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SUMMARY

MASTL is a mitotic accelerator with an emerging role in breast cancer progres-
sion. However, the mechanisms behind its oncogenicity remain largely unknown.
Here, we identify a previously unknown role and eminent expression of MASTL in
stem cells. MASTL staining from a large breast cancer patient cohort indicated a
significant association with b3 integrin, an established mediator of breast cancer
stemness. MASTL silencing reduced OCT4 levels in human pluripotent stem cells
and OCT1 in breast cancer cells. Analysis of the cell-surface proteome indicated a
strong link between MASTL and the regulation of TGF-b receptor II (TGFBR2), a
key modulator of TGF-b signaling. Overexpression of wild-type and kinase-
dead MASTL in normal mammary epithelial cells elevated TGFBR2 levels.
Conversely, MASTL depletion in breast cancer cells attenuated TGFBR2 levels
and downstream signaling through SMAD3 and AKT pathways. Taken together,
these results indicate that MASTL supports stemness regulators in pluripotent
and cancerous stem cells.
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INTRODUCTION

Microtubule-associated serine/threonine-protein kinase-like (MASTL; a.k.a. Greatwall (Gwl) kinase) accel-

erates cell cycle progression through inhibition of the PP2A-B55 phosphatase activity (Vigneron et al.,

2016). More recently, MASTL was shown to regulate cell invasion and cell contractility via kinase-indepen-

dent positive regulation of myocardin-related transcription factor A/serum response factor (MRTF-A/SRF)

transcriptional activity (Taskinen et al., 2020). Furthermore, MASTL has emerged as a putative oncogene

mediating therapy resistance in several cancer types (Conway et al., 2020; Marzec and Burgess, 2018). Espe-

cially in breast cancer, high MASTL expression levels correlate with increased tumor growth andmetastasis

in vivo (Álvarez-Fernández et al., 2018; Rogers et al., 2018; Vera et al., 2015). However, the mechanisms

behind the oncogenicity of MASTL seem to be more complex than mere acceleration of cell growth.

Transforming growth factor (TGF) family proteins can regulate cell proliferation and differentiation, thus

playing key roles in development and cancer progression. TGF-b is an evolutionarily conserved secreted

protein with widespread expression in both embryonic and adult tissues (Hiepen et al., 2020). The key

cell-surface mediator of TGF-b signaling is the type II TGF-b receptor (TGFBR2), which forms a heteromeric

receptor with the type I TGF-b receptor (TGFBR1). An activated receptor complex leads to canonical TGF-b

signaling via SMAD transcriptional effectors (Massagué, 2012). TGF-b receptor complex can transmit

signals also through non-canonical SMAD-independent pathways, such as the mitogen-activated protein

kinases (MAPKs), phosphatidylinositide 3-kinase (PI3K), protein kinase B (AKT), TNF receptor-associated

factor 4/6 (TRAF4/6), and the Rho family of small GTPases (Zhang, 2009).

As in other cancer types, in mammary carcinogenesis, TGF-b acts initially as a tumor suppressor. However,

in later stages of cancer, TGF-b promotes tumor progression, in part by enhancing epithelial to mesen-

chymal transition (EMT), tumor cell motility, invasiveness, and the capacity to form metastases (Barcel-

los-Hoff and Akhurst, 2009). TGF-b can enhance tumor progression via its ability to dedifferentiate multiple

cell types (Padua and Massagué, 2009). In breast cancer, TGF-b has been reported to enrich the cancer

stem cell (CSC) population and promote self-renewal (Asiedu et al., 2011; Bhola et al., 2013; Bruna et al.,

2012; Lo et al., 2012; Nie et al., 2016; Scheel et al., 2011) and high expression of cytoplasmic TGF-b in tri-

ple-negative breast cancer (TNBC) is associated with high histologic grade, lymph node metastases, and
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Figure 1. MASTL expression correlates with b3-integrin (ITGB3)-positive breast cancers

(A) Immunohistochemical (IHC) staining of MASTL in breast cancer. ROI = region of interest.

(B) Estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor-2 (HER2) expression

and amplification among MASTL-negative and -positive patients in the FinHer breast cancer trial series. The numbers

refer to number of patients and the values in brackets are % of all patients.

(C) Immunohistochemical (IHC) staining of MASTL in histologically normal human breast tissue: ROI = region of interest.

(D) MASTL expression among ITGB3-negative and -positive patients in the FinHer breast cancer series.

(E) Survival of FinHer patients with negative (ITGB3-), intermediate (ITGB3+), or high (ITGB3++) ITGB3 expression. Ka-

plan-Meier survival-table method and log rank test. See also Figure S1.
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short disease-free survival (Zhang et al., 2017). However, the underlying mechanisms regulating TGF-b

signaling and its impact on tumor biology warrants further investigation.

Here, we identify a previously unknown role for MASTL in supporting the levels of major stemness regula-

tors, OCT4 and OCT1, in pluripotent stems cells and breast cancer stem cells, respectively. In addition, we

uncover a MASTL-mediated positive regulation of TGFBR2 expression and downstream activation of ca-

nonical SMAD2/3 and non-canonical AKT signaling.

RESULTS

MASTL expression correlates with b3-integrin (ITGB3) positive breast cancers

Weused immunohistochemistry (IHC) to studyMASTL expression in a large patient cohort consisting of 851

patients with breast cancer who took part in the randomized FinHer trial (Joensuu et al., 2009) (Figures 1A–

1C and S1). Previous studies have found MASTL protein expression to be associated with basal, Ki-67 pos-

itive, high histological grade, and ER-negative (�) breast cancers (Álvarez-Fernández et al., 2018; Rogers

et al., 2018), and the IHC analysis results corroborated these findings in the FinHer cohort (Figures 1B

and S1A). Furthermore, MASTL expression correlated significantly with steroid hormone receptor

negativity and had a significantly stronger association with ER(�), HER2(�) receptor subtype (Figure 1B).

Therefore, high MASTL expression is associated with ER(�), HER2(�) breast cancers, a surrogate for
2 iScience 25, 104459, June 17, 2022
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triple-negative breast cancers (TNBCs). In addition, a subset of HER2-positive (+) tumors had high MASTL

expression (Figure 1B), suggesting that some MASTL-positive patients could benefit from HER2-based

treatments.

In normal breast tissue, we found MASTL to be expressed predominantly in the myoepithelial cells (Fig-

ure 1C). Of note, in tissue samples, MASTL was found to have an apparent cytoplasmic expression in addi-

tion to the expected nuclear location. In breast cancer, MASTL expression was frequent in the ductal sub-

type and was associated with poor histological grade of differentiation (Figures 1A and S1A). Interestingly,

myoepithelial mammary stem cells isolated from the basal layer of the mammary epithelium have repopu-

lation capacity when transplanted as single cells (Prater et al., 2014). Furthermore, poorly differentiated his-

tological breast cancers are associated with an embryonic stem cell signature, ER negativity, the basal sub-

type, and poor clinical outcome (Ben-Porath et al., 2008). These results are compatible with a hypothesis

that MASTL-positive cells may have stem cell characteristics.

To investigate this possibility, we studied the link between MASTL and b3 integrin (ITGB3), also known as

CD61. ITGB3 is a cell-surface adhesion receptor with established roles in the microenvironment, epithelial

to mesenchymal transition (EMT), and tumor stemness (reviewed by (Zhu et al., 2019)). There was a clear

correlation between ITGB3 and MASTL expression across the whole FinHer cohort (Figure 1D). In addition,

similar to MASTL, ITGB3 expression was associated with histological grade 3, the ductal histological type,

negative steroid hormone receptor expression, p53 expression, HER2+, high Ki-67 expression (Figure S1B),

and poor overall survival (p = 0.004) (Figure 1E).

MASTL expression was also associated with positive p53 staining, which correlates with poor survival in TNBCs

(Arjonen et al., 2014; Hashmi et al., 2018;Muller et al., 2011). Despite the strong correlationwith hormone recep-

tor negativity and high histological grade, high MASTL expression was associated with the absence of axillary

lymph node metastases (Figure S1A) and had no significant association (p = 0.448) with the overall survival

among the FinHer patients, who were treated with effective multiagent chemotherapy, endocrine therapy,

and trastuzumab (50%ofHER2+patients) in a closelymonitored clinical trial (Figure S1C). Importantly, however,

highMASTL expression was associatedwith poor prognosis in other breast cancer patient cohorts (Álvarez-Fer-

nández et al., 2018; Rogers et al., 2018; Wang et al., 2014; Yoon et al., 2018).
High MASTL levels correlate with OCT1 and breast cancer stemness

Depletion of MASTL in MCF7 and T47D breast cancer cells decreases anchorage-independent cell growth

and sensitizes breast cancer stem cells to radiation (Yoon et al., 2018). In addition, MASTL overexpression in

non-transformed MCF10A cells promotes anchorage-independent cell growth (Rogers et al., 2018; Vera

et al., 2015). ITGB3 is an established marker of breast cancer stem cells (BCSCs) (Lo et al., 2012; Vaillant

et al., 2008) and a functional contributor to a breast tumor stemness program (Seguin et al., 2014). Thus,

the significant correlation between MASTL and ITGB3 in breast cancer prompted us to hypothesize that

MASTL could support breast cancer stemness.

To investigate this, we first studied MASTL expression in breast cancer cell lines using the Cancer Cell Line

Encyclopedia (CCLE) database. MASTL had a significantly higher expression in ITGB3-enriched cell lines

compared to low (Figure S2A). To study this further, we culturedMDA-MB-231 cells as monolayers or mam-

mospheres, the latter of which can be used to enrich BCSCs (Dontu et al., 2003; Ponti et al., 2005). As ex-

pected, mammosphere culture led to upregulation of ITGB3 levels (Figure 2A). MASTL protein levels, as

well as the transcriptional stemness regulator OCT1 (Maddox et al., 2012), were also enriched in spheres

compared to monolayer cultures, in two different TNBC cell lines (MDA-MB-231 and MDA-MB-436;

Figures 2A, 2B, S2B, and S2C). Furthermore, silencing of OCT1 decreased MASTL levels significantly

(Figures 2C and 2D), whereas overexpression of OCT1 increased MASTL expression (Figures 2E and 2F).

These results imply that OCT1 could regulate MASTL expression. Indeed, analysis of the promoter

sequence predicts three possible binding sites for OCT1 in the MASTL promoter, two of them being

dual (Figure S2D). Taken together, these results indicate that MASTL is upregulated in TNBC mammo-

spheres, and its expression both correlates with and depends on specific breast CSC markers.

Low levels of reactive oxygen species (ROS) is another hallmark shared by normal stem cells and CSCs

(Diehn et al., 2009). Silencing of MASTL with two independent siRNAs increased ROS activity significantly

in MDA-MB-231 cells (Figures 2G and 2H). In addition, MASTL silencing (with inducible shRNA or transient
iScience 25, 104459, June 17, 2022 3



A B C D

E F G H

I J

M NK L

Figure 2. High MASTL levels correlate with OCT1 and mammosphere formation

(A) Western blotting of b3-integrin (ITGB3), OCT1, MASTL, and GAPDH in MDA-MB-231 cells grown as a monolayer (2D)

or as mammospheres.

(B) Relative protein expression of MASTL to GAPDH, experimental setup shown in (A). (n = 3 biologically independent

experiments, unpaired t-test, mean G SD).

(C) Western blotting of OCT1, MASTL, and GAPDH in MDA-MB-231 cells silenced with siControl or siOCT1 for 48 h.

(D) Relative protein expression of MASTL to GAPDH, experimental setup shown in (C), two datapoints collected after 96 h

and three after 48 h (n = 5 biologically independent experiments, one sample t-test, mean G SD).

(E) Western blotting of OCT1, MASTL, and tubulin in MDA-MB-231 cells overexpressing EGFP-control (enhanced green

fluorescent protein) or hemagglutinin (HA)-tagged OCT1.

(F) Relative protein expression of MASTL to tubulin, experimental setup shown in (E). (n = 3 biologically independent

experiments, one sample t-test, mean G SD).

(G) Representative flow cytometry histograms of MDA-MB-231 cells treated with DMSO control or DCF-DA (2ʹ,7ʹ-
Dichlorofluorescin Diacetate) to measure ROS activity after silencing with siControl (gray), siMASTL#6 (red), or siMASTL#7

(orange) for 48 h.

(H) Geometric Mean of the DCF-DA signal (ROS activity) in the experimental setup described in (G). (n = 3 biologically

independent experiments, unpaired t-test, mean G SD).

(I) Representative images of tetracycline-induced shControl and shMASTL#3 MDA-MB-231 cells grown in mammosphere

culture conditions (7 days) and stained with Calcein (Nikon Eclipse Ti-E widefield microscope, Hamamatsu Orca C13440

Flash 4.0 ERG [b/w] sCMOS camera and Plan Apo lambda 203/0.80, WD 1,000-mm objective).
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Figure 2. Continued

(J) Average mammosphere size (average ferret diameter of spheres in mm) and spheres/1,000 cells plated, experimental

setup shown in (I). (n = 3 biologically independent experiments, eight replicate wells/experiment, unpaired t-test,

mean G SEM).

(K) Western blotting of OCT1, MASTL, and GAPDH in tetracycline-induced (4 days) shControl and shMASTL#3 MDA-MB-

231 cells.

(L) Relative protein expression of MASTL to GAPDH, experimental setup shown in (K). (n = 3 biologically independent

experiments, one sample t-test, mean G SD).

(M) Representative flow cytometry histograms of CD44 expression in tetracycline-induced (4 days) shControl and

shMASTL#3 MDA-MB-231 cells.

(N) Geometric mean of CD44 expression in the experimental setup described in (M). (n = 5 biologically independent

experiments, unpaired t-test, mean G SD). See also Figure S2.

ll
OPEN ACCESS

iScience
Article
siRNA transfection) significantly decreased the size of the mammospheres formed by MDA-MB-231 and

MDA-MB-436 cells (Figures 2I, 2J, S2E–S2H). However, the effect of MASTL silencing on the number of

spheres reached significance only in MDA-MB-436 cells, when >60 mm sphere size was used as a cut off.

These data are concordant with previous studies performed with MCF7, T47D, and MCF10A breast cell

lines (Rogers et al., 2018; Vera et al., 2015; Yoon et al., 2018) demonstrating that MASTL supports

anchorage-independent cell growth.

To further study the role of MASTL in supporting stemness, we silenced MASTL with inducible shRNAs for

four days and studied the expression of stemness markers OCT1, CD44, and CD24. Silencing of MASTL

significantly decreased OCT1 protein expression (western blotting) and CD44 cell-surface levels (flow cy-

tometry) in MDA-MB-231 cells (Figures 2K–2N). CD24 expression was extremely low or could not be de-

tected in MDA-MB-231 cells, in line with previous studies (Feng et al., 2019; Li et al., 2017); Figure S2I).

These results imply a functional significance for high MASTL levels in supporting stemness.
MASTL is highly expressed in pluripotent stem cells and supports stemness

To further explore the potential link between MASTL and stemness, we investigated MASTL expression in

human pluripotent stem cells (hPSCs). Analysis of gene expression data from pluripotent stem cells indi-

cated significantly higher MASTL expression in pluripotent cells compared to fibroblasts or other somatic

controls (Figure 3A). In line with these data, MASTL protein levels were high in hPSCs compared to differ-

entiated fibroblasts (Figure 3B). Furthermore, MASTL expression declined clearly upon cell differentiation

to any of the three distinct ecto-, endo-, or mesoderm lineages (Figure 3C). Embryonic body differentiation

of hPSCs also correlated with clearly reducedMASTL, NANOG, and SOX2 levels, providing additional sup-

port for the notion of high MASTL expression correlating with stemness (Figure 3D).

In interphase cells, MASTL is known to localize in nuclei prior to the nuclear envelope breakdown (Álvarez-

Fernández et al., 2013). As expected, nuclear MASTL was evident in hPSCs compared to fibroblasts based

on immunofluorescence (Figure S3A). To further study if MASTL expression is linked to stemness, MASTL

levels were studied during reprogramming of fibroblasts to hPSCs with overexpression of KLF4, SOX2,

MYC, and OCT4. In reprogramming, nuclear MASTL expression was significantly higher in cells positive

for NANOG (pluripotency transcription factor) or SSEA-5 (a cell-surface marker for undifferentiated plurip-

otent cells) (Figures 3E–3H). Concordantly, MASTL protein levels were higher in reprogrammed cells than

in the parental fibroblasts (Figure 3I). Finally, to study if high MASTL levels correlate with stemness marker

expression, we investigated the outcome of MASTL depletion in hPSCs. Silencing of the MASTL for 48 h

resulted in a significant reduction of OCT4 and NANOG, the key pluripotency driving transcription factors

(Figures 3J–3L). Taken together, these data indicate that high MASTL expression correlates with stemness

markers in human pluripotent stem cells.

MASTL regulates cell contractility and MRTF-A/SRF signaling in a kinase activity-independent manner

(Taskinen et al., 2020). To test the requirement of MASTL kinase activity in pluripotency maintenance, we

treated cells with the MASTL kinase inhibitor GKI-1 (Ocasio et al., 2016). Optimization of GKI-1 dosage re-

vealed that hPSCs are very sensitive to the GKI-1 inhibitor compared to differentiated vimentin-positive

fibroblast-like cells generated from the original hiPSC line (Figures S3B and S3C). This indicates that higher

concentrations of GKI-1 have profound effects on the cell cycle of hPSCs and possibly also their viability. To

overcome this and to test if GKI-1 influences pluripotency marker expression, we chose to use the

tolerated 3.5 mM dose of GKI-1 as it is close to the demonstrated EC50 of 4.9 mM for human MASTL
iScience 25, 104459, June 17, 2022 5



A B C D

E F

G H

I J K L

Figure 3. MASTL is highly expressed in pluripotent stem cells and supports stemness

(A) Expression of MASTL in the Amazonia database (http://amazonia.transcriptome.eu) (Gene expression Atlas for

Embryonic SC, Probe 228468_at, U133P2) (mean + SEM, unpaired t-test).

(B) Western blotting of MASTL, OCT4, vimentin, and GAPDH in hiPSCs and differentiated fibroblasts.

(C) Expression of MASTL in differentiation to embryonic layers day 5 (Gifford et al., 2013), (mean + SEM, unpaired t-test).

(D) Western blotting of MASTL, NANOG, SOX2, and GAPDH in embryonic body (EB) differentiation in addition to phase-

contrast images (scale bar 100 mm).

(E–H) Immunostaining of MASTL, NANOG, SSEA-5, and DAPI during reprogramming and quantification of the nuclear

MASTL signal intensity in NANOG/SSEA-5 positive and negative cells (n = 3 biologically independent experiments,

unpaired t-test, mean + SD). Scale bar, 10 mm.

(I) Western blotting of MASTL, b1-integrin, NANOG, SOX2, and GAPDH in original fibroblasts used for reprogramming

and in hiPSCs.

(J) Western blotting of MASTL, OCT4, NANOG, and GAPDH in siControl-, siMASTL#6-, and siMASTL#7-treated hiPSCs

for 48 h.

(K and L) Relative protein expression of OCT4 (K) or NANOG (L) to GAPDH, experimental setup shown in (J). (n = 3

biologically independent experiments, unpaired t-test, mean G SD). See also Figure S3.
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Figure 4. MASTL depletion influences stem-cell-associated surface proteins

(A) Experimental outline for stable isotope labeling with amino acids in cell culture (SILAC)-based proteomics of surface proteins (surfaceome) in heavy and

light isotope-labeled siControl- and siMASTL-treated cells.

(B) Significantly altered surface proteins in MASTL-silenced cells (SILAC siMASTL/siControl Ratio (log2) >0.5/<-0.5 and FDR <0.05) and functional enrichment

based on g-Profiler (Raudvere et al., 2019). See also Figure S4 and Table S1.
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(Ocasio et al., 2016). 48-h treatment with GKI-1 had no effect on OCT4 or NANOG expression (Figure S3D)

suggesting that MASTL-mediated regulation of pluripotency markers might be independent of its kinase

activity. However, it is important to acknowledge that the inhibitor concentration used might not be suffi-

cient to suppress MASTL kinase activity completely.

MASTL depletion influences stem-cell-associated surface proteins

Cell-surface proteins are critical for the characterization, isolation, and regulation of stem cells (Kim and

Ryu, 2017). We performed stable isotope labeling with amino acids in cell culture (SILAC) surfaceome

mass-spectrometry-based proteomics (Diaz-Vera et al., 2017) to determine if MASTL affects stemness by

regulating the cell-surface proteome. Heavy and light isotope-labeled endogenous cell-surface proteins

of control- or -MASTL-silenced MDA-MB-231 cells were purified by biotin enrichment and subjected to

mass spectrometry analysis (Figure 4A). In total, 2,604 proteins were identified. MASTL silencing for 48 h

significantly affected the expression of 16 of them (Table S1 and Figure 4B). Functional enrichment analysis

with g-Profiler (Raudvere et al., 2019) (https://biit.cs.ut.ee/gprofiler/index.cgi) mapped most of the identi-

fied proteins to the cell membrane as expected (Figure 4B). Interestingly, more than half of the differentially

expressed proteins were linked to tissue development. Of these, ANO6, FZD6, ICAM1, ATP2A2, SLC20A1,

and TGFBR2 were downregulated and INSR, F11R, and EPHA4 were upregulated. Two of the downregu-

lated proteins AN06 and ATP2A2 are linked to calcium signaling (Lytton and MacLennan, 1988; Schroeder

et al., 2008), suggesting that this might be an interesting avenue to investigate in the future. Our attention

was, however, drawn to TGF-b signaling as it has been linked to stemness (see below). MASTL silencing

clearly downregulated TGF-b receptor II (TGFBR2), a central regulator of the TGF-b pathway (Massagué,

2012), and upregulated F11R, which is a junctional protein recently shown to be negatively regulated by

TGF-b in breast cancer (Bednarek et al., 2020) (Figure 4B).

MASTL supports TGFBR2 levels

TGF-b and ITGB3 signaling have been proposed to be essential for BCSCs (Lo et al., 2012). In addition,

TGF-b signaling is essential for maintenance of hPSCs (James et al., 2005). The mediator of TGF-b signaling

is the heteromeric TGF-b receptor, consisting of TGFBR1, TGFBR2, or TGFBR3 (Massagué, 2012). Of these,

only TGFBR2 was significantly downregulated on the cell surface of MASTL-silenced cells. TGFBR2 was
iScience 25, 104459, June 17, 2022 7
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significantly decreased also at the mRNA (Illumina transcriptome data) and total protein level (SILAC),

further implying a role for MASTL in regulating TGFBR2 (Figure S4A) (Taskinen et al., 2020). We did not

detect any differences in TGFBR1 expression (Figure S5A). In addition, no effect was observed on

TGFBR3 total protein level (SILAC) (Taskinen et al., 2020), although we did detect a significant decrease

at the mRNA level with one of the siRNAs (Figure S5B). The decrease in TGFBR2 following MASTL silencing

was validated with qRT-PCR and Western blotting in MDA-MB-231 cells (Figures 5A–5C), where the spec-

ificity of the TGFBR2 antibody was verified using two TGFBR2-specific siRNAs (Figure 5D). These data were

further supported by the CCLE database where TGFBR2 levels showed significant correlation with MASTL

expression (Figure 5E). Conversely, overexpression of MASTL led to a significant increase in TGFBR2 levels

in MCF10A cells with low endogenous MASTL expression. Overexpression of the kinase-active (WT) and

kinase-dead (G44S) MASTL increased TGFBR2 to the same extent (Figures 5F and 5G) and the MASTL ki-

nase inhibitor (GKI-1; 20 mM) had no influence on TGFBR2 expression (Figures 5H and 5I). These results indi-

cate that MASTL supports TGFBR2 expression in a kinase-independent manner.

MASTL controls AKT and SMAD3 activation via TGFBR2

Although the effect of MASTL on TGFBR2 was statistically significant and detected with multiple analysis

methods, the difference observed was relatively small. Therefore, we decided to test whether the observed

difference would have biological significance. TGF-b is known to activate canonical and non-canonical

signaling pathways via TGFBR2 (Zhang, 2009). One of the non-canonical pathways is the PI3K-AKT signaling

pathway. AsMASTL expression levels have been shown to correlate with AKT activation (Rogers et al., 2018;

Vera et al., 2015) and PI3K/AKT signaling has a vital role in pluripotency and CSCs (Yu and Cui, 2016), we

decided to investigate the relationship between MASTL, TGF-b, and AKT signaling in detail. MASTL-

silenced cells exhibited lower AKT activation in response to TGF-b compared to control cells, in line

with decreased TGFBR2 levels following MASTL silencing (Figures 6A and 6B). Importantly, TGF-b treat-

ment of MDA-MB-231 cells led to a significant activation of AKT, which was not influenced by treatment

with the MASTL kinase inhibitor (Figures 6C and 6D). These results suggest an important role for MASTL

in the TGF-b-mediated activation of the PI3K-AKT signaling pathway, potentially through the regulation

of TGFBR2 levels in a kinase-independent fashion.

In addition to non-canonical signaling pathways, activated receptor complexes consisting of TGFBR2 and

TGFBR1 can activate canonical TGF-b signaling that acts via SMAD transcriptional effectors (Massagué,

2012). Activation of SMAD2/3 is one of the key downstream SMAD proteins driving stemness (Mullen

and Wrana, 2017). MASTL silencing significantly reduced TGF-b-induced activation of SMAD3 in MDA-

MB-231 cells (Figures 6E and 6F). Furthermore, silencing of TGFBR2 in hiPSCs led to a reduction of plurip-

otency markers, NANOG and OCT4, which are known to be activated by SMAD2/3 (Mullen et al., 2011; Xu

et al., 2008) similarly to MASTL silencing (Figure 6G). These results indicate that MASTL supports TGF-b

signaling through upregulation of TGFBR2 and that this signaling axis is important for the maintenance

of conventional SMAD and non-conventional PI3K-AKT signaling.

DISCUSSION

MASTL is upregulated in various types of cancers and is involved in tumor recurrence (Conway et al., 2020;

Marzec and Burgess, 2018). In addition, TGF-b promotes cancer progression and stemness in multiple can-

cer types (Ikushima and Miyazono, 2010). Here, we show that MASTL supports TGFBR2 expression and af-

fects both canonical SMAD3 and non-canonical PI3K-AKT activation downstream of TGF-b signaling.

Furthermore, MASTL influences the stemness regulator OCT1 in cancer cells, and the pluripotency regu-

lator OCT4 in hiPSCs.

The cancer-promoting role of MASTL has been suggested to be linked to AKT signaling, but the exact

mechanism has remained unclear. Exogenous overexpression of MASTL triggers AKT activation in an

ENSA/PP2A-independent manner (Rogers et al., 2018; Vera et al., 2015). In addition, AKT-mediated prolif-

eration in colorectal cell lines can be attenuated by MASTL silencing (Reshi et al., 2020). Our results show

that silencing of MASTL leads to a significant decrease in TGFBR2 levels and TGF-b-induced PI3K-AKT acti-

vation. These data provide mechanistic insight into MASTL-dependent AKT activation.

We find that MASTL has a noticeable expression in pluripotent stem cells and is required for the mainte-

nance of pluripotency. The most important signaling pathways maintaining pluripotency are PI3K/AKT

and SMAD2/3 signaling (Singh et al., 2012), both of which are positively regulated by TGFBR2. In fact,
8 iScience 25, 104459, June 17, 2022
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Figure 5. MASTL supports TGFBR2 levels

(A) Relative TGFBR2 mRNA expression in siControl-, siMASTL#6-, and siMASTL#7-treated MDA-MB-231 cells after 48 h of

silencing (n = 5 biologically independent experiments, unpaired t-test, mean G SD).

(B) Western blotting of MASTL, TGFBR2, and GAPDH in siControl-, siMASTL#6-, and siMASTL#7-treated MDA-MB-231

cells after 48 h.

(C) TGFBR2 protein expression relative to GAPDH in siControl-, siMASTL#6-, and siMASTL#7-treated MDA-MB-231 cells

after 48 h (n = 3 biologically independent experiments, unpaired t-test, mean G SD).

(D) Western blotting of MASTL, TGFBR2, and GAPDH in siControl-, siMASTL#6-, siMASTL#7-, siTGFBR2#5-, and

siTGFBR2#6-treated MDA-MB-231 cells after 48 h. Cells were stimulated with TGF-b (20 ng/mL) for 45 min immediately

before collection.

(E) TGFBR2 expression in breast cancer cell lines with high or lowMASTL expression based on CCLE data (unpaired t-test,

mean G SEM).

(F) Western blotting of MASTL, TGFBR2, and GAPDH in EGFP (control), EGFP MASTL wild-type (WT), and EGFP MASTL

kinase-dead (G44S) overexpressing MCF10A cells 24 h after transfection.

(G) TGFBR2 protein expression relative to GAPDH in EGFP (control), EGFP MASTL wild-type (WT), and EGFP MASTL

kinase-dead (G44S) overexpressing MCF10A cells after 24 h (n = 3 biologically independent experiments, one-sample

t-test, mean G SD).

(H) Western blotting of MASTL, TGFBR2, and GAPDH in DMSO- and GKI-1 (20 mM)-treated MDA-MB-231 cells for 48 h.

(I) TGFBR2 protein expression relative to GAPDH in DMSO- and GKI-1-treated MDA-MB-231 cells after 48 h (n = 3 bio-

logically independent experiments, one-sample t-test, mean G SD). See also Figure S5.
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Figure 6. MASTL controls AKT and SMAD3 activation via TGFBR2

(A) Western blotting of MASTL, TGFBR2, pAKT (Ser473), AKT, and GAPDH in siControl-, siMASTL#6-, and siMASTL#7-treatedMDA-MB-231 cells after 48 h of

silencing. Cells were stimulated with TGF-b (20 ng/mL) for 45 min immediately before collection.

(B) pAKT (Ser473) protein levels relative to total AKT, experimental setup shown in A. (n = 3 biologically independent experiments, one sample t-test,

mean G SD).

(C) Western blotting of MASTL, pAKT (Ser473), AKT, and GAPDH in DMSO- and GKI-1 (20mM)-treated (48 h) MDA-MB-231 cells with and without TGF-b

stimulation (20 ng/mL, 45min).

(D) pAKT (Ser473) protein levels relative to total AKT, experimental setup shown in (C). (n = 3 biologically independent experiments, t-test with Welch’s

correction, mean G SD).

(E) Western blotting of MASTL, pSMAD3, SMAD3, and GAPDH in siControl- and siMASTL#7-treated MDA-MB-231 cells after 48 h. Cells were TGF-b

stimulated 10 ng/mL 24 h before collection.

(F) pSMAD3 protein levels relative to total SMAD3, experimental setup shown in E. (n = 3 biologically independent experiments, unpaired t-test,

mean G SD).

(G) Western blotting of MASTL, NANOG, OCT4, and GAPDH in siControl-, siMASTL#6/7-, and siTGFBR2#5/6-treated hiPSCs after 48 h.
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TGF-b-signaling is one of the essential components necessary to maintain hPSCs (James et al., 2005) as

NANOG, which maintains the core pluripotency transcription regulators (OCT4, SOX2, and NANOG)

(Xu et al., 2008), is a direct target of TGF-b-mediated SMAD signaling in hPSCs. Therefore, MASTL, through

regulation of TGFBR2 levels, can impact stemness via canonical and non-canonical TGF-b signaling. Be-

sides TGF-b, MASTL displays a significant positive correlation with b3 integrin expression in breast tumors.

Like TGF-b signaling, b3 integrin is essential for self-renewal of BCSCs and supports breast cancer metas-

tasis (Lo et al., 2012; Parvani et al., 2013).

Our data suggest that MASTL transcription may be regulated by OCT1. Interestingly, OCT1 and OCT4

(products of the POU2F1 and POU5F1 genes) are both members of the POU domain transcription factor

family (Vázquez-Arreguı́n and Tantin, 2016). The classical DNA recognition sequence of these transcription

factors is an octamer motif 50-ATGCAAAT-30, though several substitutes are tolerated especially in the

context of dual binding (Schöler et al., 1989; Vázquez-Arreguı́n and Tantin, 2016). These elements were

found to be present in the MASTL promoter, implying that high MASTL levels in stem cells are likely to

be maintained by OCT1 and OCT4, which are both highly expressed in stem cells.
10 iScience 25, 104459, June 17, 2022
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In addition to TGFBR2, Frizzled-6 (FZD6) identified in our cell-surface proteome profiling could contribute

to enhanced stemness properties downstream of MASTL. Frizzled-6, a receptor of Wnt ligands, promotes

cell motility and metastasis of TNBCs (Corda et al., 2017). Furthermore, Wnt signaling is required for the

maintenance of CD44high/CD24low breast stem cell populations (Scheel et al., 2011) and is central for induc-

tion and preservation of pluripotency (de Jaime-Soguero et al., 2018). Importantly, MASTL promotes Wnt/

b-catenin signaling in colon cancer (Uppada et al., 2018) and TGF-b cooperates withWnt in breast cancer to

induce EMT (Scheel et al., 2011). However, the MASTL-FZD6 link remains to be investigated in the future.

We have recently shown thatMASTL regulates actin stress fiber formation and cell contractility in a kinase-inde-

pendent manner by promoting MRTF-A/SRF-mediated transcription of actomyosin-related genes (Taskinen

et al., 2020). Dysregulation of cell contractility and TGF-b signaling is associated with cancer (Melchionna

et al., 2021). Interestingly, TGF-b has been shown to trigger nuclear translocation ofMRTF-A and -Bwhich coor-

dinately regulate transcription of Slug, a well-known inducer of EMT with SMAD3 (Morita et al., 2007). Further-

more, SRFdepletion hasbeen shown to lead toTGFBR2downregulation (Taylor et al., 2014). Here,we show that

MASTL positively regulates TGFBR2 levels in a kinase-independent manner as overexpression of kinase-dead

MASTL increases TGFBR2 levels similar to WT, and MASTL kinase inhibition does not influence TGFBR2 levels

or AKT activation. This and our previous findings suggest thatMASTL supportsMRTF-A signaling via TGFBR2 in

addition to associating with MRTF-A and retaining it in the nucleus (Taskinen et al., 2020).

In addition, we show that the expression of hPSC pluripotency factors is not sensitive to MASTL kinase in-

hibition. MASTL inhibitors have been designed for cancer treatment to inhibit cell cycle progression, which

is dependent on MASTL kinase activity (Kim et al., 2020; Ocasio et al., 2016). Our data suggest that MASTL

may serve another pro-tumorigenic function, by the virtue of promoting TGF-b signaling, that is impervious

to its kinase activity-targeting therapeutics. Importantly, several TGF-b inhibitors, with promising results in

the treatment of multiple cancers including breast, are under intensive development (Huynh et al., 2019).

Therefore, a combination therapy with MASTL and TGF-b inhibitors could prove more effective than either

approach alone.
Limitations of the study

Our current results indicate that depletion of MASTL results in downregulation of stemness markers in

BCSC and pluripotent stem cells and that increased MASTL levels correlate with more stem-like cell states.

MASTL depletion results in downregulation of TGFBR2 and compromises TGF-b signaling, a well-estab-

lished positive regulator of stemness. This suggests that MASTL supports stemness by facilitating

TGFBR2 levels and signaling. However, we have not fully uncovered the mechanism whereby MASTL reg-

ulates TGFBR2. In addition, prolonged MASTL depletion inhibits cell cycle progression, limiting our ability

to investigate MASTL regulation of stem cell biology beyond three days. Therefore, more follow-on studies

are necessary to fully unravel the mechanism of how MASTL regulates TGF-b signaling and stemness in

different contexts.
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Padua, D., and Massagué, J. (2009). Roles of
TGFb in metastasis. Cell Res. 19, 89–102. https://
doi.org/10.1038/cr.2008.316.

Parvani, J.G., Galliher-Beckley, A.J., Schiemann,
B.J., and Schiemann, W.P. (2013). Targeted
inactivation of b1 integrin induces b3 integrin
switching, which drives breast cancer metastasis
by TGF-b. Mol. Biol. Cell 24, 3449–3459. https://
doi.org/10.1091/mbc.E12-10-0776.

Ponti, D., Costa, A., Zaffaroni, N., Pratesi, G.,
Petrangolini, G., Coradini, D., Pilotti, S., Pierotti,
M.A., and Daidone, M.G. (2005). Isolation and
in vitro propagation of tumorigenic breast cancer
cells with stem/progenitor cell properties. Cancer
Res. 65, 5506–5511. https://doi.org/10.1158/
0008-5472.CAN-05-0626.

Prater, M.D., Petit, V., Alasdair Russell, I., Giraddi,
R.R., Shehata, M., Menon, S., Schulte, R., Kalajzic,
I., Rath, N., Olson, M.F., et al. (2014). Mammary
stem cells havemyoepithelial cell properties. Nat.
Cell Biol. 16, 942–950. https://doi.org/10.1038/
ncb3025.

Rappsilber, J., Mann, M., and Ishihama, Y. (2007).
Protocol for micro-purification, enrichment, pre-
fractionation and storage of peptides for
proteomics using StageTips. Nat. Protoc. 2,
1896–1906. https://doi.org/10.1038/nprot.2007.
261.

Raudvere, U., Kolberg, L., Kuzmin, I., Arak, T.,
Adler, P., Peterson, H., and Vilo, J. (2019).
g:Profiler: a web server for functional enrichment
analysis and conversions of gene lists (2019
update). Nucleic Acids Res. 47, W191–W198.
https://doi.org/10.1093/nar/gkz369.

Reshi, I., Nisa, M.U., Farooq, U., Gillani, S.Q.,
Bhat, S.A., Sarwar, Z., Nabi, N., Fazili, K.M., and
Andrabi, S. (2020). AKT regulates mitotic
progression of mammalian cells by
phosphorylating MASTL, leading to protein
phosphatase 2A inactivation. Mol. Cell Biol. 40,
e00366-18. https://doi.org/10.1128/MCB.00366-
18.

Rogers, S., McCloy, R.A., Parker, B.L., Gallego-
Ortega, D., Law, A.M.K., Chin, V.T., Conway,
J.R.W., Fey, D., Millar, E.K.A., O’Toole, S., et al.
(2018). MASTL overexpression promotes
chromosome instability and metastasis in breast
cancer. Oncogene 37, 4518–4533. https://doi.
org/10.1038/s41388-018-0295-z.

Scheel, C., Eaton, E.N., Li, S.J., Chaffer, C.L.,
Reinhardt, F., Kah, K.-J., Bell, G., Guo, W., Rubin,
J., Richardson, A.L., and Weinberg, R.A. (2011).
Paracrine and autocrine signals induce and
maintain mesenchymal and stem cell states in the
breast. Cell 145, 926–940. https://doi.org/10.
1016/j.cell.2011.04.029.
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Deposited data

Cancer Cell Line Encyclopedia (CCLE) https://sites.broadinstitute.org/ccle/ N/A

Surface proteomics data This paper PRIDE: PXD019993

Total proteomics data (Taskinen et al., 2020) PRIDE: PXD013757

Transcriptome data (Taskinen et al., 2020) GEO: GSE131833

Experimental models: Cell lines

Human: MDA-MB-231 ATCC HTB-26; RRID: CVCL_0062

Human: MDA-MB-436 ATCC HTB-130; RRID: CVCL_0623

Human: MCF10A ATCC CRL-10317; RRID: CVCL_0598

Human: HEL11.4 Timo Otonkoski (Mikkola et al., 2013) RRID: CVCL_JE79

Human: HEL62.4 Timo Otonkoski N/A
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AllStars Neg. Control siRNA Qiagen 1027281

Hs_MASTL_6 FlexiTube siRNA (target
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Qiagen SI02653182
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pLenti-H1-shRNA(Neg control) (RFP-Puro)
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RT-PCR primer for GAPDH
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Recombinant DNA

pcDNA EGFP-C2 (Taskinen et al., 2020) N/A

pcDNA EGFP MASTL WT (siRNA resistant) (Taskinen et al., 2020) N/A

pcDNA EGFP MASTL G44S (siRNA resistant) (Taskinen et al., 2020) N/A

pCGN-OCT1 A gift from Winship Herr (Addgene

plasmid # 53308; http://n2t.net/

addgene:53308)

RRID: Addgene_53308
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ImageJ https://imagej.nih.gov/ij/ RRID: SCR_003070

GraphPad Prism https://www.graphpad.com/scientific-

software/prism/

RRID: SCR_002798

Xcalibur ThermoFisher Scientific RRID: SCR_014593

Flowing Software https://bioscience.fi/services/cell-

imaging/flowing-software/

N/A

MaxQuant version 1.5.5.1 (Cox and Mann, 2008) RRID: SCR_014485

Andromeda search engine (Cox et al., 2011) N/A

Perseus software version 1.5.5.3 (Tyanova et al., 2016) RRID: SCR_015753
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Lead contact

� Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact Johanna Ivaska (johanna.ivaska@utu.fi).
Materials availability

� This study did not generate new unique reagents.

Data and code availability

d Surface proteomics data have been deposited at the Proteomics Identifications database (PRIDE) and

are publicly available as of the date of publication. Accession numbers are listed in the key resources

table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

MDA-MB-231 (female, human triple-negative adenocarcinoma, ATCC) cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS,

Sigma-Aldrich), 2 mM l-glutamine (Sigma-Aldrich) and 1% MEM non-essential amino acid solution

(Sigma-Aldrich), in + 37�C, 5% CO2. For passaging, the cells were detached by using trypsin-EDTA solution

(T4174, Sigma-Aldrich).

MDA-MB-436 (female, human adenocarcinoma, ATCC) cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich),

2 mM l-glutamine (Sigma-Aldrich), 10 mg/mL insulin (Sigma-Aldrich) and 1% penicillin-streptomycin (Sigma-

Aldrich) in + 37�C, 5% CO2. For passaging, the cells were detached by scraping.

MCF10A (female, human epithelial, ATCC) cells were cultured in DMEM/Nutrient Mixture F-12 (Gibco)

supplemented with 5% horse serum (Gibco), 100 ng/mL cholera toxin (Sigma), 20 ng/mL human epidermal

growth factor (EGF, Sigma-Aldrich), 0.5 mg/mL hydrocortisone (Sigma-Aldrich), 10 mg/mL insulin (Sigma-

Aldrich), and 1% penicillin-streptomycin (Sigma-Aldrich) in + 37�C, 5% CO2. For passaging, the cells

were detached by using 0.25% trypsin-EDTA in HBSS (Biowest, L0931-100).

Tetracycline-inducible shRNA MDA-MB-231 cells (shControl and shMASTL#3) were cultured in Dulbecco’s

modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS,
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Sigma-Aldrich), 2 mM l-glutamine (Sigma-Aldrich), 1% penicillin-streptomycin (Sigma-Aldrich), 1 mg/mL pu-

romycin (Sigma) and 10 mg/mL blasticidin (Gibco) in + 37�C, 5% CO2. Induction was performed by adding

3 mg/mL tetracycline in the culture medium.

For mammosphere formation, Mammocult Basal media (Stem Cell Technologies, 05620) was used. Briefly,

cells were detached with trypsin, separated into single cells with 0.35 mm cell strainer in normal culture me-

dia, washed with mammosphere media, and plated on low adhesion plates. For sphere formation assays,

1,000 cells/96-well plate well in 100 ul volume of Mammocult Basal media were plated (8 replicate wells/

condition). Fresh media was added on day 2. Tetracycline-induced shRNA silenced MDA-MB-231 cells

were imaged at day 7 and siRNA silencedMDA-MB-436 cells at day 5. Before imaging, proliferative spheres

were stainedwith calcein AM (C3100MP) for 1 hour at +37�C. Images were captured with (Nikon Eclipse Ti-E

widefield microscope, Hamamatsu Orca C13440 Flash 4.0 ERG [b/w] sCMOS camera and Plan Apo lambda

203/0.80, WD 1,000-mmobjective). Sphere size was analyzed with ImageJ software. Spheres having greater

than 60 mm Feret diameter were included in the analysis.

Human induced pluripotent cell (hiPSC) lines HEL11.4 and HEL62.4 were obtained from the University of

Helsinki. Cell lines were generated frommale (HEL11.4) or female (HEL62.4) fibroblasts using Sendai viruses

(Mikkola et al., 2013) and this protocol was also used to study induction of MASTL expression during re-

programming. HiPSCs were grown in feeder-free conditions on Matrigel (MG) (Corning, 354277) in Essen-

tial 8 (E8) Basal medium (Life Technologies, A15169-01) supplemented with Essential 8 supplement (Life

Technologies, A1517-01) or in mTeSR1 (StemCell Technologies, 85850) at +37�C, 5% CO2 in a humidified

incubator. Culture media was changed daily. For passaging, cells were detached using sterile filtered

0.5 mM EDTA (Life Technologies, 15575-038) in PBS for 3 min at room temperature (RT). The parental fibro-

blast cell line of HEL11.4 were obtained from the University of Helsinki, and were cultured in Dulbecco’s

Modified Eagle’s Medium: Nutrient Mixture F-12 (DMEM/F-12) (Life Technologies, 10565-018) supple-

mented with 10% Fetal Bovine Serum (FCS) (Biowest, S1860) at +37�C, 5% CO2 in a humidified incubator.

Fibroblasts were passaged using 0.25% trypsin-EDTA in HBSS (Biowest, L0931-100).

For embryonic body (EB) differentiation cells were passaged normally and plated on low adhesion plates.

Half of the medium was replaced every second day with full E8 medium. In order to generated differenti-

ated fibroblasts, differentiated EBs were plated on normal culture plates. Attached cells were detached

with trypsin and cultured in DMEM (Sigma-Aldrich) supplemented with 10% FBS (Sigma) and 2 mM l-gluta-

mine (Sigma).
METHOD DETAILS

Transfections

Plasmid DNAs were transfected into MCF10A cells by using Lipofectamine 2000 transfection reagent (In-

vitrogen) according to the manufacturer’s protocol. SiRNAs were transfected into MDA-MB-231 and

MDA-MB-436 cells by using Lipofectamine RNAiMAX transfection reagent (Invitrogen) according to the

manufacturer’s protocol.

HPSCs were transfected by using Lipofectamine RNAiMAX transfection reagent (Invitrogen) using modi-

fied protocol. Briefly, a high concentration (180 nM) of the siRNA was used in the transfection mixture which

was added on freshly passaged colonies. Transfection was repeated a day after by adding new transfection

mixture with fresh media.
Transductions

Lentiviral transductions of shControl and shMASTL#3 were performed according to themanufacturer’s pro-

tocol (AMSBIO).
RT-PCR

Total RNA was extracted using the Nucleospin RNA kit (Macherey-Nagel) and DNase was digested with

DNaseI Amplification Grade kit (Invitrogen) according to manufacturers’ instructions. Synthesis of cDNA

from RNA was performed using high capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific).

The expression levels of TGFBR2 and GAPDH (endogenous control) were determined by using

QuantStudio� 12K Flex Real-Time PCR System (Thermo Fisher Scientific).
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Immunofluorescence & confocal microscopy

Cells were fixed with 4% paraformaldehyde 20 min, washed three times with PBS and permeabilized with

0,5% Triton in PBS at RT for 20 min. Fixed cells were stained with primary antibodies in 30% horse serum in

PBS at 4�C overnight, washed with PBS, and incubated with secondary antibodies and 406-diamidino-2-

phenylindole (DAPI, 1:10,000) in 30% horse serum in PBS at RT for 1h. Cells were washed with PBS and

imaged with a 3i CSU-W1 spinning disk confocal microscope, using Slidebook 6 software, Hamamatsu

sCMOS Orca Flash4.03camera and 643objective. Quantification of MASTL in NANOG/SSEA-5 positive

and negative cells was performed using ImageJ (National Institutes of Health).
Western blot

Cells were first washed with ice-cold PBS on ice and lysed with TXLB (50 mM Tris-HCl, pH 7.5, 150 mMNaCl,

0.5% Triton-X, 0.5% glycerol, 1% SDS) supplemented with complete protease and phosphatase inhibitor

tablets (Sigma-Aldrich). Cell lysates were boiled for 5 min and sonicated prior to measurement of protein

concentrations with DC Protein assay (Bio-Rad). Protein concentrations were balanced by adding the

required amount of TXLB. SDS sample buffer was added on samples, and the samples were boiled for

5 min prior to loading on precast Tris-Glycine-eXtendet SDS-PAGE gels with a 4–20% gradient (Bio-

Rad). After separation, the proteins were transferred to nitrocellulose membranes (Bio-Rad). Membranes

were blocked in 5% milk in TBST (Tris-buffered saline with 0,1% Tween 20) for 1h at RT. Primary antibodies

were diluted in StartingBlock (PBS) Blocking Buffer (37538, Thermo Scientific), and membranes were incu-

bated in the antibody dilutions at +4�C overnight. Membranes were washed three times with TBST prior to

incubating in fluorophore-conjugated Odyssey secondary antibodies (LI-COR Biosciences) for 1 h at RT.

Membranes were washed three times with TBST, and scanned with Odyssey infrared system (LI-COR Bio-

sciences). Band intensities were quantified using ImageJ.
GKI-1 sensitivity

Cells were plated the day before the exposure to the GKI-1 inhibitor (MedChemExpress, HY-100521). After

24 hours of incubation, sample wells were fixed with ice cold methanol for 20 min, washed with water,

stained with 0.2% Crystal violet in 10% ethanol for 5 min and washed carefully with water. Inverted plates

were dried overnight and the wells were scanned. Signal intensity was measured with ImageJ.
The FinHer trial, immunohistochemistry

Breast cancer tissue samples were collected from women who had undergone breast surgery and who

agreed to participate in the FinHer trial (Joensuu et al., 2006, 2009). In FinHer, 1,010 women with axillary

node-positive cancer or high-risk node-negative cancer were randomly assigned to receive three cycles

of docetaxel or vinorelbine, followed by (in both groups) three cycles of fluorouracil, epirubicin, and cyclo-

phosphamide (FEC). The women with HER2 (ERBB2)-positive cancer were further assigned to receive or not

to receive nine weekly trastuzumab infusions concomitantly with chemotherapy. Presence or absence of

amplified ERBB2 was verified using chromogenic in situ hybridization (CISH). An ethics committee at the

Helsinki University Central Hospital approved the use of archival formalin-fixed paraffin-embedded tumour

tissue for the purposes of the present study (permission HUS 106/13/03/02/2015). The FinHer trial partici-

pants provided informed consent for the FinHer trial participation and another consent for the use of breast

cancer tissue for research related to the trial prior to initiation of the trial treatments.

Breast tumour tissue was available from 851 (84%) out of the 1,010 patients for immunohistochemistry. Tis-

suemicroarrays were constructed from representative tumour tissue regions, and 5 mmsections were cut on

SuperFrost+ slides (Menzel-Gläser). The sections were deparaffinized and endogenous peroxidase activity

was blocked with 1% hydrogen peroxide. Antigen retrieval was carried out in sodium citrate (10 mmol/L, pH

6.0) in Antigen Retriever 2100 (Aptum Biologics Ltd., Southampton, UK) for MASTL, and in Tris-EDTA buffer

(10 mmol/L, pH 9.0) in water bath (+98�C, 30 minutes) for ITGB3 immunostaining. Antibodies were diluted

in PowerVision Universal IHC blocking diluent (Leica Biosystems, UK; dilutions: MASTL (HPA027175),

1:1,500; ITGB3, 1:250) and incubated on slides either at +4�C overnight (MASTL) or 1 hour at room temper-

ature (ITGB3). Binding of the primary antibodies were detected by using Histofine� Simple Stain MAX PO

kit for rabbit antibodies (Nichirei Biosciences Inc., Japan) and visualized by using 3,30-diaminobenzidine

(ImmPACT� DAB, Vector Laboratories, Burlingame, CA, USA) following the manufacturers’ recommenda-

tions. The slides were counterstained with Mayer’s haematoxylin. Intensities of cytoplasmic MASTL, and

ITGB3 expression in tumour cells were scored as negative, weak or high immunostaining.
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Frequency tables were analyzed using the chi square test. Overall survival was calculated from the date of

randomization to the date of death. Survival between groups was compared using Kaplan–Meier survival-

table method and log-rank test. All p values are two-sided.

Surfaceome proteomics

For quantitative MS analysis MDA-MB-231 cells were labelled by culturing them in DMEM without Arg/Lys

(A14431-01), 200 mM L-glutamine, 100 U/mL penicillin streptomycin, (110 mg/L - 1 mM) sodium pyruvate

and 10% 10 kDa dialyzed serum (F0392, Sigma). The media for Light labelling was supplemented with

Arg 0 (84 mg/L, A6969, Sigma) and Lys 0 (146 mg/L, L8662, Sigma) and for Heavy labelling with Arg10

(CNLM-539-H, Cambridge Isotope Laboratories) and Lys8 (CNLM-291-H, Cambridge Isotope Labora-

tories). Incorporation of the isotopes was confirmed by MS analysis after six passages. SiControl and

siMASTL#6 samples silenced for 48 h were prepared two times with light and heavy labelled cells obtaining

four experimental replicates. For each independent experiment, siControl and siMASTL silenced samples

were mixed using a label-swap replication strategy.

To label cell surface, culture plates were washed carefully with cold PBS on ice, after 0.13 mg/mL of Sulfo-

NHS-SS-Biotin (21331, Thermo Scientific) in PBS was added and incubated 60 min at +4�C in slow rocker.

Excess of biotin was carefully washed with cold PBS for three times after cells were lysed into NDLB buffer

(200 mM NaCl, 75 mM Tris, 15 mM NaF, 1.5 mM Na3VO4, 7.5 mM EDTA and 7.5mM EGTA, 1.5% Triton

X-100, 0.75% NP-40 Igepal CA-630, protease inhibitors (1183617001 Sigma). Samples were syringed with

needle and cleared by centrifugation (13,000 rpm, 10 min, +4�C). Equal protein amounts of heavy and light

lysates were combined, and biotinylated proteins were enriched with streptavidin agarose beads (16-126

Millipore) 60 min, +4�C, rotation. After multiple washes with cold NDLB-buffer and PBS, proteins were

eluted into DTT-buffer (0.1 M DTT, 0.1 M Tris pH 7.5) following incubation of 20 min, 1,000 rpm mixer,

RT. Supernatants were collected by centrifugation of 60 s, 13,000 rpm, boiled with loading buffer and

eluted proteins were then separated by SDS-PAGE, stained with Coomassie blue.

All gel lanes were subdivided into 5 slices, each washed twice with 50 mM ammonium bicarbonate, and

50 mM ammonium bicarbonate with 50% acetonitrile. Proteins in the gel bands were then reduced using

dithiothreitol (10 mM at 54�C for 30 minutes) and subsequently alkylated with iodoacetamide (55 mM at

room temperature for 45 minutes). Gel pieces were washed again with 50 mM ammonium bicarbonate,

with 50 mM ammonium bicarbonate with 50% acetonitrile; and finally dehydrated using acetonitrile before

drying in a SpeedVac. Trypsin (5 mg/mL trypsin gold; Promega in 25 mM ammonium bicarbonate) was

added and incubated overnight at +35�C. Tryptic peptides were extracted from gel pieces with two 50%

(v/v) acetonitrile/water washes and subsequently dried in a SpeedVac.

Mass spectrometry analysis

Digested peptides were desalted using StageTip (Rappsilber et al., 2007) and separated by nanoscale C18

reverse-phase liquid chromatography using an EASY-nLC II 1200 (Thermo Fisher Scientific) coupled to a

Q-Exactive HF mass spectrometer (Thermo Fisher Scientific). Elution was carried out using a binary

gradient with buffer A (2% acetonitrile) and B (80% acetonitrile), both containing 0.1% formic acid. Samples

were loaded into a 50 cm fused silica emitter (New Objective) packed in-house with ReproSil-Pur C18-AQ,

1.9 mm resin (Dr Maisch GmbH). Packed emitter was kept at 50�C by means of a column oven (Sonation)

integrated into the nanoelectrospray ion source (Thermo Fisher Scientific).

The gradient used started at 2% of buffer B, was maintained constant for 3 minutes, and increased to

20% over 70 minutes and then to 41% over 20 minutes. Finally, a column wash was performed at 90%

of B for 12 minutes for a total gradient duration of 105 minutes. The eluting peptide solutions were auto-

matically (online) electrosprayed into the mass spectrometer via a nanoelectrospray ion source (Sona-

tion). An Active Background Ion Reduction Device (ABIRD) was used to decrease ambient contaminant

signal level.

Data was acquired using Xcalibur software (Thermo Fisher Scientific) and acquisition was carried out in pos-

itive ion mode using data dependent acquisition. A full scan (FT-MS) over mass range of 375–1,500 m/z was

acquired at 60,000 resolution at 200 m/z, with a target value of 3,000,000 ions for a maximum injection time

of 20 ms. Higher energy collisional dissociation fragmentation was performed on the 15 most intense ions,

for a maximum injection time of 50 ms, or a target value of 50,000 ions. Multiply charged ions having
20 iScience 25, 104459, June 17, 2022
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intensity greater than 50,000 counts were selected through a 1.4 m/z window and fragmented using nor-

malised collision energy of 27. Former target ions selected for MS/MS were dynamically excluded for 13 s.
ROS activity

Cells were detached with trypsin and suspended into full culture media. 10 mM DCF-DA

(20,70-Dichorofluorecindiacetate [D6883, Sigma]) was added following incubation of 30 min at +37�C. For-
mation of fluorescence was measured using LSR Fortessa (BD) and analyzed using Flowing Software

(GeoMean fluorescence intensity).
Flow cytometry

Tetracycline-induced shRNA silencing in MDA-MB-231 cells was performed by adding 3 mg/mL tetracy-

cline in the culture medium (96 h). Cells were detached using non-enzymatic cell dissociation solution

(C5914, Sigma), and 200,000 cells were re-suspended in 100 mL of ice-cold 4% FBS in PBS. Cells were incu-

bated with Alexa Fluor 647 conjugated CD24 and FITC conjugated CD44 antibodies on ice for 20 min,

washed once and re-suspended in 300 mL 4% FBS in PBS. Cells were filtered and analysed using BD

LSRFortessa cell analyser (BD Biosciences).
QUANTIFICATION AND STATISTICAL ANALYSIS

Mass spectrometry data analysis

The MS Raw files were processed with MaxQuant software (Cox and Mann, 2008) version 1.5.5.1 and

searched with Andromeda search engine (Cox et al., 2011), querying UniProt (UniProt Consortium, 2010)

Homo sapiens (09/07/2016; 92,939 entries). The database was searched requiring specificity for trypsin

cleavage and allowing maximum two missed cleavages. Methionine oxidation and N-terminal acetylation

were specified as variable modifications, and Cysteine carbamidomethylation as fixed modification. The

peptide, protein and site false discovery rate (FDR) was set to 1%.

For quantitation in MaxQuant, multiplicity was set to 2 and Arg0/Arg10, Lys0/Lys8 were used for ratio mea-

surement of SILAC labelled peptides. Only unique peptides were used for protein group quantification.

MaxQuant output was further processed and analysed using Perseus software version 1.5.5.3 (Tyanova

et al., 2016). The common reverse and contaminant hits (as defined in MaxQuant output) were removed.

Only protein groups identified with at least one uniquely assigned peptide were used for the analysis.

To identify regulated proteins, the two-sided Significance B algorithm (Cox and Mann, 2008) with a

threshold value of 0.05 (Benjamini–Hochberg FDR used for truncation) was applied to each replicate sam-

ple. Protein abundance changes were considered significant if they passed the Significance B test in at least

three replicates out of the four analysed. Identified proteins were further sorted for proteins having > 0.5

median siMASTL/siControl log2 fold change, consistent direction of change and significance B < 0.05 in

three out of four replicate values.
Statistical analysis

All of the quantifications were presented as mean values (G SD or GSEM) from 3-5 more biologically in-

dependent experiments, unless stated otherwise. Statistical analysis was performed using unpaired

t-test, one-sample t-test, chi square test or log-rank test, acquired by GraphPad Prism software.

p-values < 0.05 were considered significant in all experiments. All of the statistical details in each experi-

ment can be found from the main text, figure legends or method details.
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