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1  | INTRODUC TION

To accomplish metastasis ending with outgrowth at a distant 
organ, cancer cells must invade, survive, and proliferate in ectopic 

environments, where they encounter overall irrelevant and inade-
quate contact with ectopic ECM, even in the absence of ECM.1 In 
particular, in the bloodstream, circulating cancer cells that must sur-
vive without anchorage long enough to settle in a secondary organ.2 
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Abstract
Previously, we reported that non- apoptotic cell death was induced in non- malignant 
mammary epithelial cells (HMECs) upon loss of anchorage during 48 h incubation in 
suspension. In this study, we examined HMECs in suspension at an earlier time point 
and found that most of them lost attachment ability to substrata when replated, al-
though >80% were alive. This suggested that HMECs lost reattachment ability (RA) 
prior to cell death upon detachment. Concomitant with the loss of RA, a decrease in 
the levels of β1 and β4 integrin was observed. In sharp contrast, breast cancer cells 
retained integrin levels, reattached to substrata, and formed colonies after exposure 
to anchorage loss as efficiently as those maintained under adherent conditions. Such 
RA of cancer cells is essential for the metastatic process, especially for establish-
ing adhesion contact with ECM in the secondary organ after systemic circulation. 
Further analysis suggested that sustained levels of β4 integrin, which was mediated 
by Rac1, was critical for RA after anchorage loss and lung metastasis of breast can-
cer cells. In the cancer cells, persistent Rac1 activity enhanced escape of β4 integrin 
from lysosomal degradation depending on actin- related protein 2/3 and TBC1D2, a 
GTPase- activating protein of Rab7 GTPase. Notably, simultaneous high expression of 
ITGB4 and RAC1 was associated with poor prognosis in patients with breast cancer. 
Therefore, β4 integrin and Rac1 are attractive therapeutic targets to eliminate RA 
in cancer cells, thereby preventing the initial step of colonization at the secondary 
organ during metastasis.
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Therefore, cancer cells frequently exhibit anchorage- independent 
cell survival and growth or resistance to cell death and growth arrest 
that are induced in the absence of adhesion, in addition to tolerance 
to mechanical stress exerted by blood flow and robustness to the 
attacks of the immune system.

However, even if cancer cells survive adverse conditions in cir-
culation and reach the secondary site, they fail to colonize the site 
unless they adhere to the ECM or basement membrane underlying 
the vessel endothelium, establish adhesion contact with substrata, 
such as laminin, and successfully extravasate into the surround-
ing tissue.2,3 Millions of cells are possibly released from a primary 
tumor every day, and most cells are likely to reach the secondary 
site shortly after entering the bloodstream; however, only a small 
minority colonizes a distant organ. Most cells remain trapped in a 
capillary bed and eventually die intravascularly by apoptosis without 
forming new anchorage within 1- 2 d.4 Therefore, for metastasis, the 
ability to reattach and establish adhesion contact with the substrata 
is considered as important as anchorage- independent survival and 
growth. Anchorage- independent behaviors have been extensively 
studied as a hallmark of cancer.5 However, the RA of cells has re-
ceived less attention.

In this study, we investigated the RA of mammary epithelial cells 
and found that the RA of breast cancer cells was resistant to anchor-
age loss, similar to survival and growth. They reattached to substrata 
and formed colonies after suffering anchorage loss with the same 
efficiency as before. By contrast, in non- malignant cells, RA was lost 
after detachment concomitantly with the loss of β1 and β4 integrins. 
In cancer cells, β1 and β4 integrins persistently existed after detach-
ment, which contributed to RA of cancer cells. Further analysis re-
vealed that Rac1 activity remained in the absence of adhesion and 
was reactivated in response to reattachment in cancer cells, which 
mediated the anchorage- independent β4 integrin existence and RA, 
resulting in eventual metastasis to the lung. In conclusion, the Rac1/
β4 integrin axis has emerged as a critical mediator of extravasation 
including the establishment of adhesion contact with ECM after 
systemic circulation, an initial step for colonization at the secondary 
organ during metastasis.

2  | MATERIAL S AND METHODS

2.1 | Cell lines and culture conditions

All cancer cell lines were obtained from the ATCC and maintained in 
the appropriate medium, as shown in Table S1. Subtypes of cell lines 
were categorized as described.6 HMECs were cultured as described.7

For adherent and non- adherent or suspension cultures, denoted 
as A0 and S0, respectively (Figure 1A), cells were detached from the 
culture dish using TrypLE Express (Thermo Fisher Scientific) to ob-
tain a single- cell suspension in the growth medium supplemented 
with 0.5% methylcellulose, divided equally, and plated onto culture 
plates coated with or without polyHEMA for non- adherent and 

adherent cultures, respectively. After incubation for 24 h in a CO2 
incubator at 37℃, the cells were used for experiments. The culture 
conditions following A0 and S0 for each experiment are illustrated in 
Figure 1A, and the representative images of cells under these condi-
tions are shown in Figure S1A.

Other methods are described in Supplementary material Doc. S1.

3  | RESULTS

3.1 | RA and CFA of malignant and non- malignant 
mammary epithelial cells

CFA, an indicator of the proliferative potential of cells, is an in vitro 
surrogate marker of the aggressiveness or stemness of cancer cells 
in vivo, and is frequently anchorage independent in cancer cells.5,8 
In this study, we examined the CFA of malignant and non- malignant 
mammary epithelial cells in accordance with the experimental pro-
cedures as illustrated in Figure 1A. We used Matrigel and type I col-
lagen as in vitro substrates as alternatives to basement membrane 
under the vascular wall and interstitial matrix in perivascular tissue in 
vivo, respectively. As shown in Figure 1B, CFAs of breast cancer cells 
in 2 populations incubated under adherent (A0/A) and non- adherent 
conditions (S0/A) were almost equal, confirming that CFA was an-
chorage independent. We studied 5 breast cancer cell lines as repre-
sentatives of 4 subtypes (Table S1)6 and obtained the same results.

However, CFA was anchorage dependent in non- malignant mam-
mary epithelial cells and compromised upon loss of anchorage, usu-
ally with the concomitant induction of cell death, known as anoikis.9 
Therefore, the CFA of HMECs kept in suspension for 24 h was <20% 
compared with that of their counterpart (Figures 1B and S1B; HMEC, 
A0/A vs. S0/A). However, results from parallel experiments revealed 
that cell viabilities were equally high under both adherent (A0) and 
non- adherent (S0) conditions within the span of incubation. Notably, 
80.6% of cells were alive at 24 h after detachment in suspension 
(Figure 1C): cell death became evident only after 48 h, as described.7 
This apparent discrepancy between low CFA and high viability of 
HMECs at an earlier time point indicates that non- malignant cells 
suffering anchorage loss lose CFA within 24 h without losing viability.

Loss of CFA in HMECs during early periods after detachment 
prompted us to examine the attachment properties of HMECs in 
suspension. We examined RA following the procedure used for the 
assessment of CFA (Figure 1A). Briefly, cells preincubated under 
adherent (A0) or non- adherent conditions (S0) for 24 h, the viabil-
ities of which were >80% as described, were plated on substrata 
and allowed to adhere for 30 min. The reattachment of cells prein-
cubated in suspension reached a plateau by this time (Figure S1C; 
S0/A*). After removing unattached cells, the number of attached 
cells was quantified. Interestingly, the number derived from non- 
adherent preculture (Figure 1D; HMEC, S0/A*) was significantly 
smaller compared with that from the adherent preculture (HMEC, 
A0/A*). In short, most cells in the non- adherent culture (S0) were 
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alive but not reattached and were removed as unattached cells, 
demonstrating that cellular adhesiveness to substrata was selec-
tively impaired within 24 h in cells kept in suspension. Accordingly, 
it was most likely that the low CFA of HMECs undergoing anchor-
age loss was primarily due to the impaired adhesiveness to sub-
strata when replated.

By contrast, RA was not compromised in breast cancer cells 
during incubation in suspension. The number of reattached cells 
was almost the same between populations preincubated under ad-
herent (A0/A*) and non- adherent (S0/A*) conditions (Figure 1D) in 

agreement with the CFA (Figure 1B). Results were the same among 
breast cancer cell lines studied, although their inherent attachment 
rates varied. Therefore, unlike HMECs, breast cancer cells retained 
RA during loss of anchorage, thereby adhering and forming colonies 
when in contact with substrate. Such persistent RA of cancer cells 
after anchorage loss presumably plays an important role in accom-
plishing metastasis, including establishment of adhesion contact 
with basement membrane under a vascular wall after systemic cir-
culation, followed by extravasation into the parenchyma of a sec-
ondary organ.3

F I G U R E  1   The colony forming ability (CFA) and reattachment ability (RA) of malignant and non- malignant mammary epithelial cells under 
adherent and non- adherent conditions. A, Schematic representation of the experimental procedure used in assays for attachment- related 
properties of cells. Cells categorized into groups, adherent (A0) and non- adherent (S0), and incubated for 24 h under A0 and S0 conditions, 
respectively, as described in Materials and Methods (cell lines and culture conditions), were used for western blotting. For colony formation 
and attachment assays, cells (A0 and S0) were dissociated and seeded onto plates coated with Matrigel or type I collagen (A0/A and S0/A). 
After 14 d, colony formation was quantified. The cell attachment assay was performed with cells (A0 and S0) dissociated and stained with 
the dye, as described in Materials and Methods. The cells were then replated and incubated for 30 min at A0/A and S0/A. After removal of 
unattached cells, the attached cells were quantified (A0/A* and S0/A*). Pull- down assay was conducted following the steps for A0 and S0 or 
A0/A* and S0/A*. Representative images of cells (HMECs) cultured under each condition are shown in Figure S1A. Details for each assay are 
described in Materials and Methods. B, CFA of HMECs and cells from breast cancer cell lines (Table S1). Ratio to the control, the value from 
cells on Matrigel- coated plates (A0/A; Matrigel) is shown. C, Viability of HMECs in suspension. HMECs were cultured under non- adherent 
conditions (S0), and cell viability was determined by trypan blue exclusion at the time indicated. D, RAs of HMECs and cells from breast 
cancer cell lines assessed by cell attachment assays. Ratio of attached cells to the initial input is shown as attachment percentage. Values 
represent mean ± SD from at least 3 independent experiments. *P < .01

(A)

(C)(B)

(D)
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3.2 | Anchorage dependence and independence of 
β1 and β4 integrin levels responsible for RA and 
metastatic potential of mammary epithelial cells

The ability of cells to attach to ECM depends mostly on integrins, 
a group of cell adhesion receptors that recognize the ECM.3 In this 
study, we found that protein levels of β1 and β4 integrin were mark-
edly reduced in HMECs after detachment (Figure 2A; HMEC, A0 
vs. S0); 2 forms of β1 integrin were detected, which were probably 
differentially glycosylated.10 Since mRNA levels were unchanged 
(Figure 2B; HMEC, A0 vs. S0), the decrease in integrins was mainly 
regulated at a protein level. In contrast with HMECs, cancer cells 
retained the 2 integrins at comparable levels at both protein and 
mRNA levels under the 2 culture conditions (Figure 2A,B). Given 
that β4-  as well as β1- containing integrins play fundamental roles in 
the adhesion of epithelial, including mammary epithelial, cells,11- 13 
their decreased level in HMECs in suspension was the most probable 
cause of the deteriorated RA of cells, and their persistent level in 
cancer cells potentially underpinned the RA of cells. Analysis of pro-
tein stability by cycloheximide chase methods showed that the β4 
integrin protein was less stable in HMECs compared with in cancer 
cells under non- adherent conditions (Figure 2C).

To demonstrate the impact of integrin level on RA, we estab-
lished MDA- MB- 231 cells expressing shRNAs for β1 or β4 integrins 
with 2 unrelated sequences (shITG β1#2 and #3, and shITG β4#1 
and #5) along with those expressing non- targeted shRNA (shNT). 
Successful knockdown of each integrin was confirmed by western 
blotting and flow cytometry (Figure 3A,B). Knockdown with the shR-
NAs revealed that the RA of cancer cells deteriorated considerably 
(Figure 3C); shRNAs for β1 and β4 integrins were comparably ef-
fective. Therefore, both β1 and β4 integrins were required for RA in 
mammary epithelial cells, suggesting that the difference of RA be-
tween HMECs and cancer cells could be attributed to the difference 
in the dependency of their integrin levels on anchorage.

Notably, the knockdown of β4 integrin dramatically suppressed 
the lung metastasis of MDA- MB- 231 cells that were inoculated or-
thotopically and growing in mammary fat pads (Figure 3D,E). Of the 
properties underlying the metastatic potential of cells, migratory 
ability was impaired by this knockdown, while doubling time was not 
significantly affected (Figure S2A,B). Collectively, it is likely that the 
decrease in β4 integrin levels led to defects in the RA and migratory 
ability of cancer cells, thereby interfering with metastasis. Depletion 

of β1 integrin can also reportedly interfere with lung metastasis of 
breast cancer cells.14

3.3 | Anchorage- dependent change of Rac1 activity 
in mammary epithelial cells

Expression levels of integrin and cell adhesion are regulated by the 
Rho family of small GTPases; representative members are Rac1, 
Cdc42, and RhoA.15,16 To understand the anchorage dependence 
and independence of integrin levels and RA in mammary epithe-
lial cells, we examined the activities of GTPases in cells under the 
conditions used for the reattachment assay (Figure 1A). Pull- down 
experiments detected the active form of Rac1 in samples from 
HMECs under adherent conditions (Figure 4A; Rac1/GST- CRIB, A0). 
However, in cells cultured in suspension, this form was undetectable 
(Rac1/GST- CRIB, S0), suggesting that Rac1 activity was anchorage 
dependent, which was similar to integrin level and RA in HMECs. The 
active form of Cdc42 was barely detectable under the experimen-
tal conditions, and its amount visualized under an extended detec-
tion setting was unchanged between culture conditions (Figure 4A; 
Cdc42/GST- CRIB, A0 and S0). In addition, the active form of RhoA 
was unchanged (RhoA/GST- RBD).

The active form of Rac1 was also detected under adherent con-
ditions in MCF7 and MDA- MB- 231 cells, whereas its amount was 
reduced under non- adherent conditions (Figure 4B; Bound Rac1/
MCF7 and MDA- MB- 231, A0 vs. S0). Therefore, Rac1 was similarly 
inactivated upon detachment in HMECs and cancer cells. In cancer 
cells, however, Rac1 remained active to some extent (MCF7 and 
MDA- MB- 231, S0). In addition, Rac1 was reactivated in cancer cells 
when cells in suspension were replated onto the substratum (S0 vs. 
S0/A*). Similar to the changes in Rac1 activity, activation or inactiva-
tion of FAK, an upstream regulator of Rac1, was observed [Figure 4C; 
pFAK(Y397)]. In particular, FAK remained partially activated in can-
cer cells cultured in suspension (MCF7 and MDA- MB- 231, S0), possi-
bly contributing to the aberrant Rac1 activation in cancer cells. This 
was in striking contrast with that for HMECs, in which Rac1 and FAK 
remained off or inactivated after detachment even if the cells were 
transferred to adherent culture (Figure 4B,C; HMEC, S0 and S0/A*).

In summary, in cancer cells, Rac1 remained activated during loss 
of anchorage, albeit at a lower level, downstream of FAK, and was 
reactivated in response to reattachment to the substrate. Therefore, 

F I G U R E  2   β1 and β4 integrin (ITG) levels under adherent and non- adherent conditions. A, β1 and β4 integrin levels in HMECs and breast 
cancer cells under adherent (A0) and non- adherent (S0) conditions were examined using western blotting with the indicated antibodies. α- 
Tubulin was used as the loading control. The band intensities were quantified using ImageJ software, normalized against those of α- tubulin, 
and graphed. B, The mRNA levels of β1 and β4 integrin in HMECs and cancer cells cultured as in A were examined by qPCR. The values were 
normalized with those of the TATA- box binding protein and shown as relative to the control (A0). C, HMECs and MDA- MB- 231 cells were 
incubated under non- adherent conditions in the presence of cycloheximide (100 µg/mL) for the indicated times, and at each time point, 
the amount of β4 integrin was quantified by western blotting using ImageJ software. After normalization to values of Coomassie- stained 
total protein, the percentages of the remaining amounts of β4 integrin were plotted. The half- life (t1/2) of the protein was calculated from 
the slope between the points on the graph and averaged. Values are represented as mean ± SD from at least 3 independent experiments. 
*P < .01. NS, not significant
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reactivation and/or remaining activity of Rac1 potentially contribute 
to sustained integrin level and/or RA in cancer cells after anchorage 
loss.

3.4 | Rac1 activity regulates integrin level and RA in 
mammary epithelial cells

To substantiate the potential involvement of Rac1 activity in sus-
tained integrin level and persistent RA in cancer cells, we interfered 

with Rac1 activity in cells and observed the effects on their phe-
notypes. We virally transduced an expression system of the DN 
form of Rac1 and those of the other members of the family, namely 
Cdc42 and RhoA, based on the Tet- Off system in MDA- MB- 231 
cancer cells. After establishing cell lines expressing the DNs in the 
absence of DOX, we first examined their effects on β1 and β4 inte-
grin level. Except for a slight decrease in response to detachment, 
which was observed in most cell lines irrespective of the DN expres-
sion (Figure 5A; ITGβ1 and ITGβ4, A0 vs. S0), β4 level was signifi-
cantly affected by Rac1 DN expression and decreased in response 

F I G U R E  3   Knockdown of β1 and β4 
integrin (ITG) expression and its impact 
on RA and lung metastasis. shRNA 
[shITGβ1#2, #3, shITGβ4#1, #5 and 
control (shNT)]- expressing cells were 
established from non-  (A- C) or tdTomato- 
labeled MDA- MB- 231 cells (D, E) (see 
Materials and Methods). Knockdown 
effects were verified by western blotting 
(A) and flow cytometry (B) using the 
indicated antibodies. A, α- Tubulin was 
used as the loading control. The band 
intensities were quantified, normalized 
with those of α- tubulin, and shown as 
relative to the control (shNT) below the 
panels. B, Representative histograms are 
shown. C, RA of shRNA- expressing cells 
was evaluated using the cell attachment 
assay on Matrigel- coated dishes as 
A0/A* in Figure 1D. Values represent 
mean ± SD from at least 3 independent 
experiments. *P < .01. D, E, Cells were 
inoculated into the mammary fat pads 
of female NOD/SCID mice. When the 
tumor volume reached approximately 1.0 
cm3, the metastatic nodules in the lobes 
of the lungs— representative images are 
shown (E)— were quantified and plotted as 
described in the Materials and Methods 
(D). Horizontal lines indicate the means 
from the indicated number of mice. 
*P < .01

(A) (B)

(C)

(E)

(D)

F I G U R E  4   Rac1 activity under adherent and non- adherent conditions. A, Rac1 and Cdc42, were precipitated with GST- CRIB and RhoA 
with GST- RBD, and analyzed by western blotting in HMECs cultured under adherent (A0) or non- adherent (S0) conditions (Figure 1A). The 
Flag- tagged constitutively active mutant of Rac1 and Cdc42 (Rac1 V12 and Cdc42 V12, respectively) were expressed in HMECs and used 
as the positive control (V12). The band intensities of the active forms (GST- CRIB or GST- RBD) were quantified using ImageJ software, 
normalized against those of the total lysate, and shown as relative to the control (A0) in graphs. B, Cells cultured as A0 and S0 or reattached 
as A0/A* and S0/S* (Figure 1A) for 1 h on Matrigel- coated plates were used for pull- down assays and analyzed as in (A). Values represent 
mean ± SD from at least 3 independent experiments. *P < .01. NS, not significant. C, Cells, cultured as in (B), were examined by western 
blotting using the indicated antibodies. α- Tubulin was used as the loading control. The band intensities of pFAK were quantified, normalized 
with those of FAK, and shown as relative to the control (A0) below the panel of pFAK
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to detachment as HMECs in Figure 2A (Figure 5A; ITGβ4/Rac 
N17, DOX+ vs. DOX−, A0 vs. S0). Conversely, β1 level was almost 
unchanged in the presence and absence of DOX (ITGβ1/Rac N17, 
DOX+ vs. DOX−). Cdc42 and RhoA DN expressions had no signifi-
cant effect on both integrin levels (Cdc42 N17 and RhoA N19, DOX+ 

vs. DOX−). Therefore, Rac1 activity regulates β4 level in cancer cells. 
The level of β1 appeared constitutive and independent of Rac1 ac-
tivity. Consistent with our results, a study reported that activated 
Rac1 selectively upregulates the expression level of β4 integrin in 
colon cancer cells.17

F I G U R E  5   Rac1 activity underlying reattachment ability (RA) and β4 integrin level in breast cancer cells. A- E, MDA- MB- 231 cells were 
infected with Tet- Off lentiviral expression vectors encoding Flag- tagged DN mutants of GTPases (Rac1 N17, Cdc42 N17, and Rho N19) and 
selected with 1 µg/mL puromycin. The resistant cells were incubated for 24 h in the presence (DOX+) or absence (DOX−) of doxycycline 
(DOX) (2 ng/mL) and then cultured for 24 h under adherent (A0) or non- adherent (S0) conditions. Total cell lysates were examined by western 
blotting using the indicated antibodies (A). GAPDH was used as the loading control. The band intensities were quantified using ImageJ 
software, normalized against those of GAPDH, and shown as relative to the control (DOX+/A0) in graphs. B , C, RA (B) and colony forming 
ability (CFA) (C) on Matrigel- coated plates, respectively, were examined. After incubation under non- adherent conditions for 24 h, cells were 
assayed for RA (S0/A*) and CFA (S0/A). Values represent mean ± SD from at least 3 independent experiments. *P < .01. NS, not significant. 
D, Cells expressing Rac1 N17 were incubated under DOX+ or DOX− as in (A) and cultured (A0 and S0) in the presence of bafilomycin A1 (Baf) 
(100 nM), or pepstatin A (Pep) (10 µg/mL) and E- 64- d (10 µg/mL) in combination for 24 h, and examined using western blotting. The band 
intensities of ITGβ4 were quantified, normalized with those of α- tubulin, and shown as relative to the control (A0) below the panel of ITGβ4. 
E, Cells expressing Rac1 N17 incubated under DOX+ or DOX− were cultured (S0) as above, and examined by immunocytochemistry using 
the antibodies forβ4 integrin (ITGβ4) and LAMP1. Representative images at high magnification are shown (low magnification images are 
shown in Figure S3A). Nuclei were labeled with DAPI. Pearson correlation coefficients for the colocalization of β4 integrin with LAMP1 was 
computed using the Coloc 2 plugin of the Fiji software and plotted. Horizontal lines indicate the means from the indicated number of cells. 
*P < .01

(A)

(B)

(E)

(C) (D)
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Concomitant with β4 integrin levels, RA levels were affected by 
the expression of Rac1 DN; the number of reattached cells from the 
suspension culture markedly declined upon Rac1 DN expression 
in cancer cells (Figure 5B; Rac N17). Consequently, CFA decreased 
(Figure 5C; Rac N17). The expression of Cdc42 and RhoA DNs had 
little impact on RA and CFA.

In conclusion, Rac1 activity was essential for maintaining β4 inte-
grin levels in cancer cells during anchorage loss, thereby promoting 
RA in cooperation with β1 integrin, which was also required for RA 
(Figure 3C). In cancer cells, the expression level of β1 integrin was 
uncoupled from Rac1 activity potentially through the activation of 
oncogenic signaling upstream. In HMECs, the β1 integrin level was 
also regulated by Rac1, as described below.

Integrins on the cell surface are constantly subjected to endo-
cytosis followed by endosomal sorting, which determines the recy-
cling or degradation of these molecules.18 To obtain insight into the 
mechanisms by which Rac1 regulates β4 integrin levels, we focused 
on the degradation process, considering that the above observa-
tions suggested the involvement of protein stability regulation for 
the integrin (Figure 2C). Here, we tested the effects of inhibitors 
targeting lysosomal enzymatic activities, such as bafilomycin A1, 
pepstatin A, and E- 64- d, and found that they effectively prevented 
a decrease in β4 integrin levels in suspended MDA- MB- 231 cells 
under Rac1 DN expression. This suggested that integrins were 
preferably degraded in the lysosomes when Rac1 was inhibited 
(Figure 5D; No treatment vs. Pep+E- 64- d and Baf, DOX−/S0). In fact, 
in the cells expressing Rac1 DN, a significant amount of β4 integrin 
was apparently colocalized with LAMP1,19 a lysosomal marker, sug-
gesting the accumulation of integrins in the lysosomes under Rac1 
inhibition (Figure 5E; DOX−). Under the control (Figures 5E and 
S3A; S0/DOX+) or adherent conditions (Figure S3A,B; A0/DOX+ 
and DOX−), the majority of β4 integrin was distributed diffusely 
over the entire cells. Therefore, it was possible that Rac1 functions 
to promote the escape of early endosomes containing β4 integrin 
from lysosomal degradation.

On the basis of the above observations, it was hypothesized that 
HMECs with constitutively active Rac1 would retain integrins and 
consequently acquire RA even after anchorage loss, similar to can-
cer cells. To test this hypothesis, we transduced constitutive active 
forms (CAs) of the 3 GTPases into HMECs and examined the RA of 
cells. As expected, in HMECs expressing Rac1 CA, but not Cdc42 
and RhoA CA, β1 and β4 integrin levels were maintained during 
anchorage loss, leading to complete retention of RA and CFA after 
being kept in suspension, similar to that under adherent conditions 
(Figure 6A- D; Mock vs. Rac1 V12).

From these results, the important role of Rac1 in the regulation 
of integrin levels, specifically at the turnover processes, has emerged 
(Figure 5D,E). Mechanistically, Rac1 appeared to mobilize actin dy-
namics or actin- related protein (Arp)2/3- dependent actin polymer-
ization to promote integrin trafficking to recycling endosomes.20,21 
A Rac1 effector, TBC1D2, which is a GAP of Rab7 GTPase,22,23 was 
also involved; under the treatment with a pharmacological inhibitor 
of Arp2/3, CK- 666 (Figure 6E), or siRNA for TBC1D2 (Figure 6F), 

active Rac1 was unable to sustain β4 integrin levels upon detach-
ment (Figure 6E; Rac1 V12, 0/S0 vs. 100/S0) (Figure 6F; Rac1 V12, 
Ctr/ S0 vs. TBC1D2/S0).

3.5 | Poor prognosis of patients with breast cancer 
with simultaneous high expression of ITGB4 and RAC1

Results from in vitro experiments suggested that cancer cells ac-
quired RA based on persistent Rac1 activity and β4 integrin level, 
thereby accomplishing metastasis in vivo. To demonstrate the im-
portance of Rac1 and β4 integrin- mediated RA in cancer progres-
sion, we analyzed the correlation of ITGB4 and RAC1 expression with 
the prognosis of patients with breast cancer using the METABRIC 
database.24,25 Notably, survival analysis indicated that the high ex-
pression of both ITGB4 and RAC1, but not each alone, significantly 
correlated with poor prognosis (Figure 7A- C).

4  | DISCUSSION

Rac GTPases belongs to the Rho family of small G- proteins and 
transduce signals from tyrosine kinases, G protein- coupled recep-
tors, and integrins to regulate cytoskeletal reorganization, and con-
sequently, cell adhesion and motility.26 Therefore, they engage in 
cellular responses ranging from morphogenesis to disease, includ-
ing malignant transformation. Their activities are upregulated and 
downregulated by guanine nucleotide exchange factors (GEFs) and 
GAPs, respectively, which are downstream of various upstream 
stimuli. In cancer cells, due to aberrant upstream signaling, several 
Rac- GEFs are upregulated or overexpressed, leading to deregulation 
of Rac activity.27

In this study, we found Rac1 activity remaining in the absence of 
anchorage and reactivated in response to recontact with substrate 
in cancer cells, whereas in non- malignant cells, the activity was al-
most completely abolished under conditions without anchorage. The 
sustained Rac1 activity in cancer cells possibly due to deregulated 
upstream oncogenic signaling. Notably, we found that Rac1 activity 
regulated the persistent level of β4 integrin, thereby conferring RA 
to cancer cells after anchorage loss.

Therefore, distinctive features of Rac1 activity have emerged in 
the regulation of β4 integrin level and RA in cancer cells. The involve-
ment of other members of the family, such as Cdc42 and RhoA, in 
this process was less likely, because they are either active or inactive 
in an anchorage- independent manner, and manipulation of their ac-
tivities had little impact on β4 integrin level and RA.

Given the emerging role of Rac1 critical for persistent RA, Rac1 
activity would be an attractive target for cancer therapy focusing 
on the colonizing phase of metastasis. According to our results, the 
inhibition of Rac1 activity in cancer cells within the vasculature is 
expected to decrease β4 integrin levels, thereby depriving the cells 
of RA and preventing establishment of stable adhesion to ECM in a 
secondary organ.
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Similarly, β4 integrin downstream of Rac1 provides an alternative 
target for cancer therapy against the colonizing process. Previous 
studies have identified integrin species that were engaged in the 
extravasation of circulating tumor cells at almost every step.3 Our 
findings revealed that β4 integrin, which was originally identified as 
a tumor- associated antigen overexpressed in several types of met-
astatic cancers,28,29 has an important role the in RA of circulating 
tumor cells. β4 integrin also mediated the interaction of circulating 
colon carcinoma and breast cancer cells with adhesion molecules on 
endothelial cells.30,31 These findings underscore the importance of 
β4 integrin in the metastasis of cancer cells, specifically at the initial 
stages of colonization. These features of β4 integrin are probably as-
sociated with its exceptionally long cytoplasmic tail containing mul-
tiple interacting and signaling domains.32,33 β4 integrin together with 
its heterodimerizing partner α6 integrin links intracellular intermedi-
ate filaments to extracellular laminins through these domains, and 
forms aggregates called hemidesmosomes, which anchor the basal 
layer of epithelial cells to the basement membrane.34

Notably, β4 integrin cooperates with growth factor receptors 
and other integrins to transduce signals down to major signaling mol-
ecules, such as RAS, PI3K, and MAPK, through the signaling domain 
in the cytoplasmic tail.32,33,35- 37 In particular, β4 integrin mediates 
Rac1 activation in response to upstream inputs.38,39 Our results 
showed that Rac1 activity upregulates β4 integrin levels. These 
findings suggest that Rac1 and β4 integrin mutually potentiate each 
other to achieve sustainable levels of β4 integrin and Rac1 activity 
during anchorage loss, consequently leading to RA of cancer cells 
after anchorage loss. Therefore, RAC1 and ITGB4 are considered to 
configure a functional axis that operates to promote the aggressive-
ness of cancer. Therapeutically, the inhibition of either Rac1 activity 
or β4 integrin expression would be effective to interfere with the 
function of the axis.

With respect to the mechanisms underlying the regulation of β4 
integrin trafficking by Rac1, our results demonstrated the impor-
tance of Arp2/3- dependent actin polymerization, consistent with 
the prevailing views that the Rho GTPases regulate actin dynam-
ics,40 and that actin dynamics affects the endosomal sorting pro-
cess.18 According to previous studies, the involvement of vimentin, 
an intermediate filament, which interacts with β4 integrin through 
a linker protein,41 was also likely.42 In addition, Rab7, a member of 

the Rab family of small GTPases, was implicated in regulation in this 
study. Rab7 is a key regulator of vesicular membrane traffic to late 
endosomes and lysosomes, including biogenesis of lysosomes.43 
Therefore, it is important in targeting surface molecules to lyso-
some.44,45 However, when a GAP of Rab7, TBC1D2, is activated 
downstream of Rac1, Rab7 is inactivated.22 Accordingly, Rac1 acti-
vation leads to the suppression of the lysosomal degradation of β4 
integrins in a TBC1D2- dependent manner.

Conversely, Rac1 is regulated by downstream components, such 
as Rab7, as well as β4 integrin as discussed above. Vimentin also 
regulates Rac1 activity.46 Moreover, Rab7 interacts with Rac147 and 
vimentin,48 suggesting interconnected intricate regulation among 
these molecules, which enables Rac1 to regulate the integrin level in 
a spatiotemporally precise way by integrating vesicle trafficking and 
cytoskeleton reorganization.

Despite mounting supportive evidence of the relevance of inte-
grins as targets in cancer therapy and encouraging preclinical data, 
clinical studies have failed, so far, to demonstrate therapeutic bene-
fits of targeting integrins in patients with cancer. Nevertheless, inte-
grins including β4 remain a valuable target for cancer therapy49 and 
await reconsiderations, improvements, and innovations in preclin-
ical and clinical approaches, such as the choice of integrin species 
targeted, and biological processes targeted, and strategies in clini-
cal trials.50 Survival analysis presented in this study suggested the 
potential to target β4 integrin and Rac1, which would improve out-
comes in patients with cancer expressing both genes at high levels.
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F I G U R E  6   Rac1- regulated integrin level and reattachment ability (RA) in HMECs. A, HMECs were infected with lentivirus constructs 
expressing control (Mock) and Flag- tagged CA mutants of GTPases (Rac1 V12, Cdc42 V12, and RhoA V14). After selection with 10 µg/mL 
blasticidin, cells stably expressing proteins were cultured and examined using western blotting with the indicated antibodies as in Figure 2A. 
α- Tubulin was used as the loading control. The band intensities were quantified using ImageJ software, normalized against those of α- 
tubulin, and shown as relative to the control (A0) in graphs. *P < .01. B, HMECs expressing Rac1 V12 were cultured as in (A), and cell surface 
expression of β1 and β4 integrins was evaluated by flow cytometry. Representative histograms are shown. Fluorescence intensities were 
quantified using Kaluza Analysis software, and shown as relative to the control (A0) in graphs. *P < .01. C and D, RA (C) and colony forming 
ability (CFA) (D) of cells plated on Matrigel- coated dish were examined as in Figure 1D,B, respectively. Values represent mean ± SD from at 
least 3 independent experiments. *P < .01. E, F, HMECs expressing control (Mock) or Rac1 V12 were cultured under the A0 or S0 conditions 
for 24 h with or without CK- 666 (E) or after pretreatment with siRNA for control (Ctr) or TBC1D2 for 48 h (F). Total cell lysates were 
examined by western blotting using the indicated antibodies. α- Tubulin was used as the loading control. The band intensities of ITGβ4 were 
quantified, normalized with those of α- tubulin, and shown as relative to the control (Mock, 0/A0 or Ctr/A0) below the panel of ITGβ4
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