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Abstract
Breast cancer stem cells (BCSC) are presumed to be responsible for treatment resistance, tumor
recurrence and metastasis of breast tumors. However, development of BCSC-targeting therapies has been
held back by their heterogeneity and the lack of BCSC-selective molecular targets. Here, we demonstrate
that Rac1b, the only known alternatively spliced variant of the small GTPase Rac1, is expressed in a
subset of BCSCs in vivo and its function is required for the BCSC maintenance and the chemoresistance
of breast tumor cells. In human breast cancer cell line MCF7, RAC1B is required for BCSC plasticity and
chemoresistance in vitro and for tumor-initiating abilities in vivo. Unlike Rac1, Rac1b function is
dispensable for normal mammary gland development and mammary epithelial stem cell (MaSC) activity.
In contrast, loss of Rac1b function in a mouse model of breast cancer hampers BCSC activity in vivo and
increases the chemosensitivity of primary tumor cells to doxorubicin. Collectively, our data suggest that
RAC1B is a clinically relevant molecular target for the development of BCSC-targeting therapies that will
improve the effectiveness of currently available chemotherapy modalities.

Introduction
Breast cancer is the most common cancer in women and the fourth leading cause of cancer-related
deaths in the world [1]. Despite the advances in clinical treatment options for patients with breast cancer,
tumor recurrence and therapy resistance are still signi�cant and contribute to high mortality rates.  Breast
cancer stem cells (BCSC), also known as tumor-initiating cells, are presumed to be responsible for therapy
resistance, tumor recurrence and metastasis. Therefore, BCSC-targeted therapies could have a potential
to improve clinical outcomes. However, the development of such therapies is complicated by the BCSC
heterogeneity, which is driven by the intrinsic stem cell plasticity, and the lack of knowledge on BCSC-
speci�c molecular targets that are dispensable for normal adult stem cells [2].

RAC1 is a small GTPase that functions as a key signalling node downstream of various
microenvironmental signalling pathways, including those triggered by cell adhesion and growth factors.
RAC1 signalling is upregulated in various cancers, including breast cancer[3-7], and regulates cellular
processes such as tumor cell survival, proliferation and invasion [8]. Importantly, RAC1 is implicated in
therapy resistance of tumor cells against both cytoablative [9-11] and targeted treatments [9, 12-16].
 However, due to its almost ubiquitous expression and critical functions in the development and
homeostasis of various organ systems [17-20], there is little clinical relevance of potential RAC1-targeted
treatments. Hyperactivation of RAC1 signalling in tumors is associated with rare mutations, upregulated
expression or misregulation by RAC1-regulatory proteins including Guanine-nucleotide exchange factors
(GEFs), GTPase-activating proteins (GAPs) and Guanine-nucleotide dissociation inhibitors (GDIs) [7, 8, 21-
23]. 

Hyperactivation of RAC1 signalling in some solid tumors is in part due to the alternative splicing of RAC1
to generate the RAC1B variant, a constitutively active form of the small GTPase [24-26]. RAC1B has an
additional exon (i.e. exon3b) encoding 19 amino acids with an in-frame insertion just after its Switch-II
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domain. This leads to a structural change favouring the active GTP-bound state independent of GEF-
mediated activation [27]. Previous studies have suggested that RAC1B is a tumor-speci�c splice variant
of RAC1, as its expression during organogenesis ceases in adulthood and only gets upregulated in some
solid tumors [24]. 

In this study, we have used human breast cancer cell line MCF7 and genetically engineered mouse
models to demonstrate that, unlike Rac1, Rac1b function is dispensable for normal mammary gland
development and mammary epithelial stem cells (MaSCs). In contrast, Rac1b is required for BCSC
plasticity and maintenance as well as chemosensitivity of breast tumor cells. Furthermore, by generating
a new knock-in mouse line serving as a surrogate reporter for Rac1b splicing, we have identi�ed Rac1b as
a marker of a substantial subset of BCSCs, indicating a potential stem cell heterogeneity in mammary
tumors. Our results propose RAC1B as a promising molecular target in sensitising breast tumors to
chemotherapy, potentially due to its function in regulating BCSC plasticity and self-renewal, and thus
provides a clinically relevant molecular target for developing BCSC-targeting therapies.

Results
BCSCs require RAC signaling for their self-renewal maintenance

We have previously shown that Rac1 is required for MaSC self-renewal [18]. In order to elucidate whether
RAC signaling is also required for BCSC activity, we used two speci�c RAC-inhibitors with different modes
of action in the mammosphere culture of human breast cancer cell lines that are known to generate
proliferation-driven mammospheres [28]. These lines represent different breast cancer subtypes: Luminal-
A (MCF7 and T47D), Luminal-B (BT474), and HER2+ (JIMT-1). The inhibitors render RAC proteins in a
nucleotide-free inactive state (EHT-1864) or prevent the RAC activation by GEFs (EHop-016) [29, 30].
Interestingly, the mammosphere-forming ability of these cell lines was completely abrogated in the
presence of either EHT-1864 or EHop-016 (Figure 1A,B). 

Mammosphere formation requires an initial self-renewing division of the stem cell, followed by
consecutive rounds of proliferation of their non-stem cell progeny generating all other cells within the
mammosphere [31]. Therefore, we asked whether RAC inhibition results in depletion of BCSCs or
inhibition of cell proliferation, both of which could prevent mammosphere formation. To address this
question, we treated MCF7 cells with RAC inhibitors in the primary mammosphere culture for 5 days and
then performed a secondary mammosphere formation assay in the absence of inhibitors. If the effect of
RAC inhibition on primary mammosphere formation is due to inhibition of cell proliferation, BCSCs would
be able to initiate the secondary mammosphere formation when RAC inhibitors are removed. Our results
demonstrated that RAC-inhibited MCF7 cells did not form any secondary mammospheres despite the
absence of RAC inhibitors (Figure 1C). This suggests that RAC inhibition results in BCSC depletion. 

We also tested whether RAC inhibition affects the proliferation of the non-stem cell progeny of BCSCs. To
this end, we added RAC inhibitors to the mammosphere culture of MCF7 cells at the time of plating (0
hours) or 24 hours after plating. Our results showed that the effect of RAC inhibition is restricted to the
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initial cell divisions of BCSCs that take place within the �rst 24 hours of culture, whereas the proliferation
of non-stem cell progeny of BCSCs does not rely on RAC signalling (Figure 1D). At higher concentrations
of RAC inhibitors, there was a cell-shedding phenotype rather than a slow growth of mammospheres. A
similar cell-shedding phenotype also occurs when fully formed mammospheres at Day 5 of culture are
treated with high concentrations of these inhibitors (data not shown), suggesting a potential inhibition of
cell-cell adhesion in the presence of higher concentrations of inhibitors.

Since BCSCs play essential roles in breast tumorigenesis, we examined whether Rac1 is required for
breast tumorigenesis in vivo. We generated a double transgenic mouse line bearing �oxed-Rac1
allele [32] and MMTV-Neu-IRES-Cre (NIC) transgene [33], which allows genetic deletion of Rac1 in the
same cells that overexpress Neu oncogene. Tumor latency analysis reveals that heterozygous deletion of
Rac1 in Rac1�ox/+;MMTV-NIC mice signi�cantly delays the palpable tumor formation compared with
Rac1+/+;MMTV-NIC mice (Figure 1E). Although we were able to obtain only two female
Rac1�ox/�ox;MMTV-NIC mice, only one of them has developed palpable tumors during its �rst year of age
(Figure 1E). Since Rac1 is indispensable for early-stage embryogenesis [34], it is likely that leaky
expression from the MMTV promoter during early embryogenesis led to Rac1 deletion and thus
embryonic lethality in most of the Rac1�ox/�ox;MMTV-NIC embryos.  

These results reveal that RAC signalling is required for the self-renewal maintenance of BCSCs in vitro,
and that loss-of Rac1 function delays or supresses breast tumorigenesis in a dose-dependent manner in
vivo.

RAC1B in�uences BCSC plasticity 

 Since RAC inhibitors and Cre-mediated genomic deletion of Rac1 result in the loss of both RAC1 and
RAC1B functions [35, 36], we decided to investigate to which extent the observed phenotypes would be
recapitulated by targeting only RAC1B. Initially, we analysed whether RAC1B is expressed in human
breast cancer cell lines, murine mammary gland, and breast tumors of MMTV-NIC mice (Supplementary
Figure 1). RAC1B mRNA and protein are present in ER+ cell lines, and low levels of RAC1B protein was
also observed in the HER2+ cell line JIMT1.  In contrast, RAC1 mRNA and protein are present in all 5 cell
lines tested, though RAC1 protein levels are higher in HER2-overexpressing cell lines BT474 and JIMT1. In
mice, Rac1b mRNA was detected predominantly in the basal mammary epithelial cells at adult
nulliparous and early-pregnancy stages, and in the MMTV-NIC tumor cells (Supplementary Figure 1).

To determine whether variant-speci�c loss of RAC1b affects BCSCs, we employed CRISPR/Double-
nickase method to target the exon3b-encoding genomic sequence in MCF7 cells (Figure 2A). This was
followed by single-cell cloning to ensure the genomic homogeneity of clones for further phenotypic
analyses. We obtained several single-cell clones that speci�cally lacked RAC1b mRNA (Figure 2B) and
protein (Figure 2C). Sequencing of the targetedgenomic locus in these clones revealed distinct
insertion/deletion (indel) mutations in each allele of each clone (Figure 2A). Interestingly, even small
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deletions within the exon3b-coding sequence resulted in the loss of RAC1B mRNA, suggesting that those
deletions may have disrupted the splicing-regulatory sequences required for RAC1B splicing.

We found that the loss of RAC1B function in these MCF7 clones did not alter their mammosphere-
forming capacity (Figure 2D), although it caused a signi�cant increase in the frequency of their
Alde�uorbright BCSC population as determined by �ow cytometry (Figure 2E). To address whether gain of
RAC1B function leads to an inverse phenotype, we generated stable transgenic MCF7 clones with
doxycycline-inducible expression of RFP-RAC1B fusion protein (Figure 2F). Similar to the RAC1B-null
MCF7 clones, the RAC1B overexpression did not alter MCF7 mammosphere-forming capacity (Figure 2G).
However, it resulted in a signi�cant increase in the CD44+;CD24- BCSC population (Figure 2H). 

Earlier studies have described Alde�uorbright and CD44+;CD24- populations in MCF7 cells as the
proliferative epithelial-like and quiescent mesenchymal-like states of BCSCs, respectively, and suggested
that the ability to reversibly transit between these states underlies the plasticity within the BCSC pool [37,
38]. Our results therefore suggest that RAC1B regulates the reversible switching between the proliferative
versus quiescent states of BCSCs without altering the total BCSC numbers and it is likely to be required
for the quiescent BCSC state.

RAC1B function is essential for chemoresistance and in vivo tumor initiating ability of MCF7 cells

Resistance to chemotherapy is a feature often attributed to CSCs. As cytoablative treatments speci�cally
target proliferating cells, quiescent CD44+;CD24- BCSCs are likely to constitute the chemoresistant
population of tumor cells. Given that RAC1B function might be required for this particular BCSC
subpopulation, we hypothesised that RAC1B may have a crucial role in chemoresistance. We therefore
determined the effect of doxorubicin on RAC1B-null and RAC1B-overexpressing MCF7 cells. We treated
these cells with 2.5 uM doxorubicin for 24 hours, which led to more than 90% of cell loss, and then
measured the recovery as cell growth in the absence of doxorubicin. Parental MCF7 and RAC1B-pro�cient
MCF7 clone (Clone-22) showed a slow but steady recovery during the �ve-day period after doxorubicin
removal (Figure 3A). In contrast, RAC1B-null MCF7 clones did not recover during the same period (Figure
3A) nor up to 3 weeks post-treatment (data not shown). Conversely, the RAC1B-overexpressing cells
showed a robust recovery upon doxorubicin withdrawal (Figure 3B) compared with the same cells not
treated with doxycycline to induce RAC1B overexpression. These results indicate that RAC1B function
plays a crucial role in the chemoresistance of MCF7 cells in vitro, possibly through its effect on BCSC
plasticity.

Since impaired BCSC plasticity may alter tumorigenesis, we investigated whether RAC1B is required for
tumor-initiating ability of BCSCs in vivo. Xenograft transplantation of parental MCF7 cells resulted in
visible tumor formation within 6–7 weeks (Figure 3C). In contrast, RAC1B-null MCF7 clones formed no
visible tumors, even up to 100 days post-transplantation. At the experimental endpoint (either maximum
tumor burden of 1.25 cm3 or 100 days post-transplantation), tumors/tissues at the site of transplantation
were dissected and analysed for the human-origin cells using human-speci�c antigen CD298 expression
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by �ow cytometry (Figure 3D). Surprisingly, explants obtained from mice transplanted with RAC1B-null
MCF7 clones still contained some CD298+ cells, despite the absence of tumor growth. However, unlike
parental MCF7 cells recovered from xenograft tumors, RAC1B-null MCF7 cells sorted as CD298+

population from the explants formed neither mammospheres nor monolayer colonies (Figure 3E,F).
These results indicate that RAC1B is indispensable for BCSC self-renewal and tumor growth in vivo.

Taken together, our results revealed that RAC1B is essential for BCSC plasticity and chemoresistance of
MCF7 cells in vitro, and for BCSC maintenance and tumor-initiating ability in vivo.

Loss of Rac1b function does not alter mammary gland development

Rac1 is indispensable for mammary gland development and function, particularly in MaSCs in
nulliparous animals, lobuloalveolar development during pregnancy and tissue remodelling during
involution [18, 39-42]. Since the Rac1�ox/�ox mouse line used in these studies resulted in the loss of both
Rac1 and Rac1b, we generated a Rac1b-/- mouse line to identify Rac1b-speci�c loss-of function
phenotypes. In both C57BL/6 and FVB backgrounds, Rac1b-/- mice were born with expected Mendelian
ratios and had a normal life span with no apparent health problems. 

To determine whether the loss of Rac1b function hampers mammary gland development, we performed
whole-mount staining on No4 inguinal mammary glands of both Rac1b-/- mice and their wild-type
littermates at different postnatal developmental stages. During pubertal stages, there were no
macroscopically obvious differences in ductal outgrowth or ductal branching in 4-, 6-, 8-, and 10-week-old
Rac1b-/- mice (Figure 4A,B). Similarly, Rac1b-/- mammary glands were indistinguishable from Rac1b+/+

glands in early and late pregnancy, lactation, and involution stages (Figure 4C,D). 

Next, we evaluated whether the loss of Rac1b function affects mammary epithelial lineage diversi�cation
and/or MaSC activities. Basal (CD49fhigh;CD24low) and luminal (CD49flow;CD24high) epithelial cell
populations showed a similar distribution within the glands of 8-week-old nulliparous Rac1b-/-, Rac1b+/-

and Rac1b+/+ mice as determined by �ow cytometry (Supplementary Figure 2A-C). When sorted and
plated in mammosphere culture, Rac1b-/- luminal and basal epithelial populations were indistinguishable
from their Rac1b+/+ counterparts in terms of luminal progenitor-driven acini and MaSC-driven
mammosphere formation, respectively (Supplementary Figure 2D,E). These results indicate that Rac1b
function is dispensable for luminal progenitor and MaSC activities.

Together, our data demonstrate that mammary gland phenotypes of Rac1-null mice [18, 39, 40] are due to
the loss-of-function of Rac1, but not Rac1b. Importantly, Rac1b de�ciency does not lead to any obvious
alterations in MaSCs or defects in normal mammary gland development.

Rac1b expression marks a substantial subset of BCSCs and is required for BCSC maintenance

Dual loss of Rac1 and Rac1b functions in MMTV-NIC mouse model delays tumor latency in a dose-
dependent manner (Figure 1E). To determine whether loss of Rac1b is responsible for the observed tumor
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latency phenotype, we analysed the impact of Rac1b de�ciency on palpable tumor formation using
MMTV-NIC mouse model. Our results revealed that the tumor latency in Rac1b-/-;MMTV-NIC or
Rac1b+/-;MMTV-NIC mice is similar to Rac1b+/+;MMTV-NIC mice (Figure 5A). This indicates that the
delayed tumor latency phenotype observed in Rac1�ox/�ox;MMTV-NIC and Rac1�ox/+;MMTV-NIC mice is
due to the loss of Rac1, not Rac1b.

Since the loss of RAC1B in MCF7 cells results in BCSC depletion in vivo (Figure 3F), we examined whether
Rac1b is also required for BCSCs in the MMTV-NIC mouse model. We performed mammosphere assay
using CD49f+CD24+ tumor cells isolated from Rac1b+/+;MMTV-NIC (or Rac1b+/-;MMTV-NIC) and
Rac1b-/-;MMTV-NIC tumors (Figure 5B,C). Our results revealed a 65% decrease in overall mammosphere-
forming BCSC frequency in Rac1b-null tumors compared with Rac1b-pro�cient tumors.

To identify whether BCSCs express Rac1b in the MMTV-NIC tumors, we aimed to generate a transgenic
mouse line serving as a surrogate reporter for Rac1b splicing. To this end, we utilised CRISPR-targeting
approach, coupled with homology-directed repair (HDR) template, to knock-in a T2A-mRFP cassette in-
frame within the exon3b of Rac1 gene. First, we used the murine mammary epithelial cell line, EPH4, to
optimise the HDR template design for achieving a successful knock-in without disrupting proper splicing
of the transgenic mRNA. Single-cell EPH4 clones, generated after HDR template-coupled CRISPR targeting
using three different HDR templates, were genotyped (Supplementary Figure 3A,B) and subsequently
veri�ed by sequencing. Flow cytometry analysis of these clones revealed that the insertion of the T2A-
mRFP cassette in the middle or at the 5’- end, but not at the 3’-end, of exon3b results in a population of 5–
6% of cells expressing mRFP (Supplementary Figure 3C). Importantly, Rac1 expression in these clones
was not altered (Supplementary Figure 3D). We then used the HDR-template option-B (knocking-in the
T2A-mRFP cassette into the middle of exon3b) for HDR-coupled CRISPR targeting of fertilised mouse
embryos. This provided us a new transgenic mouse line, Rac1bRFP/+. RT-PCR analysis of RFP+ and
RFP- cells sorted from mammary glands of nulliparous Rac1bRFP/+ mice con�rmed that mRFP expression
in this mouse line is a valid surrogate reporter for Rac1b splicing (Supplementary Figure 3E,F). 

To determine whether Rac1b is expressed by BCSCs, we crossed Rac1bRFP/+ and MMTV-NIC mouse lines
and analysed the RFP+ cells from the mammary tumors of double transgenic animals by �ow cytometry
and mammosphere assay. The RFP+ (i.e. Rac1b-expressing) cells from Rac1bRFP/+;MMTV-NIC tumors
constituted a small population of lineage (CD31, CD45, TER119)-negative cells (Figure 6A), which
displayed a 4-fold enriched frequency of mammosphere-forming cells compared with the Lin-RFP-

population (Figure 6B and Supplementary Figure 4A). Immunostaining of primary mammospheres
formed by the Lin-RFP+ cells isolated from Rac1bRFP/+;MMTV-NIC tumors revealed that most of these
mammospheres (~90%)  were composed of cells expressing CK18 luminal and/or CK14 basal epithelial
lineage markers (Figure 6C). These results demonstrate that a substantial subset of BCSCs in MMTV-NIC
tumors express Rac1b.
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To further de�ne the composition of RFP+ cell populations in Rac1bRFP/+;MMTV-NIC tumors, we
immunostained the sorted Lin-RFP+ cells for CK18 and CK14 (Supplementary Figure 4B). Our results
revealed that an average of 79.3% of Lin-RFP+ cells were expressing CK18, whereas 2.7% were positive for
both CK14 and CK18 (Figure 6D).  Furthermore, the �ow cytometry analysis showed that an average of
84% of the Lin-RFP+ cells from Rac1bRFP/+;MMTV-NIC tumors were also CD24+ (Figure 6E). These results
indicate that in MMTV-NIC tumors Rac1b is expressed in a small population of tumor epithelia that also
contains a substantial subset of BCSCs.

Next, we analysed Rac1b-pro�cient (Rac1bRFP/+;MMTV-NIC) and Rac1b-null (Rac1bRFP/-;MMTV-NIC)
tumors to determine whether the observed decrease in overall BCSC pool in  Rac1b-/-;MMTV-NIC tumors is
due to a change in RFP+ BCSCs. In both genotypes, Lin-RFP+ cells were detected with similar frequency
(Figure 6F). However, there were approximately 42% fewer mammosphere-forming BCSCs in the Lin-RFP+

population of Rac1b-null tumors compared with the same population in Rac1b-pro�cient tumors (Figure
6G). In contrast, mammosphere-forming e�ciency of Lin-RFP- cells did not show a signi�cant difference
between genotypes. 

Collectively, our results demonstrate that Rac1b is expressed in a substantial subset of BCSCs, which
requires Rac1b function for their maintenance in vivo. 

Loss of Rac1b increases the chemosensitivity of primary breast tumor cells.

Rac1b function is required for the chemoresistance of MCF7 cells (Figure 3A). To investigate whether
Rac1b also affects chemoresistance of Neu-driven tumors, we generated primary cell lines from
Rac1b+/+;MMTV-NIC and Rac1b-/-;MMTV-NIC tumors and treated them with either 1 uM or 2.5 uM
doxorubicin for 24 hours. At both concentrations of doxorubicin, the relative cell loss was signi�cantly
higher in Rac1b-null lines compared with Rac1b-pro�cient lines after 24-hour treatment (Figure 7; Day 0
samples), demonstrating an increased cytotoxic response of Rac1b-null tumor cells to doxorubicin. 

The sustained cytotoxic effect of doxorubicin during the �rst 4 days of recovery after the removal of
chemotherapeutic agent was observed in both genotypes but showed a signi�cantly higher cell loss in
Rac1b-null lines for the 1uM doxorubicin-treated groups (Figure 7; Day 4 samples). Starting from Day 8 of
the recovery period, most samples showed an increase in cell growth. However, the mean values for
Rac1b-null lines was consistently lower than the Rac1b-pro�cient lines during the whole period of
recovery, despite not displaying a statistical signi�cance between genotypes due to the heterogeneity of
recovery-response by individual cell lines of same genotypes (Supplementary Figure 5). Interestingly, 3
out of 4 Rac1b-null lines treated with 2.5 uM doxorubicin did not show an increase in cell numbers
between Day 8 and Day 28 of recovery, whereas only 1 out of 4 Rac1b-pro�cient lines showed a lack of
recovery during the same period (Figure 7C). These results imply that, even at lower concentrations,
doxorubicin treatment achieves a higher level of cytotoxic effect in Rac1b-null tumor cells, whereas at
higher doxorubicin concentrations the recovery from the chemotherapy treatment is less likely in Rac1b-
null tumor lines compared with Rac1b-pro�cient tumor lines.
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These data demonstrate that Rac1b function is required for chemoresistance of primary breast tumor
cells similar as observed in MCF7 cells. This reveals that a future strategy for treating breast cancers can
involve the combined use of chemotherapeutic agents together with Rac1b-selective inhibitors.

Discussion
Developing CSC-targeting treatments to ablate tumors at their root has been a research aim for over two
decades. However, this idea has proven elusive in breast cancer due to high levels of heterogeneity within
the BCSC pool and the lack of appropriate molecular targets showing tumor-speci�c stem cell selectivity
for their functional indispensability. Here, we have demonstrated that RAC1B, the alternatively spliced
variant of RAC1, is required for the plasticity and self-renewal of BCSCs and for the chemosensitivity of
breast tumor cells. Importantly, in the normal mammary gland, Rac1b is dispensable for MaSCs and
tissue development. Since loss of Rac1b function does not lead to any apparent developmental or
physiological health problems in vivo, selective RAC1B-targeting can be a clinically relevant option to
developing novel BCSC-targeted therapies.

We have also demonstrated that inhibition of overall RAC signalling results in a dramatic loss of BCSCs
in vitro, and the loss of Rac1 function leads to a signi�cant delay in tumor latency in vivo in a dose-
dependent manner. However, unlike Rac1b, Rac1 function is indispensable for normal development and
physiology [17-20]. Given that heterozygous Rac1-null mice have a normal and healthy lifespan, while
tumor development is signi�cantly delayed in Rac1�ox/+;MMTV-NIC mice, partial inhibition of RAC1
activity could also be considered as a potential BCSC-targeting therapy. Indeed, xenograft studies have
shown bene�cial effects of EHT-1864 and EHop-016 treatments in delaying tumor growth, angiogenesis
and metastatic spread of breast tumor cells [43, 44]. Importantly, these studies have reported a low serum
concentration of these inhibitors being still effective, though higher doses showed toxic effects in mice.
Translating those �ndings into clinical use would require a careful assessment of effectiveness at the
maximum tolerable dose of RAC inhibitors. In contrast, one may expect that any selective RAC1B
inhibitors developed in future would not be subject to these strict constraints. 

Although the current experimental evidence does not allow us to unequivocally link the observed RAC1B-
de�ciency phenotypes in BCSC plasticity, BCSC maintenance in vivo and increased chemosensitivity of
tumor cells, we propose a hypothetical model suggesting that in the absence of RAC1B function BCSCs
are switched towards (or sustained at) a proliferative state (Figure 2E). This not only makes them
vulnerable to the effects of chemotherapy (Figures 3A and 7A-D), but also results in the exhaustion of
BCSCs (Figures 3C-F and 6B,G) potentially due to increased numbers of cell division. Future studies to
understand the underlying molecular mechanisms of how BCSCs regulate the transition between
different stem cell states to maintain their plasticity may uncover the mechanistic role of RAC1B function
in these processes. 

While the loss of RAC1B prevents MCF7 cells from forming tumors in vivo, mammary tumorigenesis is
not prevented by the loss of Rac1b in the MMTV-NIC mouse model, although it leads to a reduction in
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BCSCs in those tumors. This might be due to an evolutionary adaptation of the Rac1b-/-;MMTV-NIC
tumors to the lack of Rac1b, whereupon tumor clones that are less dependent on Rac1b function for their
growth gain a selective advantage during the initial stages of tumorigenesis. Future studies could use
Rac1b-selective inhibitors or temporally-controlled genetic deletion approaches (i.e CreERT-mediated
deletion of �oxed-Rac1b alleles) to assess whether therapeutic intervention to inhibit Rac1b activity in
Rac1b-expressing breast tumors could provide an additional clinical bene�t further than increasing the
chemosensitivity of breast tumors.

Materials And Methods
Mouse experiments:

All mouse experiments were conducted under license in accordance with the UK Home O�ce Animals
(Scienti�c Procedures) Act (1986) regulations with the approval of study protocols by the Animal Welfare
and Ethical Review Body (AWERB) of the University of Manchester. Mice were maintained in a pathogen-
free facility at the University of Manchester and kept in 12h light-dark cycles in temperature- and
humidity-controlled environment and were provided with food and water ad libitum. 

The mouse lines Rac1�ox and MMTV-NIC were previously described [32, 33]. Rac1b-/- mouse line was
generated by crossing the Rac1b�ox/�ox mice [16] with a universal CRE-deleter mouse line[45] and
subsequently breeding out the CRE-transgene and backcrossing into C57BL6/J and FVB/J backgrounds
for at least 7 generations. Rac1bRFP/+ mouse line in pure FVB/J background has been generated in this
study using HDR-coupled CRISPR-targeting as described below. Xenograft transplantations of MCF7 cells
in immunode�cient nude mice were performed as previously described [46]. 

Mice at de�ned pregnancy stages were obtained by timed mating with the morning of vaginal plug
observation being considered as 0.5 days-post-coitum (d.p.c). Whole-mount staining of No4 mammary
glands were performed as described elsewhere [47]. 

Generation of Rac1bRFP mouse line by CRISPR-Cas9:

CRISPR sgRNA sequences targeted proximally to the insert site (TGTCTCCAACCTAGTAATGC and
GGTAAAGATAGACCCTCCAG) were purchased as crRNA oligos and annealed with tracrRNA (both oligos
supplied by Integrated DNA Technologies) in sterile, RNase free injection buffer (TrisHCl 1mM, pH 7.5,
EDTA 0.1mM) by combining 2.5 ug crRNA with 5 ug tracrRNA and heating to 95oC, which was allowed to
slowly cool to room temperature. For our donor repair template, we used the EASI-CRISPR long-ssDNA
strategy [48], and generated a homology �anked lssDNA donor using protocols described in  [49]. 

For embryo microinjection the annealed sgRNA was complexed with Cas9 protein (New England Biolabs)
at room temperature for 10 minutes, before addition of long ssDNA donor (�nal concentrations; sgRNA 20
ng/ul, Cas9 protein 20 ng/ul, lssDNA 10 ng/ul). CRISPR reagents were directly microinjected into FVB
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(Envigo) zygote pronuclei using standard protocols. Zygotes were cultured overnight and single-cell
embryos surgically implanted into the oviduct of day 0.5 post-coitum pseudopregnant mice. 

Potential founder mice were screened by PCR, �rst using primers that �ank the sgRNA sites (Frw:
tccagctgcatggagtaatg, Rev: gcagcctctcctgagtgagt), which both identi�es editing activity in the form of
InDels from NHEJ repair in almost every pup and can also detect larger products implying HDR.
Secondary PCRs used the same primers in combination with mRFP1 primers (mRFP1_R:
cgccctcgatctcgaact, mRFP1_F: ccgaggtcaagaccacctac). A founder giving positive products in all three
PCR reactions was further characterised by Sanger sequencing of the PCR amplicons of the initial PCR. 

Mammosphere-formation assay:

Single cells were plated in 96 well ultra-low attachment plates in sphere-forming medium as described
in [50]. For cell lines, cells were plated at a concentration of 1 000 cells/ml and 10 000 cells/ml. For cells
sorted from mammary glands, they were plated at a concentration of 10 000 cells/ml and 100 000
cells/ml. Primary tumor cells were plated at a concentration of 50 000 cells/ml and 100 000 cell/ml.
Mammosphere numbers were quanti�ed at Day 5 or Day 7 of mammosphere culture of cell lines or
primary cells, respectively. Solid structures with a minimum diameter of 50 um on two perpendicular axes
are considered as mammospheres.

Statistical analysis:

Statistical tests used in this study were selected based on population distribution, data type and sample
centrality/variability to meet assumptions of tests using GraphPad Prism and Microsoft Excel software. P
values <0.05 were considered statistically signi�cant. Data are expressed as mean ± standard deviation
(SD) or mean ± standard error of the mean (SEM).

All other methods used in this study are described in the Supplementary methods.
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Figure 1

RAC activity is required for BCSCs in vitro and breast tumorigenesis in vivo.

A,B) The effect of RAC-speci�c inhibitors EHT-1864 (A) and EHop-016 (B) on the mammosphere-forming
e�ciency (%MFE) of human breast cancer cell lines (MCF7, T47D, BT474, and JIMT1) for the indicated
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concentrations of inhibitors were quanti�ed. Values represent the mean ± SD of 3 independent
experiments.

C) Mammosphere-forming e�ciency (%MFE) for the secondary mammosphere culture of MCF7 cells,
which were treated with the indicated concentrations of EHT-1864 or EHOP-016 during their primary
mammosphere cultures, were quanti�ed in the absence of corresponding inhibitors in culture. Values
represent the mean ± SD of 3 independent experiments.

D) Representative images of structures formed by MCF7 cells that are treated with the indicated
concentrations of EHT-1864 or EHop-016 in the mammosphere culture either starting from the time of
plating (0 hour) or added at the 24th hour of culture. In (A), (B), and (D), the EHop-016 treatment group of
‘0 uM’ corresponds to vehicle-only group, which is the same DMSO concentration as in ’10 uM’ treatment
group.

E) Tumor latency analysis for Rac1+/+;MMTV-NIC (n=20), Rac1�ox/+;MMTV-NIC (n=13),
Rac1�ox/�ox;MMTV-NIC (n=2) mice. Time represents postnatal age in days. Median age of palpable tumor
formation for each genotype is shown below the graph. P values (*: p<0.05; ***: p<0.01) were calculated
using Lox-rank Mantel Cox test.
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Figure 2

RAC1B regulates BCSC plasticity without altering the size of BCSC pool in MCF7 cells.

A) Schematic representation of CRISPR/Double nickase targeting strategy and allelic maps showing indel
mutations generated in each independent single-cell MCF7 clone. Vertical red arrows on the upper image
of exon map of RAC1 gene and the green horizontal lines in the allele map of wildtype clone marks the
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targeted genomic sites by sgRNA sequences used. In allele maps, the exon3b sequence is depicted in
yellow and the �anking intronic sequences in blue; gaps correspond to deletions, whereas the regions
shown in red corresponds to insertions.

B,C) RT-PCR (B) and immunoblot analysis (C) of single-cell clones. Beta-tubulin was used as a loading
control in immunoblot experiments.

D) Mammosphere-forming e�ciency (%MFE) of parental MCF7 and single-cell clones. Values represent
the mean ± SD of 3 independent experiments. There was no signi�cant difference between any clones
(two-tailed paired t-test).

E) Percentage of cells that form Alde�uorbright or CD44+;CD24- populations in parental MCF7 and single-
cell clones as determined by �ow cytometry analyses. Values represent the mean ± SD of 3 biological
replicates. *: p<0.05, one-tailed paired t-test for comparison of each clone to parental MCF7 sample.

F) Immunoblot analysis of stable-transgenic MCF7 clones with doxycycline-inducible RAC1B
overexpression that are treated with or without 2 ug/ml doxycycline.

G) Mammosphere-forming e�ciency (%MFE) of stable-transgenic MCF7 clones with doxycycline-
inducible RAC1B overexpression that are treated with or without 2 ug/ml doxycycline. Values represent
the mean ± SD of 3 independent experiments.

H) Percentage of cells that form the Alde�uorbright and CD44+;CD24- populations in the stable-transgenic
MCF7 clones with doxycycline-inducible RAC1B overexpression that are treated with or without 2 ug/ml
doxycycline.**: p<0.01, one-tailed paired t-test 
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Figure 3

RAC1B function is essential for chemo-resistance in vitro and tumor formation in vivo.

A) Cell growth curve of parental MCF7, RAC1B-pro�cient Clone 22 and three RAC1B-null single-cell clones
in post-treatment recovery period after 2.5 uM doxorubicin treatment for 24 hours. Cell numbers are
presented as percentage of the pre-treatment cell number in each sample. Each data point represents the
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mean of three independent experiments. Signi�cant difference was observed for each RAC1b-null clone
compared with both parental MCF7 and RAC1B-pro�cient clone only at 96- and 120-hours post-treatment
recovery time (*: p<0.05, two-tailed unpaired t-test).

B) Cell growth curve of stable-transgenic MCF7 clones with doxycycline-inducible RAC1B overexpression
treated with (RAC1B-ovex) or without (MCF7) 2.5 uM Doxycycline in post-recovery period after 2.5 uM
Doxorubicin treatment for 24 hours. Percentage cell number calculations are as described in (A). Each
data point represents the mean of three independent experiments. Signi�cant differences (*: p<0.05;
**:p<0.01, two-tailed unpaired t-test) were observed at 48-, 72-, 96- and 120-hours post-treatment recovery
time (*: p<0.05; **:p<0.01, two-tailed unpaired t-test).

C) Tumor growth in vivo for the xenograft transplantation assay. Hundred thousand cells of parental
MCF7 or two different RAC1B-null MCF7 clones were transplanted into both right and left dorsal sides of
4 immunode�cient nude mice per group, and tumor volumes were measured twice weekly with callipers.
The data represent the total tumor volume for each individual mouse.

D) Flow cytometry analysis of the transplants described in (C). Representative dot plots show single cells
stained with propidium iodide (PI) as dead cell marker and CD298 as a human speci�c antigen used for
distinguishing the cells of human origin.

E) Representative images of mammosphere and monolayer cultures of CD298+ cells sorted from
transplants as shown in (D). Scale bars represent 50 um and 100 um for mammosphere and monolayer
cultures, respectively.

F) Mammosphere-forming e�ciency (%MFE) of CD298+ cells sorted from transplants as shown in (D). Of
note, the data for MCF7 is the mean ± SD for three animals, whereas for Rac1B-null clones the data
represents %MFE of pooled cell samples from 3 explants of the same single-cell clone.
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Figure 4

Rac1b is dispensable during mammary gland development

A) Representative images of whole-mount stained mammary glands of 4-, 6-, 8-, and 10-week-old
nulliparous Rac1b+/+ and Rac1b-/- mice.
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B) Higher magni�cation images of distal parts of the ductal tree at locations depicted with a rectangle in
(A).

C) Representative images of whole-mount stained mammary glands of Rac1b+/+ and Rac1b-/- mice at
developmental stages of early pregnancy (10.5 d.p.c [days post-coitum]), late pregnancy (18 d.p.c.), and
lactation (Day 1 d.p.p [days post-partum]).

D) Representative images of whole-mount stained mammary glands of Rac1b+/+ and Rac1b-/- mice at
involution stages of 3, 10 and 21 days post-weaning (d.p.w).

Scale bars represent 1 cm in (A, C, D) and 1 mm in (B). Images shown are representative of n³3 mice.
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Figure 5

Loss of Rac1b function results in decreased BCSC frequency without altering tumor latency.

A) Tumor latency analysis for Rac1b+/+;MMTV-NIC (n=34), Rac1b+/-;MMTV-NIC (n=40), Rac1b-/-;MMTV-
NIC (n=36) mice. Time represents postnatal age in days. Median age of palpable tumor formation for
each genotype is shown below the graph. There were no statistically signi�cant differences between
genotypes according to the Lox-rank Mantel Cox test.

B) Representative dot plots of CD49f versus CD24 expression for �ow cytometry analysis of primary
mammary cells of Rac1b+/+;MMTV-NIC and Rac1b-/-;MMTV-NIC mice are shown for the single, alive,
lineage-negative cell population. The observed range for tumor epithelial cell frequency of different
animals of same genotype is shown above the CD49f+;CD24+ gate (n=9).

C) Mammosphere forming e�ciency (%MFE) of tumor epithelial cell populations sorted from
Rac1b+/+;MMTV-NIC and Rac1b-/-;MMTV-NIC tumors as shown in (B). Values represent the mean ± SEM
of 5 animals. P value obtained by the paired t-test is shown on the graph. 
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Figure 6

Rac1b function is required for the maintenance of a large subset of BCSCs expressing Rac1b.

A) Representative dot plots for �ow cytometry analysis of primary tumor cells from Rac1b+/-;MMTV-NIC
and Rac1bRFP/+;MMTV-NIC mice are shown for the single, alive, lineage-negative cell population. The
observed range for RFP+ cell frequency between different animals is shown within the RFP+ gate (n=6).
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B) Mammosphere forming e�ciency (%MFE) of RFP+ versus RFP- cells sorted from Rac1bRFP/+;MMTV-
NIC tumors as shown in (A). Values represent the mean ± SEM of 6 animals. P value obtained by the
paired t-test is shown on the graph.

C) Representative confocal microscopy images of a primary mammosphere formed by Lin-RFP+ tumor
cells sorted from Rac1bRFP/+;MMTV-NIC breast tumors (n=3 mice) and coimmunostained for CK18 and
CK14 expression. The leftmost image shows the deconvoluted image for CK14 (green) and CK18(red).
Individual images of confocal planes selected to represent different Z-stack positions are shown together
with DAPI-staining (shown in blue) serving as a nuclear stain. Scale bars represent 20 um.

D) Pie chart representation for the distribution of CK-18 and/or CK-14 expressing Lin-RFP+ tumor cells
sorted from Rac1bRFP/+;MMTV-NIC breast tumors. Values represent the mean of 3 animals.

E) Representative histogram of �ow cytometric analysis of CD24 expression by the Lin-RFP+ cells sorted
from Rac1bRFP/+;MMTV-NIC tumors (n=3). The observed range for the CD24+ cell frequency is shown on
the graphs.

F) Representative dot plots for �ow cytometry analysis of primary tumor cells of Rac1bRFP/+;MMTV-NIC
and Rac1bRFP/-;MMTV-NIC mice are shown for the single, alive, lineage-negative cell population. The
observed range of RFP+ cell frequency of different animals of same genotype is shown within the RFP+

gate (n=9).

G) Mammosphere forming e�ciency (%MFE) of RFP+ versus RFP- cells sorted from Rac1bRFP/+;MMTV-
NIC and Rac1bRFP/-;MMTV-NIC tumors as shown in (F). Values represent the mean ± SEM of 3 animals. P
values obtained by the paired t-test are shown on the graphs.
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Figure 7

Loss of Rac1b function increases the chemosensitivity of primary breast tumor cells

A,B) Cell growth curve of primary tumor cell lines obtained from Rac1b+/+;MMTV-NIC (n=4) and
Rac1b-/-;MMTV-NIC (n=4) breast tumors in post-treatment recovery period after 1 uM (A) or 2.5uM (B)
Doxorubicin treatment for 24 hours. Cell numbers are normalised to the pre-treatment cell number in each
sample and represented as percentage. Each data point represents the mean of three independent
experiments. Statistical signi�cance was calculated using two-tailed unpaired t-test. (*: p<0.05 and **:
p<0.01)

C,D) Bar graph representation of the cell growth data shown in (A) and (B) to provide a statistical
comparison of data at Day 0 and Day 4 of post-treatment recovery period. P values obtained by two-
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tailed unpaired t-test for comparisons between genotypes or recovery time points are depicted on the
graph. Values represent the mean ± SD of 4 independent primary cell lines, ns: not signi�cant
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