive ductal breast carcinomas.16,17 Downregulation 
of SrGAP3 enhanced anchorage- independent cell growth in a Rac1- 
dependent way in human mammary epithelial cells.17 Activation of 
Rac1 contributed to trastuzumab (an inhibitory antibody to Human 
epidermal growth factor receptor 2 [HER2]) resistance which poses 
a serious problem during chemotherapy for HER2- positive BC.18,19

In the present study, we found that among the subtypes 
of human BC, high expression of Rac1 is correlated with poor 
prognosis, specifically of HER2- positive BC patients. We inves-
tigated the molecular mechanism underlying Rac1 activation in 

HER2- positive BC cells. Our results suggest that Rac1 activation 
requires downregulation of RhoB that is mediated by the CUL3/
KCTD10 E3 complex.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

SKBR- 3 cells and HEK293T cells were maintained at 37°C with 
5% CO2 in DMEM (Wako, Tokyo, Japan) supplemented with 10% 
FBS, 20 units/mL penicillin and 100 μg/mL streptomycin. MCF- 7 
cells were maintained at 37°C with 5% CO2 in EMEM (Wako) sup-
plemented with 10% FBS, 20 units/mL penicillin and 100 μg/mL 
streptomycin. MDA- MB- 231 cells and MDA- MB- 453 cells were 
maintained at 37°C without CO2 in Leiboviz's L- 15 medium (Wako) 
supplemented with 10% FBS, 20 units/mL penicillin and 100 μg/mL 
streptomycin. Other Materials and Methods are described in Doc S1.

3  | RESULTS

3.1 | In HER2- positive BC, high expression of Rac1 
mRNA significantly correlates with poor prognosis

We first examined whether the expression level of Rac1 correlates 
with the prognosis of human BC, the most common cancer in women, 
using the METABRIC database.20 METABRIC database contains 
transcriptome information of over 2000 clinically annotated primary 
BC, of which long- term clinical outcomes are available.20 Expression 
level of Rac1 mRNA did not significantly correlate with the progno-
sis of human BC (Figure 1A; P = .091, High: n = 1636, Low: n = 268). 
Human BC can be classified by gene expression profiles into five 
subtypes: luminal- A (ER+, PR+, Ki- 67low, HER2−), luminal- B (ER+, PR+, 
Ki- 67high, HER2+/−), HER2- positive (ER−, PR−, HER2+), basal (ER−, PR−, 
HER2−, cytokeratin5/6+, EGFR+), and claudin- low (ER−, PR−, HER2−, 
claudinlow) types.20–22 We found that high mRNA expression of Rac1 
significantly correlated with poor prognosis of HER2- positive BC 
(Figure 1B top left panel: P = .0012, High: n = 49, Low: n = 171). The 
other three types (basal, claudin- low, or luminal- B type) did not show 
significant correlation between the expression levels of Rac1 mRNA 
and their prognosis (Figure 1B top middle panel: P = .15, High: n = 97, 
Low: n = 102; Figure 1B top right panel: P = .052, High: n = 110, Low: 
n = 89; Figure 1B bottom right panel: P = .17, High: n = 70, Low: 
n = 391, respectively). In luminal- A- type BC, low mRNA expression 
of Rac1 significantly correlated with poor prognosis (Figure 1B bot-
tom left panel: P = .0046, High: n = 492, Low: n = 187).

3.2 | Cullin- 3/KCTD10 ubiquitin E3 ligase complex 
is essential for Rac1 activation through RhoB 
degradation in HER2- positive BC SKBR- 3 cells

Because high mRNA expression of Rac1 significantly correlated with 
poor prognosis of HER2- positive BC, we sought to understand how 
Rac1 is activated in this BC subtype. We envisaged that the outcome 
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may lead to new treatment options for HER2-  and Rac1- double- 
positive BC. Given the previous findings in HUVEC that RhoB was 
constitutively degraded by CUL3/KCTD107 and that overexpression 
of RhoB suppressed the activation of Rac1,10 we assumed that the 
activation of Rac1 in HER- 2- positive BC cells would also require the 
function of CUL3/KCTD10. SKBR- 3 cells (HER- 2- positive BC cells) 

were treated with siRNA oligos designed for CUL3 or KCTD10, and 
knockdown efficiency was confirmed by western blot (Figure 2A). 
We noticed that RhoB expression increased in cells depleted of 
CUL3 or KCTD10, suggesting that CUL3 and KCTD10 regulate the 
degradation of RhoB in SKBR- 3 cells (Figure 2A), as in HUVEC.7 
Expression of FLAG- tagged siRNA- resistant CUL3 or siRNA- resistant 

F IGURE  1 Survival analysis with Rac1 expression profiles in human breast cancer (BC) subtype. Kaplan- Meier plot with Rac1 expression 
profiles in Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) cohort using overall survival status. Shading along 
the curve shows 95% confidential interval. A, Analysis with all samples shows that Rac1 expression was not correlated with prognosis (High: 
n = 1636, Low: n = 268). B, In human epidermal growth factor receptor 2 (HER2)- positive subtype, high expression of Rac1 correlated with 
poor prognosis (High: n = 49, Low: n = 171). In other subtypes, luminal A subtype (High: n = 492, Low: n = 187), luminal B subtype (High: 
n = 70, Low: n = 391), basal subtype (High: n = 97, Low: n = 102), and claudin- low subtype (High: n = 110, Low: n = 89), Rac1 expression was 
not positively correlated with poor prognosis
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non- tagged KCTD10 reduced RhoB expression in CUL3 or KCTD10 
knockdown cells, respectively, excluding the off- target effect of 
siRNA (Figure 2B). RhoB expression was also increased by treatment 

with MLN- 4924, an inhibitor of cullin family proteins that functions 
by suppressing the neddylation of cullin, and BafA1, an inhibitor 
of vacuolar- type H+- ATPase (Figure 2C). MG- 132, a proteasome 

F IGURE  2 Cullin- 3 (CUL3) and KCTD10 regulate protein expression of RhoB and activation of Rac1 in SKBR- 3 cells. A, Western blots 
of SKBR- 3 cell lysates, 72 h post- transfection with siRNAs. B, Rescue experiments of CUL3 or KCTD10 knockdown. Western blots of 
SKBR- 3 cell lysates infected with siRNA- resistant- FLAG- CUL3- , or siRNA- resistant non- tagged KCTD10- carrying lentivirus. C, Western 
blots of cell lysates of SKBR- 3 cells treated with 1 μM MLN4924 for 24 h, 10 μM MG- 132 for 6 h or 0.5 μM bafilomycin A1 (BafA1) for 
24 h. Asterisk indicates neddylated CUL3. Nrf2 was a positive control to examine the effect of MG- 132. D, Serum- starved SKBR- 3 cells 
expressing RaichuEV- Rac1, a FRET biosensor for Rac1 activity, were stimulated with epidermal growth factor (EGF). Phase- contrast image 
and fluorescence images of FRET and cyan fluorescent protein (CFP) of SKBR- 3 cells treated with control siRNA, CUL3 siRNA #1 or KCTD10 
siRNA #1 were acquired every 15 s. Ratio images, showing Rac1 FRET efficiency, were created by the image arithmetic of the FRET/CFP 
ratio using MetaMorph software. Rac1 FRET efficiency showing Rac1 activity levels before and 10 min after EGF stimulation are shown as 
pseudo- color spectral images. Scale bars, 10 μm. See also Videos S1, S2 and S3. E, Quantitation of (D). Intracellular signal intensity of FRET/
CFP ratio at 10 min after EGF stimulation was normalized to that of quiescent cells (No EGF). Data are mean ± SEM (n = 5 cells). **P < .01. 
***P < .001. F, Confocal images of SKBR- 3 cells treated with control siRNA, CUL3 siRNA #1 or KCTD10 siRNA #1 for 72 h. Forty- eight 
hours after transfection of the GFP- Rac1 vector, cells were stimulated with EGF for 15 min, fixed, permeabilized, and stained for RhoB. 
Magnifications of the dashed squared areas are shown in the right images. Representative colocalized GFP- Rac1 and RhoB are indicated by 
arrows. Bars, 10 μm. G, Quantitation of (F). Colocalization of GFP- Rac1 with RhoB was determined using Pearson's correlation coefficient. 
Twenty cells from three independent experiments were analyzed. Data are mean ± SEM. ***P < .001
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inhibitor, slightly increased RhoB expression (Figure 2C). Other 
proteasome inhibitors, lactacystin and epoxomicin, also slightly in-
creased RhoB expression (Figure S1). Thus, RhoB may be degraded 
mainly through the lysosomal pathway after ubiquitination by CUL3/
KCTD10 in SKBR- 3 cells as in HUVEC.7 Expression of other Rho fam-
ily small GTPases, such as RhoA, RhoC, Rac1/2/3, or Cdc42, was not 
affected by knockdown of CUL3 or KCTD10 (Figure 2A). The same 
results were obtained in another HER2- positive BC cell line, MDA- 
MB- 453 cells (Figure S2A). By knockdown of CUL3 or KCTD10, pro-
tein expression of RhoB was increased and expression of other Rho 
family small GTPases (RhoA and RhoC) was not affected in MDA- 
MB- 453 cells (Figure S2A). We also examined the effects of CUL3 
or KCTD10 knockdown on RhoB expression in other subtypes of BC 
cell lines, MCF- 7 cells (luminal type) and MDA- MB- 231 cells (basal 
type) (Figure S2B,C). In contrast to HER2- positive BC cells, CUL3-  
or KCTD10- knockdown did not affect protein expression of RhoB 
in both MCF- 7 cells and MDA- MB- 231 cells (Figure S2B,C). These 

results suggest that the CUL3/KCTD10/RhoB axis functions specifi-
cally in HER2- positive BC cells.

We next biochemically examined the detection of the active Rac1 
in SKBR- 3 cells by pull- down with PAK- PBD affinity beads, which can 
bind to Rac1- GTP. As shown in Figure S3, Rac1- GTP was slightly de-
tected in control cells by the addition of EGF. This result suggested that 
EGF- induced Rac1 activation may occur transiently and/or locally in 
SKBR- 3 cells and, thus, it might be difficult to detect Rac1- GTP from 
total cell lysates by the pull- down assay. Alternatively, we then visu-
alized the activation of Rac1 in SKBR- 3 cells using a Rac1- FRET bio-
sensor, RaichuEV- Rac1.23,24 In control cells, only a basal level of FRET 
signal that indicates the presence of Rac1- GTP was observed without 
EGF. Ten minutes after EGF stimulation, the FRET signal became prom-
inent at membrane ruffles at the dorsal cell surface (Figure 2D,E; Video 
S1), suggesting that EGF- dependent activation of Rac1 occurred tran-
siently and locally in SKBR- 3 cells. In contrast, cells depleted of CUL3 or 
KCTD10 did not show an increase in FRET signals after EGF stimulation 

F IGURE  3 Plasma membrane 
dynamics of cullin- 3 (CUL3)-  or KCTD10- 
depleted SKBR- 3 cells. A, Phase- contrast 
images, before EGF stimulation (No EGF) 
and 10 min after EGF stimulation, of 
SKBR- 3 cells treated with the indicated 
siRNAs. Bars, 10 μm. Representative 
dorsal membrane ruffles and lamellipodia 
are indicated by yellow arrowheads and 
arrows, respectively. See also Videos 
S4, S5 and S6. B, Areas of SKBR- 3 cells 
treated with the indicated siRNAs, with 
or without epidermal growth factor 
(EGF) stimulation. Fifty cells from three 
independent experiments were analyzed. 
Data are mean ± SEM. ***P < .001. n.s., 
not significant. C, Scanning electron 
micrographs of SKBR- 3 cells depleted of 
CUL3 or KCTD10 with or without EGF 
stimulation. Magnifications of dashed 
squared areas are shown in the lower 
panels. Bars, 10 μm
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(Figure 2D,E, Videos S2 and S3). These results suggest that Rac1 could 
not be activated with EGF in cells depleted of CUL3 or KCTD10.

It has been suggested that overexpression of RhoB inhibited 
Rac1 activation at the plasma membrane by suppressing endosome- 
to- plasma membrane traffic of Rac1 in HUVEC.10 Therefore, we 
examined subcellular localization of Rac1 in SKBR- 3 cells. In control 
cells, GFP- Rac1 mostly localized in the plasma membrane of dorsal 
cell surface ruffles at 15 minutes after EGF stimulation (Figure 2F). In 
contrast, in cells depleted of CUL3 or KCTD10, plasma membrane lo-
calization of GFP- Rac1 was not observed; instead, it was found to be 
associated with intracellular vesicles. We observed partial colocaliza-
tion of GFP- Rac1 with endogenous RhoB (Figure 2F,G; arrows). These 
results suggest that CUL3 and KCTD10 are required for translocation 
of Rac1 from endosomes to the plasma membrane in SKBR- 3 cells.

3.3 | Cullin- 3/KCTD10 regulates plasma membrane 
dynamics of SKBR- 3 cells

Given that knockdown of CUL3 or KCTD10 in SKBR- 3 cells mostly abol-
ished the activation of Rac1, as indicated by FRET analysis (Figure 2C), 

we reasoned that cellular events regulated by Rac1 would also be af-
fected by knockdown of CUL3 or KCTD10. Because SKBR- 3 cells 
formed dorsal membrane ruffles in response to EGF (Figure 2D) and 
the formation of dorsal membrane ruffles requires Rac1 activation,25,26 
we examined whether knockdown of CUL3 or KCTD10 affects EGF- 
induced membrane ruffle formation at the dorsal cell surface.

We first examined the formation of membrane ruffles by phase- 
contrast live- cell imaging. In control cells, a number of membrane ruf-
fles, which can be detected as phase- dark objects in phase- contrast 
microscopy, originated from the cell periphery after EGF stimulation 
and moved along the dorsal plasma membrane (Figure 3A, arrow-
heads; Video S4). In contrast, in cells depleted of CUL3 or KCTD10, 
fewer membrane ruffles were formed by EGF stimulation (Figure 3A; 
Videos S5 and S6). Interestingly, instead of generating dorsal mem-
brane ruffles, cells formed lamellipodia, sheet- like thin membrane 
protrusions at the periphery of cells (Figure 3A, arrows). The cell 
area of CUL3-  or KCTD10- knockdown cells was approximately twice 
as large as that of the control cells after EGF stimulation (Figure 3B).

We next examined the fine architecture of the plasma mem-
brane by SEM imaging.27 Without EGF stimulation, we did not find 

F IGURE  4 Visualization of F- actin 
in cullin- 3 (CUL3)- , KCTD10-  or Rac1- 
depleted SKBR- 3 cells. A, Schematic 
diagrams of control and CUL3-  or 
KCTD10- depleted cells. Confocal images 
in (B, D) were obtained at the top or 
bottom sections of cells. B,  
F- actin staining by phalloidin in CUL3-  or 
KCTD10- depleted SKBR- 3 cells 15 min 
after epidermal growth factor (EGF) 
stimulation. Confocal images at the top 
and bottom sections of cells are shown. 
Inset: magnifications of the area indicated 
by a dashed square. Representative F- 
actin- positive dorsal membrane ruffles 
and lamellipodia are indicated by yellow 
arrowheads and arrows, respectively. 
Bars, 20 μm. C, Western blots of SKBR- 3 
cell lysates, 72 h post- transfection with 
siRNAs. D, F- actin staining by phalloidin 
in Rac1- depleted SKBR- 3 cells 15 min 
after EGF stimulation. Confocal images 
at the top and bottom sections of cells 
are shown. Inset: magnifications of 
the area indicated by a dashed square. 
Representative F- actin- positive dorsal 
membrane ruffles and lamellipodia are 
indicated by yellow arrowheads and 
arrows, respectively. Bars, 20 μm
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a significant difference among control cells and cells depleted of 
CUL3 or KCTD10; they had microvillus- like protrusions and small 
membrane ruffles on the cell surface (Figure 3C). After EGF stimu-
lation, control cells generated a number of dorsal membrane ruffles 

(Figure 3C). In contrast, cells depleted of CUL3 or KCTD10 did not 
generate dorsal membrane ruffles (Figure 3C). These cells became 
flat with a smooth cell surface, consistent with the generation of 
lamellipodia, as indicated by phase- contrast microscopy (Figure 3A).

F IGURE  5 Accumulation of RhoB by cullin- 3 (CUL3) or KCTD10 knockdown inhibits dorsal membrane ruffle formation. A, Western blots 
of SKBR- 3 cells lysates 72 h post- transfection of the indicated siRNAs. B, F- actin staining by phalloidin in SKBR- 3 cells treated with the 
indicated siRNAs. Confocal images 15 min after epidermal growth factor (EGF) stimulation at the top and bottom sections of cells are shown. 
Inset: magnifications of the area indicated by a dashed square. By RhoB knockdown, dorsal membrane ruffle formation (yellow arrowheads) 
and the accumulation of F- actin at the tip of membrane extensions of the cell periphery (yellow arrows) were restored at the top and bottom 
sections, respectively, of CUL3 or KCTD10- depleted cells. Bars, 20 μm. Note that aberrant F- actin morphology was observed in almost all 
SKBR- 3 cells treated with siRNAs targeting CUL3 or KCTD10, indicating that siRNAs were successfully transfected in almost all SKBR- 3 
cells. Therefore, RhoB siRNA was also transfected in almost all CUL3-  or KCTD10- knockdown cells. See also the blot for RhoB protein in 
Figure 5A. C, Areas of SKBR- 3 cells treated with the indicated siRNAs with EGF stimulation for 15 min. Fifty cells from three independent 
experiments were analyzed. Data are mean ± SEM. ***P < .001. n.s., not significant. D, F- actin staining by phalloidin in RhoB- overexpressing 
SKBR- 3 cells 15 min after EGF stimulation. Confocal images at the top and bottom sections of cells are shown. Note that exogenously 
expressing RhoB was visualized using a rabbit anti- RhoB polyclonal antibody (sc- 180; Santa Cruz Biotechnology, Dallas, TX, USA), which 
can recognize not endogenous but overexpressing RhoB in immunostaining. Representative cells overexpressing RhoB exogenously are 
indicated by yellow arrowheads, and non- transfected cells are indicated by yellow arrows. Bars, 20 μm
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3.4 | Aberrant F- actin organization by CUL3-  or 
KCTD10- depletion in SKBR- 3 cells is Rac1- dependent

As membrane ruffle formation was accompanied by actin polymer-
ization beneath the dorsal plasma membrane,28 we expected that 
F- actin organization would be different among EGF- stimulated 
control, CUL3- , or KCTD10- knockdown cells. Cells were stimu-
lated with EGF for 15 minutes, fixed, stained with fluorophore- 
labeled phalloidin that binds to F- actin, and imaged at the bottom 
and top by confocal microscopy (Figure 4A). In control cells, a 
number of F- actin- rich structures (Figure 4B, yellow arrowheads) 
were observed at the top section, corresponding to membrane 
ruffles of the dorsal cell surface. In contrast, such cell surface 
structures were hardly observed in CUL3-  or KCTD10- knockdown 
cells (Figure 4B).

At the bottom section of control cells, accumulation of F- actin 
was observed at the tip of the extensions of the plasma membrane 
(Figure 4B). In contrast, at the bottom section of CUL3-  or KCTD10- 
knockdown cells, continuous cortical actin was observed along 
the edge of the plasma membrane (Figure 4B, yellow arrows). Fan- 
shaped protrusions were often observed, indicating the formation 
of lamellipodia in these cells. In summary, these results showed that 
CUL3-  or KCTD10- knockdown SKBR- 3 cells had aberrant F- actin or-
ganization after EGF stimulation.

As Rac1 is required for the formation not only of membrane ruf-
fle but also of lamellipodia in some cell lines,29,30 we examined Rac1- 
dependency of the formation of membrane ruffle and lamellipodia 
in SKBR- 3 cells (Figure 4C,D). SKBR- 3 cells were treated with siRNA 
oligos designed for Rac1, and knockdown efficiency was confirmed 
by western blot (Figure 4C). In Rac1- depleted cells, fewer dorsal 
membrane ruffles were observed at the top section compared to 
control cells (Figure 4D, yellow arrowheads), and lamellipodia for-
mation was still observed by EGF stimulation (Figure 4D, yellow 
arrows), as seen in CUL3-  or KCTD10- knockdown cells (Figure 4B). 
We also found that enforced expression of constitutive- active Rac1, 
GFP- Rac1 (CA), in CUL3-  or KCTD10- knockdown cells restored dor-
sal membrane ruffle formation at the top section (Figure S4A,B, yel-
low arrowheads) compared to CUL3-  or KCTD10- knockdown cells 
that did not express GFP- Rac1 (CA) exogenously (Figure S4A,B, 
yellow arrows). Overexpression of GFP- Rac1 (CA) in CUL3-  or 
KCTD10- knockdown cells did not induce lamellipodia formation at 
the bottom section (Figure S4A,B). Together, these results suggest 
that Rac1 is essential for the formation not of lamellipodia but of 
dorsal membrane ruffle by EGF stimulation in SKBR- 3 cells, and that 
aberrant membrane dynamics by CUL3-  or KCTD10- knockdown is 
due to inability to activate Rac1 by EGF stimulation.

3.5 | Cullin- 3/KCTD10 regulates F- actin organization  
in a RhoB- dependent manner

As shown (Figure 2A), we noticed that RhoB expression drastically 
increased in SKBR- 3 cells depleted of CUL3 or KCTD10. As RhoB 
inhibited Rac1 activation in HUVEC,10 the increased expression 

of RhoB by knockdown of CUL3 or KCTD10 in SKBR- 3 cells may 
 contribute to the inactivation of Rac1, which results in the aber-
rant F- actin organization. To test this, we further depleted RhoB in 
CUL3-  or KCTD10- depleted cells (Figure 5A). As indicated by F- actin 
staining, RhoB knockdown restored EGF- induced membrane ruffle 
formation at the dorsal surface of CUL3-  or KCTD10- depleted cells 
(Figure 5B; yellow arrowheads). RhoB knockdown also restored the 
accumulation of F- actin at the tip of the lateral extensions of the cell 
periphery (Figure 5B; yellow arrows), as was seen in control cells. 
The cell area of CUL3-  or KCTD10- depleted cells was reduced by 
RhoB knockdown compared to that of control cells (Figure 5C). In 
addition, enforced expression of RhoB exogenously in SKBR- 3 cells 
inhibited the dorsal membrane ruffle formation (Figure 5D; yellow 
arrowheads). In contrast, SKBR- 3 cells that did not overexpress 
RhoB normally formed membrane ruffles at the dorsal cell surface 
(Figure 5D; yellow arrows). These results suggest that aberrant F- 
actin organization caused by CUL3 or KCTD10 knockdown is at 
least, in part, due to the accumulation of RhoB.

3.6 | Human epidermal growth factor receptor 
2 signaling is required for generation of dorsal 
membrane ruffles and Rac1 activation

We examined whether HER2 signaling contributes to membrane 
ruffle formation in SKBR- 3 cells. HER2 is transactivated by EGF- 
activated EGFR.31,32 In control cells, after EGF stimulation, HER2 
colocalized well with F- actin, indicating the presence of HER2 at the 
dorsal membrane ruffles (Figure 6A). In contrast, as is the case with 
cells depleted of CUL3 or KCTD10 (Figure 4), cells depleted of HER2 
did not show F- actin concentration at the dorsal side of the plasma 
membrane (Figure 6A). Instead, as indicated by F- actin staining, 
flat lamellipodia extended approximately all over the cell periphery 
(Figure 6A). The same results were essentially obtained by treating 
the cells with Herceptin (Figure 6B), an inhibitory antibody that tar-
gets the extracellular domain of HER2, or with lapatinib or gefitinib 
(Figure S5A,B), HER2 or EGFR specific tyrosine kinase inhibitors, 
 respectively. These results suggest that the kinase activity of HER2 
is required for dorsal membrane ruffle formation in response to EGF 
stimulation. We also monitored EGF- induced generation of Rac1- 
GTP in HER2- knockdown or Herceptin- treated SKBR- 3 cells using 
a Rac1- FRET biosensor (Figure 6C,D). FRET signals by EGF stimu-
lation were attenuated by knockdown of HER2 or treatment with 
Herceptin, compared to control cells (Figure 6C,D, Videos S7-S10). 
These results suggest that HER2 is essential for EGF- induced Rac1 
activation in SKBR- 3 cells.

We then examined the relationship between HER2 signaling and 
CUL3/KCTD10- mediated RhoB degradation pathway. As shown 
(Figure S6A), knockdown of HER2 or lapatinib treatment did not af-
fect the protein levels of CUL3, KCTD10, or RhoB in SKBR- 3 cells 
(Figure S6A). EGF stimulation did not affect the expression levels of 
these proteins (Figure S6A). Intracellular localization of RhoB was not 
affected by HER2 knockdown (Figure S6B). Both EGFR and HER2 lo-
calized on the plasma membrane in CUL3 or KCTD10- depleted cells, 
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as seen in control cells (Figure S6C). As HER2 depletion did not af-
fect the amount of RhoB, the results suggest that HER2 signaling has 
a distinct site of action from CUL3/KCTD10.

3.7 | Cullin- 3/KCTD10 is required for cell 
proliferation of SKBR- 3 cells

Finally, as Rac1 activation is also known to regulate cell growth11 
and we found that Rac1 activation requires constitutive degradation 
of RhoB by CUL3/KCTD10 ubiquitin E3 complex, we hypothesized 
that CUL3 and KCTD10 regulate cell proliferation of SKBR- 3 cells. 
As  expected, cell proliferation of SKBR- 3 cells in the presence of 
EGF was drastically suppressed by CUL3-  or KCTD10- knockdown, 
as seen in Rac1 or HER2 knockdown cells (Figure 7A). Together with 
Rac1- FRET imaging shown in Figure 6C,D, HER2 signaling may func-
tion in the translocation step of Rac1- loaded intracellular vesicles 

to the plasma membrane and/or the activation step of Rac1 at the 
plasma membrane for the generation of dorsal membrane ruffles 
and signal transduction for cell proliferation (Figure 7B).

4  | DISCUSSION

Human epidermal growth factor receptor 2 is a member of the ErbB 
receptor tyrosine kinase family. Although HER2 has no specific li-
gands, HER2 forms heterodimers with other ErbB receptors (EGFR, 
HER3, and HER4) and contributes to various cellular signaling path-
ways.33–37 HER2- positive BC progress more aggressively than other 
subtypes of BC, and gene amplification and overexpression of HER2 
in BC are correlated with poor prognosis.38 Mechanistically, overex-
pression of HER2 induces the activation of signaling pathways for 
cell proliferation (e.g. MAPK pathway and PI3K/Akt pathway) and 

F IGURE  6 Human epidermal growth 
factor receptor 2 (HER2) is essential for 
dorsal membrane ruffle formation and 
Rac1 activation. A, HER2 and F- actin 
were stained by Herceptin as a primary 
antibody and phalloidin, respectively, in 
SKBR- 3 cells treated with the indicated 
siRNAs. Confocal images 15 min after 
epidermal growth factor (EGF) stimulation 
at the top and bottom sections of cells are 
shown. Bars, 20 μm. B, F- actin staining 
by phalloidin in SKBR- 3 cells treated with 
Herceptin (1 mg/mL, for 24 h). Confocal 
images 15 min after EGF stimulation at 
the top and bottom sections of cells are 
shown. Herceptin was visualized with 
Alexa488- conjugated anti- human IgG 
antibody. Bars, 20 μm. C,D, Serum- starved 
SKBR- 3 cells expressing RaichuEV- Rac1, 
a FRET biosensor for Rac1 activity, were 
stimulated with EGF. Phase- contrast 
images and fluorescence images of 
FRET and cyan fluorescent protein (CFP) 
of SKBR- 3 cells treated with control 
siRNA (C, upper panels), HER2 siRNA (C, 
lower panels), PBS (D, upper panels) or 
Herceptin (D, lower panels) were acquired 
every 15 s. Ratio images, showing Rac1 
FRET efficiency, were created by image 
arithmetic of the FRET/CFP ratio using 
MetaMorph software. Rac1 FRET 
efficiency showing Rac1 activity levels 
before and 10 min after EGF stimulation 
are shown as pseudo- color spectral 
images. Scale bars, 10 μm. See also Videos 
S7, S8, S9 and S10
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upregulates gene expressions that are critical for EMT.35–37,39,40 
Recently, overexpression of HER2 was shown to deform the plasma 
membrane in a kinase activity- independent way, leading to disrup-
tion of normal epithelial morphology,41 which argues an interest-
ing possibility that the deformation contributes to the EMT of BC 
with high expression of HER2. In the present study, we found that 
HER2 is essential for the generation of dorsal membrane ruffles in 
SKBR- 3 cells (Figure 6). Dorsal membrane ruffle is a form of plasma 
membrane, frequently found in a motile cell surface.42 Therefore, in 
addition to cell proliferation and EMT, HER2 may contribute to cell 
movement, which is relevant to metastatic potentials of BC. Of note, 
HER2 homodimers and HER2- containing clusters are preferentially 
found in membrane ruffles in SKBR- 3 cells,43,44 suggesting a positive 
feedback loop between HER2 and HER2 signaling on the membrane 
ruffles.

Although HER2- targeted therapy, such as that with trastuzumab 
(an inhibitory humanized monoclonal antibody to HER2), is the first- 
line and effective therapy towards HER2- positive BC, development 
of trastuzumab resistance has been recognized. The majority of pa-
tients who showed an initial response to trastuzumab subsequently 
acquired resistance within 1 year.45–47 Approximately half of the 
patients treated with chemotherapy combined with trastuzumab ac-
quired resistance to trastuzumab within approximately 7 months.48 
Ex vivo study using SKBR- 3 cells suggested that Rac1 activation 
could be one of the molecular mechanisms underlying the devel-
opment of trastuzumab resistance. Overexpression of CA Rac1 at-
tenuated the efficacy of trastuzumab in SKBR- 3 cells.18 In contrast, 
treatment of SKBR- 3 cells with NSC23766, a selective inhibitor of 
Rac1 activation, reduced trastuzumab resistance.18,19 In the pres-
ent study, we found a novel CUL3- mediated molecular mechanism 
to regulate Rac1 activation. As Rac1 is also known to regulate cell 
proliferation through activation of mammalian target of rapamycin 
(mTOR) and p38/MAPK pathways,49 and knockdown of CUL3 or 

KCTD10 suppressed cell proliferation in SKBR- 3 cells (Figure 7A), 
inhibition of the complex formation of CUL3/KCTD10 will be a new 
strategy to suppress Rac1 activation and may lead to new treatments 
for HER- 2 positive BC. Interestingly, mRNA expression of CUL3 and 
KCTD10 was not correlated with prognosis of HER2- positive BC 
(Figure S7; P = .14, High: n = 39, Low: n = 181; P = .091, High: n = 51, 
Low: n = 169, respectively). Together with Rac1 transcriptome data 
in HER2- positive BC (Figure 1B), CUL3/KCTD10 could constitutively 
activate Rac1 in HER2- positive BC in the response of growth factors, 
and inhibition of CUL3/KCTD10 function might be more effective in 
Rac1high/HER2- positive BC than in Rac1low/HER2- positive BC.

It has been extensively studied as to how Rac1 is activated and 
regulates actin dynamics at the plasma membrane. Recently, the 
steady- state distribution of Rac1 was analyzed in endothelial cells 
and the results suggested that Rac1 was mainly localized on intra-
cellular vesicles.10 With various stimuli, Rac1- loaded vesicles imme-
diately translocated to the plasma membrane so that Rac1 functions 
at the plasma membrane.50 RhoB appears to be a negative regulator 
of this translocation. Overexpression of RhoB in endothelial cells 
suppressed the translocation of Rac1- loaded vesicles to the plasma 
membrane, resulting in impaired barrier reformation.10 In the pres-
ent study, we found that the protein level of RhoB was increased and 
that Rac1 remained intracellularly after EGF stimulation in SKBR- 3 
cells depleted of CUL3 or KCTD10. Further knockdown of RhoB in 
these cells restored dorsal membrane ruffle formation, indicating 
that RhoB negatively regulates the translocation of Rac1 in BC cells. 
Together with the results in endothelial cells,10 these results suggest 
the general role of RhoB in the suppression of Rac1 translocation 
and activation. Further investigations to elucidate the molecular 
mechanisms as to how RhoB regulates Rac1 trafficking/activation 
are needed. In addition to manipulation of the protein levels of RhoB 
through the CUL3/KCTD10 complex, the manipulation of RhoB ac-
tivity by RhoB GEF51 may be considered to cure HER2- positive BC.

F IGURE  7 Cullin- 3 (CUL3) and KCTD10 regulate cell proliferation in SKBR- 3 cells. A, SKBR- 3 cells were treated with indicated siRNA 
for CUL3, KCTD10, human epidermal growth factor receptor 2 (HER2) or Rac1 for 48 h. Trypsinized cells (total 0.5 × 105 cells) were then 
replated and treated with the same siRNA 24 h after replating in the presence of epidermal growth factor (EGF; 100 ng/mL). Cell number 
was counted every 24 h after replating. Data are mean ± SEM from three independent experiments. ***P < .001. B, Scheme of the present 
study. CUL3/KCTD10 E3 complex constitutively ubiquitinates RhoB leading to its degradation. Low level of RhoB enables activation of Rac1 
by stimulation through the EGF/EGFR/HER2 signaling pathway in HER2- positive breast cancer cells. In CUL3 or KCTD10 knockdown cells, 
accumulated RhoB impairs Rac1 trafficking from endosomes to the plasma membrane, resulting in the inhibition of Rac1- dependent dorsal 
membrane ruffle formation and cell proliferation
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