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MELK is an oncogenic kinase essential for mitotic progression in basal-like breast cancer

cells

Yubao Wang'?, Young-Mi Lee"’, Lukas Baitsch'?, Alan Huang®, Yi Xiang"?, Haoxuan Tong'? Ana
Lako'?, Thanh Von'?, Christine Choi'®, Elgene Lim*, Junxia Min®, Li Li®, Frank Stegmeier®,
Robert Schlegel®, Michael J. Eck'?, Nathanael S. Gray'?, Timothy J. Mitchison®,

and Jean J. Zhao"?’

1Department of Cancer Biology, Dana-Farber Cancer Institute, Boston, Massachusetts, USA.
’Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School,
Boston, Massachusetts, USA.

3Novartis Institutes for Biomedical Research, Cambridge, Massachusetts, USA.

*Division of Women’s Cancers, Department of Medical Oncology, Dana-Farber Cancer Institute,
Boston, Massachusetts, USA.

®Harvard University, Cambridge, Massachusetts, USA.

®Department of Systems Biology, Harvard Medical School, Boston, Massachusetts, USA.
"Current address: Division of Pharmacology, Hanmi Innovative Research Center, Hanmi
Pharmaceutical Company, Gyeonggi-do 445-813, Korea.

*Correspondence: jean_zhao@dfci.harvard.edu

Abstract

Despite marked advances in breast cancer therapy, basal-like breast cancer (BBC), an aggressive
subtype of breast cancer usually lacking estrogen and progesterone receptors, remains difficult to
treat. Here, we report the identification of MELK as a novel oncogenic kinase from an in vivo
tumorigenesis screen using a kinome-wide open reading frames (ORFs) library. Analysis of clinical
data reveals a high level of MELK overexpression in BBC, a feature that is largely dependent on
FoxM1, a master mitotic transcription factor that is also found to be highly overexpressed in BBC.
Ablation of MELK selectively impairs proliferation of basal-like, but not luminal breast cancer cells
both in vitro and in vivo. Mechanistically, depletion of MELK in BBC cells induces caspase-
dependent cell death, preceded by defective mitosis. Finally, our newly developed Melk knockout
mouse model demonstrates that Melk is not required for mouse development and physiology.
Together, these data indicate that MELK is a normally non-essential kinase, but is critical for BBC
and thus represents a promising selective therapeutic target for the most aggressive subtype of

breast cancer.
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Introduction

Breast cancer is a heterogeneous disease with a high degree of diversity in histology, therapeutic
response, and treatment outcomes. Transcriptional profiling analyses have reproducibly identified
at least five major “intrinsic” subtypes of breast cancer: normal breast-like, luminal A, luminal B,
HER2/Neu-enriched, and basal-like breast cancer (BBC) (Perou et al., 2000; Sorlie et al., 2001).
These molecular subtypes have recently been confirmed in a comprehensive characterization of
human breast tumors at the genomic, epigenetic, transcriptomic, and proteomic levels (TCGA,
2012). Among these subtypes, basal-like breast cancer (BBC) is strongly associated with an
aggressive phenotype and poor prognosis (Rakha et al, 2008). Unlike their luminal counterparts,
BBC cells lack expression of estrogen receptor (ER) and progesterone receptor (PR). Most BBC
tumors also lack expression of HER2 and thus this subtype largely overlaps with the clinically
defined “triple-negative” breast cancer (TNBC), which is also characterized by the lack of ER, PR
and HER2 expression (Foulkes et al., 2010; Rakha et al, 2008). The lack of these molecular
targets renders BBC or TNBC cells relatively unresponsive to the targeted therapies that are highly
effective in the treatment of luminal or HERZ2 positive breast cancer. Thus, establishing the
molecular pathogenesis of this subtype and identifying potential targets for treatment remains a
key challenge for BBC/TNBC.

Kinases comprise a large family of proteins that is frequently involved in tumor pathogenesis.
Indeed, a large number of mutations, alterations in copy number and/or expression level have
been observed in genes encoding kinases across multiple types of human cancers. In addition,
kinases have proven to be pharmacologically tractable, making inhibition of kinase activity with
small molecules a highly effective strategy for cancer treatment (Zhang et al., 2009). Therefore,
identifying kinases critical for the growth and survival of BBC cells could not only provide valuable
insights into the pathogenesis of BBC, but also define potential druggable targets for therapeutic

interventions.

Kinases that regulate progression through mitosis, including Aurora A, Aurora B and PLK1, are
essential for cell proliferation. Inhibiting them in cancer cells causes mitotic arrest and/or
abnormalities in chromosome segregation and cytokinesis, which in turn trigger apoptosis (Lens et
al., 2010; Taylor and Peters, 2008). Inhibitors of these kinases are effective at eradicating human
cancer cells in culture and in mouse xenograft models, but their efficacy in the clinic has been
limited by killing of normal proliferating cells especially the bone marrow (Dar et al., 2010). If a
kinase exists that is required for mitosis in a specific type of cancer cell, but not other tumor cells or
in normal cells, inhibitors of that kinase might make highly effective and safe drugs. To date, this
type of cancer-specific mitotic kinase has not been identified for any cancer.
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Here, we report the identification of MELK as a novel oncogenic kinase that emerged from an in
vivo tumorigenesis screen. Analyses of breast cancer patient data according to subtypes revealed
a remarkable overexpression of MELK in BBC. We further demonstrate that MELK is directly
regulated by the FoxM1 transcription factor, a master mitotic regulator also found to be
overexpressed in BBC. We discover that MELK is essential in basal-like, but not in luminal breast
cancer cells. Notably, mice in which MELK has been genetically ablated display normal
development and hematopoiesis. Together our data establish MELK as a mitosis-regulating kinase
involved in the pathogenesis of BBC and a promising molecular target for patients with basal-like

breast malignancy.

Results

Identification of oncogenic kinases that contribute to tumorigenesis of HMECs in vivo
Transformation of primary human cells with defined genetic elements is a powerful method for
identifying specific genes or pathways that are involved in oncogenic transformation (Hahn et al.,
1999; Zhao et al., 2004). To this end, we first developed an in vivo tumorigenesis system that
models the pathogenesis of human breast cancer, using a previously established human
mammary epithelial cell (HMEC) based transformation system (Zhao et al., 2003). To further
optimize this system, we engineered telomerase-immortalized HMECs to express a dominant
negative form of p53 (p53DD), NeuT and PI3BKCA H1047R. The resulting cells, termed HMEC-DD-
NeuT-PI3KCA, were fully transformed as evaluated by their ability to form orthotopic tumors in the
mammary fat pads of mice (Figure 1-figure supplement 1). Our model recapitulates the concurrent
activation of HER2/Neu and PI3KCA that is prevalent in breast cancer (Stephens et al., 2012).

The HMEC transformation system described above provided us with a platform to identify novel
oncogenic events capable of replacing the mutant PIK3CA in cooperating with NeuT to drive
HMECs to form tumors in mice. To this end, we infected HMEC-DD-NeuT cells (lacking the mutant
PIK3CA) with subpools of a kinome-wide retroviral library consisting of 354 human kinases and
kinase-related open reading frames (Boehm et al., 2007). The library was screened as a series of
subpools of 10-12 kinase ORFs in HMEC-DD-NeuT cells. The infected cells were injected into the
inguinal mammary fat pads of mice, and recipient mice were followed for tumor formation. Kinases
in 12 pools induced tumor formation with latencies of 2-4 months. Genomic DNA was extracted
from harvested tumor specimen as well as HMECs infected with matched pools of kinases prior to
injection. We then used quantitative PCR to determine the relative abundance of each kinase in
these paired samples. In total, twenty-six kinases were found specifically enriched in the tumors in
vivo (Figure 1, Figure 1-figure supplement 2). Several candidate kinases that scored in the screen
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have previously been implicated as proto-oncogenes or cancer-associated genes, such as the
inhibitor of nuclear factor kappa-B kinase subunit epsilon (IKBKE) (Boehm et al., 2007), rearranged
during transfection (RET) (Takahashi et al., 1985), casein kinase 1 epsilon (CSNK1E) (Kim et al.,
2010), NIMA-related serine/threonine kinase 6 (NEK6) (Nassirpour et al., 2010), and polo-like
kinase 1 (PLK1) (Liu et al., 2006). At least three of them, PLK1 (Golsteyn et al., 1994), NEK®6 (Yin
et al., 2003) and MELK (maternal embryonic leucine zipper kinase) (Le Page et al., 2011), have
been previously implicated in regulating mitotic progression.

MELK is highly overexpressed in human breast cancer and its overexpression strongly
correlates with poor disease outcomes

One of the top-scoring hits from our genetic screen was MELK (Figure 1), an atypical member of
AMPK serine/threonine kinase family (Lizcano et al., 2004). While little is known about the exact
biological functions of MELK, this kinase has been reported to be overexpressed in a variety of
tumors (Gray et al., 2005). When we analyzed MELK expression in the breast cancer dataset of
The Cancer Genome Atlas (TCGA) (TCGA, 2012), a large cohort consisting of 392 invasive ductal
breast carcinomas and 61 samples of normal breast tissues, the level of MELK transcript was
approximately 8-fold higher in breast tumors compared to their normal counterparts (Figure 2A).
The p value for this differential expression (4.6 x 10°*) places MELK in the top 1% overexpressed
genes in breast cancer (Figure 2A). The overexpression of MELK in breast tumors relative to
normal breast tissues was further confirmed by analyzing two other independent datasets (Figure
2-figure supplement 1A; Ma et al., 2009; Richardson et al., 2006).

To gain insights into the potential relevance of MELK overexpression in breast cancer, we asked
whether MELK expression correlates with the status of disease. By analyzing gene expression
data across five independent cohorts totaling more than 1500 patients (Desmedt et al., 2007;
Hatzis et al., 2011; Schmidt et al., 2008; Wang et al., 2005b; supplementary file 1), we found that
higher expression of MELK was strongly associated with higher histologic grade in breast cancer
(Figure 2B, Figure 2-figure supplement 1B); the p values for this correlation rank in the top 1% of a
total 12,624 or more genes measured in all these cohorts.

We also examined whether MELK expression is correlated with metastatic recurrence. We
analyzed three independent cohorts in which patients with early-stage breast cancer were followed
for metastasis-free survival and had not received adjuvant systemic treatment after surgery
(Schmidt et al., 2008; van 't Veer et al., 2002; Wang et al., 2005b; supplementary file 1). In all three
cohorts, higher MELK expression levels were strongly associated with earlier metastasis in women
initially diagnosed with lymph-node-negative tumors (all p values < 0.001, hazard ratios > 2; Figure
2C, Figure 2-figure supplement 1C). We further analyzed two cohorts where a majority of patients
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had high grade and lymph-node-positive breast cancer and nearly all patients received
neoadjuvant chemotherapy and/or hormone therapy (Hatzis et al., 2011; Loi et al., 2007;
supplementary file 1). Again, high expression level of MELK robustly correlates with metastasis in
breast cancer patients (both p values < 0.001, hazard ratios > 2; Figure 2C). Thus MELK
overexpression appears to have a strong predictive value for breast cancer metastasis irrespective

of tumor grade or treatment regimen.

We next asked if MELK expression also correlates with the survival of breast cancer patients. In
five independent large cohorts in which more than 1100 total patients were followed for overall
survival (Desmedt et al., 2007; Esserman et al., 2012; Kao et al., 2011; Pawitan et al., 2005; van
de Vijver et al., 2002; supplementary file 1), high expression level of MELK strongly correlated with
increased rates of mortality (all p values < 0.05, hazard ratios > 2) (Figure 2D, Figure 2-figure
supplement 1D). Together, these data show that MELK may serve as a prognostic indicator in

predicting breast cancer patients’ likelihood of metastasis and overall survival rate.

MELK is commonly overexpressed in the subtype of basal-like breast tumors

Given the heterogeneity of breast cancer, we analyzed MELK expression in different subtypes of
breast cancer as defined by gene expression profiling (Perou et al., 2000; Sorlie et al., 2001). We
categorized samples in multiple breast cancer datasets by PAM50 gene signature (Parker et al.,
2009). In five independent cohorts with more than 1500 patients in total, we observed a strikingly
similar pattern of MELK expression among these different subtypes of breast tumors (Figure 2E,
Figure 2-figure supplement 1E). While luminal A and normal-like subtypes displayed the lowest
expression of MELK, basal-like breast cancers (BBC) showed the highest expression level of
MELK among all subtypes (p < 0.0001). Given that there are more high-grade tumors in the BBC
than the other subtypes, we sought to determine the correlation of MELK with subtypes of breast
tumors within the same grade. We performed statistical analysis of a large cohort of breast cancer
for grade 1, 2 and 3 across all subtypes, respectively, and found that MELK is most highly
expressed in BBC (Fig 2-figure supplement 2A), suggesting that MELK expression is most
pronounced in basal-like breast tumors with the same pathological grade. Moreover, a significant
association of MELK expression with disease status also exists within the subtype of BBC (Figure
2-figure supplement 2B), suggesting that MELK expression is associated with tumor

aggressiveness and poor prognosis in this disease.

Consistent with this observation of MELK overexpression in BBC, we found that MELK expression
in breast tumors has a significant inverse correlation with the expression of luminal markers,
including estrogen and progesterone receptors (ER, PR) (Figure 2F, Figure 2-figure supplement
1F). To confirm this observation at the protein level, we analyzed primary tumors samples for
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MELK expression. Strikingly, all the four ER/PR+ tumor samples lacked detectable signal of MELK
expression. In contrast, ER/PR- negative tumors had abundant MELK protein (Figure 2G). Given
that ER/PR expression varies within the molecular HER2+ subtype, we analyzed MELK expression
within this subtype. We found that MELK expression was significantly higher in ER/PR- tumors
than in those with ER/PR+ status (Figure 2H).

An alternate categorization of breast cancers uses the expression of ER/PR and HER2. Triple-
negative breast cancer (TNBC), a subtype lacking ER/PR and HER2 expression, largely overlaps
with basal-like breast cancer (Foulkes et al., 2010; Rakha et al, 2008). Because this subtype-
categorization has been routinely used in the clinic for diagnosis and selection of treatment
strategies, we also examined whether MELK expression correlates with this alternate subtype
categorization. In two independent cohorts, the expression level of MELK is the highest in TNBC
(Figure 21, Figure 2-figure supplement 1G). Again, within the HER2+ sub-group, ER/PR- tumors
have much higher MELK expression than ER/PR+ ones (Figure 2I). Together, these data indicate
that MELK expression is highly elevated in breast tumors lacking the expression of ER and PR

luminal markers.

FoxM1 is overexpressed in BBC and regulates MELK expression

To investigate the mechanism underlying MELK overexpression in BBC, we first analyzed the copy
number of MELK in breast cancer. Gene amplification of MELK occurs in both primary tumors and

human breast cancer cell lines, especially in ER-negative samples (Figure 3-figure supplement 1).

These tumors or cells with increased copy number of MELK also exhibit high level of MELK

expression, suggesting that gene amplification contributes to the overexpression of MELK.

However, gene amplification of MELK occurs at low frequency, and does not explain the
widespread overexpression of MELK in BBC. Recent comprehensive profiling of breast cancer
suggests a role for FoxM1 activation in the transcriptional maintenance of BBC (TCGA, 2012). We
found that like MELK, FoxM1 is most highly expressed in the BBC or TNBC subtypes (Figure 3A,
Figure 3-figure supplement 2A, 2B). Moreover, an extremely tight correlation between FoxM1 and
MELK expression was observed in multiple large-sized cohorts (Figure 3B, Figure 3-figure
supplement 2C). FoxM1 downregulation via gene silencing or a chemical inhibitor, thiostreptoin
(Hegde et al., 2011), reduced MELK expression (Figure 3C, 3D, Figure 3-figure supplement 2D).
Furthermore, we found that the promoter of MELK contains a putative FoxM1 binding motif
(Wierstra and Alves, 2007), and chromatin immunoprecipitation assays using a FoxM1-specific
antibody recovered a MELK promoter region that included the putative binding site (Figure 3E).
Together these data suggest that FoxM1 is a transcription factor that is enriched in BBC and
regulates MELK expression, providing a molecular mechanism underlying the overexpression of



223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259

MELK in BBC.

Given that FoxM1 is a master transcription factor for many genes that are essential for mitosis
(Laoukili et al., 2005; Wang et al., 2005a), our finding also suggests that MELK is a mitotic factor in
BBC cells. Proteins required for mitotic progression typically accumulate during G2 and M phase,
and are destroyed by ubiquitin-dependent proteolysis at the end of cytokinesis. A previous study
reported that MELK is stabilized in mitosis and partially degraded upon mitotic exit in HeLa cells
and Xenopus embryos (Badouel et a., 2010). We found that, in BBC cells, MELK was highly
expressed during mitosis, and its protein abundance decreased dramatically when mitotic cells
progressed into G1 phase (Figure 3F, Figure 3-figure supplement 3). This expression pattern of
MELK, which is similar to that of Cyclin B1 and Aurora kinases, indicates that MELK is a mitotic
kinase in BBC cells. Interestingly, while luminal breast cancer cells have a similar pattern of MELK
expression during cell cycle, their MELK protein levels in the M phase are much lower than those
of BBC cells (Figure 3G). The expression levels of other mitotic factors including Cyclin B1 and
Aurora A are comparable between basal-like and luminal cancer cells (Figure 3G), suggesting that
MELK may play a unique role during mitosis in BBC cells.

Overexpression of MELK displays robust oncogenic activity

MELK was scored in our kinase library screen and is overexpressed in breast cancer, particularly
in basal-like breast tumors. Therefore we sought to further determine the potential oncogenic role
of MELK. To this end, we re-engineered HMEC-DD-NeuT cells to express wild type (WT-) or
myristoylated (myr-) MELK (the kinases in our initial screen were myristoylated (Boehm et al.,
2007)). While HMEC-DD-NeuT cells expressing the empty vector failed to form tumors in mice,
overexpression of either WT- or myr-MELK in these cells drove tumor formation with 100%
penetrance within two months (Figure 4-figure supplement 1), demonstrating that overexpression

of MELK was able to confer the tumorigenicity of HMEC-DD-NeuT cells.

MELK expression strongly correlates with cell proliferation (Venet et al., 2011), indicating a
functional role of MELK for cell growth. Indeed, we found that MELK overexpression in non-
transformed HMEC-DD cells resulted in increased cell proliferation in suspension culture (Figure 4-
figue supplement 2A). While oncogenic PIK3CA, Ras or NeuT alone can induce colony formation
of HMEC-DD cells in soft agar, two oncogenic events (e.g. PIK3CA plus NeuT), are usually
required to fully transform HMEC-DD cells to form tumors in mice (Zhao et al., 2003; Zhao et al.,
2004). Similar to these oncogenes, over-expression of MELK alone can also promote anchorage-
independent growth of HMEC-DD and MCF10A cells (Figure 4-figure supplement 2B-E). Likewise,
wild-type MELK cooperates with a second oncogene, e.g. NeuT, to induce tumor formation in vivo.
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In contrast to the transformation of HMEC-DD cells, one oncogenic event is sufficient to transform
Rat1 rodent fibroblasts expressing p53DD (Rat1-DD) cells, as indicated by both anchorage-
independent growth in vitro and tumor formation in vivo (Ni et al., 2012). To determine whether
MELK has a transforming activity as a single event in this system, we engineered Rat1-DD cells
expressing MELK (Rat1-DD-MELK), or PI3KCA H1047R (Rat1-DD-PI3KCA H1047R) as a positive
control (Figure 4A). As expected, Rat1-DD cells transduced with an empty vector failed to grow as
colonies in soft agar or to form tumors in mice. Strikingly, Rat1-DD-MELK cells displayed a robust
transformed phenotype comparable to Rat1-DD-PI3KCA H1047R cells, as evidenced by both

colony growth in vitro and tumor formation in vivo (Figure 4B, 4C).

To determine whether the transforming ability of MELK requires its kinase activity, we introduced
catalytically inactive alleles of MELK, D150A or T167A (Lizcano et al., 2004; Vulsteke et al., 2004),
into Rat-DD cells. Unlike Rat1-DD-MELK cells, both Rat1-DD-MELK-D150A and Rat1-DD-MELK-
T167A cells exhibited only limited growth in soft agar or in mice (Figure 4D-F). Together, these
studies indicate that MELK can be a potent oncogenic driver when it is aberrantly overexpressed

and that this oncogenic potential relies on its kinase activity.

MELK is essential for the proliferation of BBC cells

Since MELK is predominantly overexpressed in basal-like breast tumors, we sought to determine
whether MELK plays a role in the proliferation of BBC cells. We first analyzed a set of breast
cancer cell lines that mirror the molecular subtypes of clinical tumors (Neve et al., 2006), and found
that the expression level of MELK is much higher in the cohort of 23 BBC cell lines than in the
cohort of 24 luminal breast cancer cell lines (Figure 5A). This is consistent with the expression
pattern of MELK in primary human breast tumors. We also confirmed that the protein abundance of
MELK is much higher in BBC cells compared to luminal cells (MCF7 and T47D) (Figure 5B). These
cell lines thus, provide an excellent platform to assess potential roles of MELK in BBC.

To examine the role of MELK in the proliferation of these cells, we utilized a tetracycline-inducible
gene knockdown technique in which shRNA transcription (and consequently target gene silencing)
is induced upon exposure of the targeted cells to doxycycline (Wiederschain et al., 2009). Among
the multiple inducible shRNAs that we generated to target MELK, two shRNAs were found to
efficiently reduce MELK expression in cells treated with doxycycline (Figure 5C). We then stably
introduced both shMELKSs into basal or luminal breast cancer cell lines. Cell proliferation was
measured upon induction of the shRNA in the presence of doxycycline. As hypothesized, MELK
knockdown strongly impaired the growth of all six BBC cell lines tested, including BT549, MDA-
MB-468, MDA-MB-231, MDA-MB-436, HCC70, and HCC1954 (Figure 5C, 5D, Figure 5-figure
supplement 1A, 1B). In contrast, in five luminal breast cell lines, MELK knockdown with equivalent
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efficiency did not result in obvious inhibition on cell growth (Figure 5E, Figure 5-supplement 1A,
1B). Similarly, MELK knockdown had little effect on non-transformed HMECs, which have low level
of MELK expression (Figure 4-figure supplement 2),

To further validate the essential role of MELK in BBC cells, we carried out rescue experiments with
both WT and kinase inactive MELK. We found that the proliferation of MDA-MB-468 cells
expressing shMELK was restored when the MELK expression level in these cells was rescued by
expression of a shMELK-resistant allele of MELK (MELK-R) (Figure 5F, Figure 5-figure supplement
3), confirming that the effects of shRNA are due to the specific knockdown of MELK. Notably,
expression of a kinase inactive version of MELK-R, MELK-R (T167A), failed to restore cell
proliferation in these cells (Figure 5F), indicating that kinase activity of MELK is critical for the

proliferation of these BBC cells.

Loss of MELK causes defective mitosis and cell death in BBC cells

To understand the mechanism(s) underlying the MELK function in BBC cells, we examined how
inducible shRNA-mediated MELK depletion affects various cellular processes. In the presence of
doxycycline, BBC cells underwent cell death indicated by increased apoptotic markers, including
cleaved caspase 3, cleaved PARP and DNA fragmentation (Figure 6A, 6B, Figure 6-figure
supplement 1A). zVad, a pan-caspase inhibitor, was able to rescue cell death, indicating an active
role of caspases in executing cell death upon MELK depletion (Figure 6C, Figure 6-figure
supplement 1B). In contrast, MELK knockdown has little effect on luminal tumor cells, such as
MCF7 (Figure 6D). To complement our RNAi-mediated MELK knockdown studies, we used a
recently developed chemical inhibitor of MELK, OTSSP167 (Chung et al., 2012), to evaluate the
functional dependency on MELK by basal and luminal breast cancer cells. Consistently,
OTSSP167 induced apoptotic cell death selectively in basal breast cancer cells (Figure 6-figure

supplement 2A-2C).

The finding that MELK is a mitotic kinase in BBC cells prompted us to hypothesize that the cell
death observed upon MELK inhibition might be due to an altered cell cycle progression. MELK
knockdown by doxycycline induced an accumulation of cells with 4n DNA content (Figure 6E,
Figure 6-figure supplement 3A), indicating an induction of G2/M arrest or failure of cytokinesis. By
immunoblotting, we found that cells exposed to doxycycline exhibited an elevation of Cyclin B1 and
Aurora A kinase, two markers of G2/mitosis (Figure 6E, Figure 6-figure supplement 3A). We next
used microscopy to define the cell division defect in more detail. Doxycycline induced a nearly two-
fold increase in the percentage of cells with two or more nuclei (Figure 6F, 6G, Figure 6-figure
supplement 3B), indicating a failure of cytokinesis. Indeed, our time-lapse microscopic analysis
revealed binucleated cells forming after impaired cytokinesis (Video 1). Furthermore, cells in which
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MELK had been depleted displayed asymmetric division (Figure 6G), characterized by an unequal
allocation of cell mass into daughter cells. Interestingly, C.elegans with mutations in the MELK
homologue, PIG-1, demonstrate impaired asymmetric cell division (Cordes et al., 2006), supporting

a critical role of MELK in the late stage of cell division.

We next used time-lapse microscopy of GFP-Histone 2B expressing cells (Kanda et al., 1998) to
determine whether apoptosis and defective mitosis due to MELK knockdown are functionally
associated. Cell death events were dramatically increased upon MELK knockdown (5 out of 235
cells in control, 151 out of 317 in doxycycline-treated cells during 10 hours of imaging). Moreover,
cell death events were often preceded by division abnormalities in doxycycline-treated populations.
Cells with double nuclei, which had presumably failed cytokinesis, often underwent cell death
(Figure 6H, middle panel; Video 2). Some cells with an apparently normal metaphase plate were
unable to progress towards anaphase, instead entering into the process of cell death directly from
mitosis (Figure 6H, bottom panel; Video 3). Overall, following MELK knockdown, out of 27
examples we noted 16 failed mitoses among which 10 proceeded to cell death after the formation
of metaphase plate and 6 gave rise to binucleated cells. By contrast, mitosis in 36 out of a total of
37 control cells appeared normal (Figure 6H, top panel; Video 4). The morphological events
associated with failed cell division and ensuing cell death resembled the previous reports of the
effects of inhibiting essential mitotic kinase such as Aurora B (Keen and Taylor, 2009). Together,
these data suggest a model in which BBC cells rely on MELK for proper mitosis; inhibiting MELK in

these cells causes impaired mitosis and consequent cell death.

Therapeutic targeting of MELK in basal-like breast cancer

Since MELK is selectively required for the survival of BBC cells, we sought to determine whether
MELK also supports the oncogenic growth of BBC cells using both in vitro colony formation and in
vivo xenograft tumor growth assays. While MDA-MB-468 and MDA-MB-231 cells readily grew into
macroscopic colonies in soft agar, MELK knockdown in these cells upon doxycycline treatment
caused a nearly complete inhibition in colony formation (Figure 7A). To determine whether MELK
is also important for BBC cells to grow as tumors in vivo, we transplanted BBC cells expressing
inducible shMELK into the mammary fat pads of athymic mice to allow orthotopic tumor formation.
While all recipient mice in the control group without doxycycline treatment developed tumors within
two months, mice treated with doxycycline immediately following transplantation failed to develop
tumors (Figure 7B), suggesting that MELK is required for the proliferation of these BBC cells in
vivo. To further examine whether MELK is required for the maintenance of established tumors, we
administered doxycycline to mice bearing xenograft tumors derived from basal-like or luminal

breast cancer cells. Remarkably, down-regulation of MELK led to a substantial regression of

10
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tumors arising from BBC cells but had little effect on tumors derived from luminal cancer cells

(Figure 7C, 7D, Figure 7-figure supplement 1).

To determine if the pharmacological inhibition of MELK would recapitulate the effect of MELK
knockdown in xenografts, we administered OTSSP167 or vehicle control to mice that have tumors
derived from basal or luminal breast cancer cell lines. While the growth of luminal breast tumors
were largely unaffected by the treatment of OTSSP167, the chemical caused significant inhibition
on the growth of basal breast tumors (Figure 7E, 7F). Together, these data indicate the MELK is
selectively required for the oncogenic growth of BBC cells, and suggest that MELK inhibition could

be an effective approach in treating basal-like breast cancer.

While MELK has a critical role in basal-like breast cancer, it is not clear whether this kinase is
important for the proliferation of normal cells or tissue growth in vivo. This question is critical to the
toxicity of any potential MELK-targeted therapy. To address this question, we generated mice with
germ-line knockout (KO) of Melk (Figure 7G). Notably, Melk-deficient mice are viable and appear
normal without any noticeable phenotypes in the development of the embryos or adult mice. Both
male and female mice are fertile and produce litters of normal size. A study by Hebbard et al. found
a high activity of Melk promoter in mouse mammary progenitor cells (Hebbard et al., 2010).
Therefore, we anticipated an impairment of mammary gland development in Melk KO mice.
However, mammary glands from mice with Melk KO appear normal in both morphology and

function (e.g. lactation).

Since bone marrow toxicity is a major side effect of most anti-cancer therapies and, in particular, of
those drugs targeting mitotic kinases/machinery, we characterized the immune system in Melk-
deficient mice. We isolated cells from bone marrow, spleen and thymus, and analyzed immune cell
populations including monocytes, neutrophils, B and T cells. We also analyzed the hematopoietic
stem cells and various progenitor cells in the bone marrow. In both cases, virtually no differences
were found between wild-type and KO mice (Figure 7H, 71). Together, these data suggest that Melk
is not essential for normal development and physiological functions in mice, providing compelling
evidence for MELK as a highly selective target for therapeutic intervention of basal-like breast

cancer.

Discussion
Patients with basal-like breast cancer remain faced with limited treatment options due to the
aggressive nature of the disease and the current lack of suitable molecular targets for therapeutic

intervention. In this study, we report that MELK, a novel oncogenic kinase that emerged from an
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unbiased, in vivo tumorigenesis screen, may indeed be a therapeutic target in this tumor type. In a
comprehensive analysis of databases with multiple cohorts of breast cancer, we find MELK to be
highly overexpressed in breast cancer lacking the expression of ER/PR, including basal-like breast
cancer. Remarkably, overexpression of wild type MELK induces robust oncogenic transformation
both in vitro and in vivo with a transforming potency comparable to that of the highly oncogenic
mutant allele of PIK3CA. Even more striking is the finding that only basal-like, but not luminal
breast cancer cells, depend on MELK for proliferation. In addition, the dispensable nature of Melk
in normal development and hematopoiesis in mice underlines its selective role in BBC. Notably,
the kinase activity of MELK is required for its transforming activity as well as for the survival and
proliferation of BBC cells. Thus, MELK is potentially a novel oncogenic driver of basal-like breast

carcinoma and a promising target for small molecule-based therapeutic intervention.

Our data points to a potential role for MELK as a marker in predicting disease outcome. In multiple
independent breast cancer cohorts analyzed, we found a strong association of high expression
levels of MELK with a higher grade of malignancy and an unfavorable prognosis regardless of the
treatment modality. While high MELK expression seems to be a unique phenomenon for BBC in
breast cancer, MELK overexpression has been associated with tumor aggressiveness and poor
outcome in a number of other cancer types, including glioblastoma (Nakano et al., 2008),
astrocytoma (Marie et al., 2008), and prostate cancer (Kuner et al., 2013). The prognostic feature
of MELK expression is likely due to its correlation with cell proliferation. In fact, MELK and other
proliferation-related genes are major components of multi-gene signature for predicting disease
outcome. For example, a recent study developed a cell proliferation signature that consists of the
top 1% genes whose expression is most positively correlated with that of proliferating cell nuclear
antigen (PCNA). The authors found that adjusting breast cancer expression data for this cell
proliferation signature causes a dramatic reduction in outcome association of most published
breast cancer signatures (Venet et al., 2011). Notably, MELK expression strongly correlates with
cell proliferation, and in fact is one of the top-ranking signature genes of cell proliferation that

correlate with PCNA expression (Venet et al., 2011).

Previous studies demonstrated that, while MELK is a member of the AMPK family, it is not
activated via phosphorylation by the tumor suppressor kinase LKB1 (Lizcano et al., 2004).
Recombinant MELK expressed in bacteria is catalytically active (Beullens et al., 2005; Davezac et
al., 2002; Lizcano et al., 2004). Consistent with these findings, overexpression of wild type MELK
readily drives transformation in vitro and in vivo. This behavior is similar to that of other established
proto-oncoproteins, such ERBB2 (Di Fiore et al.,1987; Hudziak et al.,1987), and Aurora A kinase
(Bischoff et al., 1998), the transforming activity of which is driven by overexpression of the wild

type protein. While a number of substrates have been proposed for MELK, such as Bcl-G (Lin et
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al., 2007), CDC25B (Davezac et al., 2002), p53 (Seong et al., 2012a), and PDK1 (Seong et al.,
2012b), the substrates that mediate the oncogenic activity of MELK in breast cancer remain to be
identified.

An intriguing question is how the selective overexpression of MELK is achieved in BBC. Our
finding that the mitotic transcription factor FoxM1 (Laoukili et al., 2005; Wang et al., 2005a) plays a
major role in regulating MELK expression has shed some light on this enigma. Notably, the
expression levels of FoxM1 and MELK demonstrate a striking correlation across all breast cancer
samples and subtypes examined. Like MELK, FoxM1 is significantly overexpressed in BBC.
Consistent with our results, FoxM1 was recently proposed as a transcriptional driver of
proliferation-associated genes in BBC (TCGA, 2012).

However, why MELK is selectively required for cell division in BBC cells, but not in other types of
breast cancer or normal cells, remains an open question. MELK was not observed as a hit in
systematic screens for essential cell division proteins in HeLa cells (Kittler et al., 2004). Both
C.elegans and mice are tolerant of mutation or deletion of MELK ortholog (Cordes et al., 2006;
Figure 7G-1). However, MELK can be essential in some circumstances. It is expressed in early frog
embryos, where it seems to play some role in cell division (Le Page et al., 2011), and we observed
it accumulating in dividing cells (Figure 3F), and playing an important role during cell division in
BBC cells (Figure 6). To reconcile these apparently disparate findings, we propose that one or
more MELK-related kinase is required for cell division in many, if not all vertebrate cells. In BBC
cells MELK must play this role uniquely and is selectively overexpressed, perhaps because
redundant kinases are down-regulated. In other cells, MELK may function during division, but it is
not essential due to redundancy with related kinases. Consistent with this hypothesis, the MELK-
related kinase AMPK was recently shown to play a role in mitosis (Vazquez-Martin et al., 2009).
Perhaps AMPK, or other kinases in the same family, can substitute for MELK in some cells, but not
in BBC cells, which seem to have become addicted to MELK for proper execution of cell division.
Determining the precise function of MELK in cell division, and the reason this function is selectively
required in BBC cells, will require further analysis. Nevertheless, our studies firmly establish MELK
as a molecular target for the treatment of BBC. Unlike other mitotic factors like Aurora A, Aurora B
and PLK1, that are normally essential, MELK presents a unique mitotic kinase that is only required

by a subset of cancer cells, and is therefore an excellent therapeutic target.

In summary, recent comprehensive characterization of basal-like breast cancer demonstrates that
this subtype of disease has high genetic heterogeneity, but lacks commonly occurring genetic
alterations, with the exception of the frequent inactivation of p53 (TCGA, 2012). In contrast, the

relative uniform overexpression of MELK in basal-like breast cancer makes it a potential common
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target in an otherwise heterogeneous disease. Thus our data on MELK provide important

information for guiding the development of targeted therapies in basal-like breast cancer.

Materials and Methods

Plasmids

The human MELK was amplified using the template DNA deposited in the described kinase library,
and cloned into pWZL retroviral vector (Zhao et al., 2003), in which target gene expression is
driven by the long terminal repeat of Moloney murine leukemia virus. The MELK mutants (D150A,
T167A, or shMELK-resistant MELK with silent mutations) were generated via Quickchange XL
Site-directed Mutagenesis (Stratagene). Primers were listed in supplementary file 2.

To construct a tetracycline-inducible gene expression system, GFP or mutated MELK was
amplified using the primers listed in supplementary file 2. The PCR products were digested with
Agel and Pacl, and ligated with digested pLKO-TREX (Wee et al., 2008).

To construct pWzl-H2B-GFP, human Histone 2B was amplified using the genomic DNA of
HEK293T cells as templates. Primers for cloning were listed in supplementary file 2. PCR products
following digestion with BamHI and Xhol were ligated with digested pWzI-GFP.

To generate pLKO-tet-on-shRNAs targeting human MELK, oligonucleotides were designed and
synthesized (IDT). Following annealination, double-stranded oligonucleotides were directly ligated
with pLKO vector that was digested with Agel and EcoRI. The sequences for scramble, shMELK1,
shMELK2 are listed in supplement file 2.

Retroviruses were generated by transfecting HEK293T cells with pWzl plasmids and packaging
DNA. Typically 1.6 pg pWzl DNA, 1.2 ug pCG-VSVG and 1.2 yg pCG-gap/pol, 12 ul lipid of
Metafectene Pro (Biontex) were used; DNA and lipid were diluted in 300 yl PBS respectively and
mixed; and following 15 min of incubation, they were added to one 6-cm dish that was seeded with
3 million HEK293T cells one day earlier. Viral supernatant was collected 48 h and 72 after
transfection. After the supernatant was filtered through 0.45 ym membrane, it was added to target
cells in the presence of 8 ug/ml polybrene (Millipore). Lentiviruses were generated with a similar
approach with the exception of HEK293T cells that were transfected with 2 ug pLKO DNA, 1.5 ug
pCMV-dR8.91, and 0.5 ug pMD2-VSVG. Cells were selected with antibiotics starting 72 h after
initial infection. Puromycin and blasticidin were used at the final concentrations of 1.5 uyg/ml and 4
pg/ml respectively.

Cell Culture

Human mammary epithelial cells (HMECs) were maintained in DMEM/F-12 supplemented with
EGF (10 ng/ml), insulin (10 pg/ml), and hydrocortisone (0.5 ug/ml) under 5% CO, and 37°C. Rat1
and HEK293T cells were maintained in DMEM supplemented with 10% FBS (Invitrogen). All breast
cancer cell lines (MCF7, T47D, MDA-MB-468, MDA-MB-231, MDA-MB-436, HCC1197, BT549)
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were cultured in RPMI 1640 medium supplemented with 10% FBS. For cells stably introduced with
tetracyclin-inducible genes/shRNAs, Tet-approved FBS (Clontech) was used.

Cell Proliferation Assay

Typically, breast cancer cells were seeded in 12-well plates (1-2x10*) in 1 ml medium. On the next
day, wells were added with 110 ul medium without or with 1 ug/ml doxycycline (to reach a final
concentration of 100 ng/ml), which was repeated every two days. Six days after the initial
treatment, cells were fixed with formaldehyde, and stained with crystal violet (0.05%,
weight/volume), a chromatin-binding cytochemical stain. The plates were washed extensively, and
imaged with a flatbed scanner. For quantification of the staining, 1 ml 10% acetic acid was added
to each well to extract the dye. The absorbance was measured at 590 nm with 750 nm as a
reference.

Colony Formation Assay

The assays were typically performed in 12-well plate unless otherwise mentioned. Cells were
suspended in medium containing 0.3% agar and plated onto a layer of 0.6% agar (for each well,
4,000 cell in 800 yl medium, 1 ml bottom agar). The wells were added with medium (without or with
100 ng/ml doxcycycline) on the next day. Three weeks after seeding, the colonies were fixed with
formaldehyde and imaged. The number of colonies in each well was quantified using ImageJ
(National Institutes of Health).

Tumor Xenograft Studies

All xenograft studies were conducted in accordance with the animal use guidelines from the
National Institutes of Health and with protocols approved by the Dana-Farber Cancer Institute
Animal Care and Use Committee. The recipient mice used were NCR-nude (CrTac:NCr-Foxn1nu,
Taconic). Cells were resuspended in 40% of Matrigel-Basement Membrane Matrix, LDEV-free (BD
Biosciences) and sit on ice until injection. For transplanting human cell lines, mice were y-
irradiated with a single dose of 400 rads on the same day of injection. Mice were anesthesized by
inhalation of isoflurane, and were injected with 150 pl cells (5x10°) per site. Tumors were
measured in two dimensions by a caliper. Tumor volume was calculated using the formula: V= 0.5
x length x width x width. All xenograft data are presented as mean +SEM. Comparison between
groups of treatment were conducted using two-tailed Student's t-test. Calculations were performed
using either Openoffice or GraphPad Prism version 5.0b.

For tumorigenesis study, 5x10® HMEC cells were injected into the mammary fat pad, and 5x10°
Rat1 cells subcutaneously. Tumor growth was monitored twice a week. Rat1 xenografts were
harvested threes weeks after injection.

To study the impact of MELK knockdown on tumor growth, mice were randomly sorted into groups
on the second day of injection, and were untreated or treated with doxycycline (2 mg/ml in 5%
dextrose in drinking water, refreshed twice a week) for the duration of the study. Tumor was

measured twice a week.
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To study the roles of MELK in tumor maintenance, mice with established tumors tumors tumors

(2200 mm3) derived from orthotopic injections of MDA-MB-231, or MDA-MB-468, or MCF-7, or
T47D cells were randomly sorted into two groups, with one group receiving doxcycline in drinking
water. Tumors were calipered twice per week to monitor the effect of MELK knockdown on tumor
growth.

Time-lapse Imaging

Time-lapse imaging was performed on a Nikon Ti motorized inverted microscope, which was
equipped with a perfect focus system and a humidified incubation chamber (37°C, 5% CO,) (Nikon
Imaging Center, Harvard Medical School). Cells stably expressing H2B-GFP were pre-seeded in
24-well glass-bottom plate, and either untreated or treated with doxycyline (100 ng/ml final).
Images were captured every 5 minutes with a 20x objective lens, and a Hamamatsu ORCA-AG
cooled CCD camera. Images were analyzed using Imaged (National Institutes of Health).
Immunofluorescence Analysis

Cells were seeded on No. 1.5 coverslips (12 mm round) that were pre-placed into 24-well plates.
Upon harvest, cells were fixed with 4% formaldehyde for 10 min. After washing, cells were
permeablized with 0.1% Trition X-100 for 10 min. Cells were then washed and blocked with 1%
bovine serum for 30 min before incubated with primary antibody (anti-3-tubulin, #2128, Cell
Signaling Technology) prepared in PBS containing 1% bovine serum albumin. After overnight
incubated at 4°C, the samples were washed and incubated with Alexa 488-conjugated secondary
antibody (Invitrogen) for 1 h at room temperature. After extensive washing, the samples were dried
and mounted with ProLong Antifade reagent (Invitrogen). The images were acquired with a Nikon
80i upright microscope at the Nikon Imaging Center (Harvard Medical School), which is equipped
with a Hamamatsu C8484-03 monochrome camera. ImageJ was used for analysis of the images,
which includes merging channels with different colors and cropping.

Immunoblotting

Cells were lysed with RIPA buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, and 0.1% sodium dodecyl sulfate) supplemented with protease inhibitors
cocktail (Roche) and phosphatase inhibitors cocktail (Thermo Scientific). Cleared lysates were
analyzed for protein concentration using BCA kit (Thermo Scientific). Equal amount of protein (10-
20 pg) was resolved on SDS-PAGE, and was subsequently transferred onto a nitrocellulose or
polyvinylidene difluoride membrane (Amersham). The membrane was blocked with 5% non-fat
milk and was then incubated with primary antibodies overnight at 4°C. After washing, the
membrane was incubated with fluorophore-conjugated secondary antibodies for 1 h at room
temperature. The membrane was then washed and scanned with an Odyssey Infrared scanner (Li-
Cor Biosciences). Primary antibodies used in this study include anti-MELK (Epitomics, #2916),
anti-a-tubulin (Abcam), anti-cyclin B1 (Millipore), anti-Vinculin (Sigma), anti-FoxM1 (Santa Cruz),
anti-B-tubulin, anti-phopho-Akt (S473), anti-phospho-Akt (T308), anti-total Akt, anti-Flag, anti-
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cleaved PARP (Asp214), anti-cleaved Caspase-3, anti-AURKA, anti-AURKB, anti-p27, anti-
Estrogen Receptor a (all from Cell Signaling Technology). Secondary antibodies used were
IRDye700-conjugated anti-rabbit IgG and IRDye800-conjugated anti-mouse IgG (Rockland).
Primary human breast cancer samples were obtained from the Dana-Farber Cancer Institute
with patients’ consent and institutional review board approval. These samples were deidentified
and are not considered human subject research. Samples were homogenized in RIPA buffer
supplemented with protease/phosphatease inhibitors using Bullet blender (Next advance). After
clearing, tissue lysates were subjected for protein concentration determination. Twenty micrograms
of lysates were used for immunoblotting.
Generation of Melk knockout mice
Mouse embryonic stem cells with one allele of Melk inserted with lacZ and neomycin-resistance
genes between exon 2 and 3 were obtained from the Knockout Mouse Project (KOMP; ID:
CSD33136). Cells with normal karyotype were injected into blastocysts isolated from C57BL/6
mice. The procedure of injection was performed at the Transgenic Core Facility, Brigham and
Women’s Hospital (Boston, MA). Germline transmission was subsequently observed, and further
cross was made to generate Melk homozygous knockout mice. Melk knockout was confirmed by
long-rang PCR, gPCR, and immunoblotting.
Flow Cytometry
Cells were isolated from bone marrow, spleen, and thymus of mice, and stained with the following
antibodies: B220 (APC, BD Pharmingen), cKit (PE-Cy7, BioLegend), CD3 (PE-Cy7, BD
Bioscience), CD4 (APC-H7, BD Pharmingen), CD8 (ECD, Beckman Coulter), CD11b (PE, BD
Bioscience), CD16/32 (PE, eBioscience), CD34 (FITC, BD Pharmingen), CD45.2 (PerCP-Cy5.5,
BD Pharmingen), CD48 (APC-Cy7, BD Pharmingen), CD127 (ECD, BD Pharmingen), CD150
(PerCP-Cy5.5, BioLegend), Gr1 (APC-Alexa700, BD Bioscience), Lineage Cocktail (APC, BD
Pharmingen), Sca1 (Brilliant Violet 421, BioLegend). Dead cells were excluded using either DAPI
or Vivid-Aqua (Invitrogen) staining. All data acquisition was performed on a LSRII (BD) flow
cytometer, and results were analyzed using FlowJo v.8.8.7 (TreeStar).
Cell Cycle Analysis
Cells were harvested by trypsinization, and repeatedly pipetted into single-cell suspension. After
centrifugation, cells were fixed by adding 70% ethanol (-20°C) dropwise while vortexing. Cells were
then stained with propidium iodide (50 pg/ml, Sigma) solution containing 50 ug/ml DNase-free
RNase A (Sigma) and 0.5% bovine serum albumin (BSA). After 30 min of incubation, the samples
were washed and resuspended in 0.5% BSA. The analysis was performed on a LSRFortessa (BD
Biosciences) at the DFCI Flow Cytometry Core Facility. Single cells were gated via plotting FL3-A
to FL3-H to exclude cell debris and doublets. At least ten thousand single cells were collected for
each sample.

Chromatin Immunoprecipitation
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Chromatin immunoprecipitation was performed as previously described (Lee et al., 2006). Upon
harvest, medium in cell culture dishes was added with 16% formaldehyde (Electron Microscopy
Sciences) to reach a final concentration of 1%, and quenched with glycine (125 mM final, 5 min
incubation) after incubation at room temperature for 10 min. Cells were harvested by scrapping
into cold PBS, and centrifuged. Cell pellets were lysed with LB1 (50 mM HEPES, pH 7.5, 140 mM
NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton-X-100), then after centrifugation with
LB2 (10 mM Tris-HCI pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA), and again after
centrifugation resuspended in LB3 (10 mM Tris-HCI pH 8.0, 100 mM NaCl, 1mM EDTA, 0.5 mM
EGTA, 0.1% Na-Deoxycholate, 0.5% N-lauroylsacosine). Samples were sonicated using a Q800R
DNA Shearing Sonicator (Qsonica) at 50% amplitude for 10 min with a pulse of 30 seconds on and
30 seconds off. Samples were then supplemented with 10% Triton-X 100 to a final concentration of
1%, and centrifuged at 20,000 x g for 10 min at 4°C. The cleared lysates were used for the
following immunoprecipitation, with 50 yl of lysate saved as input.

Protein G-conjugated Dynabeads (Invitrogen) were washed with block solution (0.5% bovine
serum albumin in PBS) and incubated overnight with 5 ug anti-FoxM1 (SC-502, Santa Cruz
Biotechnology), or 5 ug rabbit IgG in block solution, and on the next day washed three times with
block solution. Cell lysates were incubated with the the antibody/magnetic bead, rotating at 4°C
overnight. On the next day, the beads were collected with magnetic stand, and washed six times
with RIPA buffer (50 mM HEPES pH 7.6, 500 mM LiCl, 1 mM EDTA, 1% NP-40, 0.7% Na-
deoxycholate). After a single wash with Tris-EDTA buffer containing 50 mM NaCl, samples were
resupsended with elution buffer (50 mM Tris-HCI pH 8.0, 10 mM EDTA, 1% SDS) for incubation at
65°C overnight. Also, the 50 ul input was mixed with 150 ul elution buffer and incubated at 65°C
overnight for reverse crosslinking. On the next day, RNase A was added to the samples (0.2 pug/mi
final), followed by incubation for 1 h at 37°C. Samples were then treated with Proteinase K (0.2
pg/ml final) and incubated at 56°C for 1h. DNA were purified with a QlIAquick PCR purification kit
(Qiagen), and eluted with 30 ul water. PCR was performed using Quick-Load Taq 2X Master Mix
(NEB), using primers listed in supplementary file 2.

qRT-PCR analysis

Total RNA was extracted from cultured cells with RNeasy Mini kit (Qiagen), with the use of
QIlAshredder spin column for homogenization and an on-column DNase digestion. Two microgram
of the total RNA was reversely transcribed using a High Capacity RNA-to-cDNA Kit (Applied
Biosystems). cDNA were analyzed quantitatively using Power SYBR Green PCR Master Mix
(Applied Biosystems) on an ABI7300 Real-time PCR system. Primers used were listed in
supplementary file 2. Cycling conditions were were 95 °C for 15 min, 40 cycles of 15 s at 94°C, 30
s at 55°C and 30 s at 72°C. Ct values were generated using the default analysis settings. ACT was
defined as Ct gene of interest — Clp-aciin- AACT was defined as ACt ireated sample — Ct control sample- Relative

quantification (RQ) was calculated as 2*°". Statistical analysis was performed by Student's test.
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Analysis of Gene Expression

Gene expression data were downloaded from Oncomine (Rhodes et al., 2004). Information of the
clinical datasets is listed in supplementary file 1. Analyses and figures were made in GraphPad
Prism. In dot plot graphs, each dot indicates an individual sample, with results expressed as
median with interquartile range.

Survival Analysis

Independent cohorts of breast cancer patients with overall survival or metastasis-free survival data
available were examined. Information of the cohorts is listed in supplementary file 1. Data of MELK
expression and associated survival were downloaded from Oncomine (Rhodes et al., 2004). For
each cohort, patients were divided into top 60% “MELK high” and bottom 40% “MELK low” groups
based on the expression of MELK. Kaplan-Meier curves, as well as the log-rank (Mantel-Cox) test
and the hazard ratio were analyzed by GraphPad Prism.

Statistical Analysis

Two-tailed Student's t test and ANOVA (Analysis of Variance) were used for differential comparison
between two groups and among three groups, respectively. Survival and correlation analysis were

performed in GraphPad Prism.

Acknowledgments

We thank Drs. T.M. Roberts and D.M. Livingston for scientific discussions. We thank the Nikon
Imaging Center at Harvard Medical School, DFCI Flow Cytometry Core Facility, and the
Transgenic Core Facility at the Brigham and Women's Hospital for technical assistance and the
use of instruments. This work was supported by Friends of Dana-Farber Cancer Institute (YW),
DFCl/Accelerator Fund (NSG, JJZ), and NIH grants (JJZ).

References

Badouel, C., Chartrain, I., Blot, J., and Tassan, J.P. (2010). Maternal embryonic leucine zipper
kinase is stabilized in mitosis by phosphorylation and is partially degraded upon mitotic exit. Exp
Cell Res 316, 2166-2173.

Barretina, J., Caponigro, G., Stransky, N., Venkatesan, K., Margolin, A.A., Kim, S., Wilson, C.J.,
Lehar, J., Kryukov, G.V., Sonkin, D., et al. (2012). The Cancer Cell Line Encyclopedia enables
predictive modelling of anticancer drug sensitivity. Nature 483, 603-607.

Beullens, M., Vancauwenbergh, S., Morrice, N., Derua, R., Ceulemans, H., Waelkens, E., and
Bollen, M. (2005). Substrate specificity and activity regulation of protein kinase MELK. J Biol Chem
280, 40003-40011.

Bischoff, J.R., Anderson, L., Zhu, Y., Mossie, K., Ng, L., Souza, B., Schryver, B., Flanagan, P,,
Clairvoyant, F., Ginther, C., et al. (1998). A homologue of Drosophila aurora kinase is oncogenic
and amplified in human colorectal cancers. EMBO J 17, 3052-3065.

19



703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739

Boehm, J.S., Zhao, J.J., Yao, J., Kim, S.Y., Firestein, R., Dunn, I.F., Sjostrom, S.K., Garraway,
L.A., Weremowicz, S., Richardson, A.L., et al. (2007). Integrative genomic approaches identify
IKBKE as a breast cancer oncogene. Cell 129, 1065-1079.

Chung, S., Suzuki, H., Miyamoto, T., Takamatsu, N., Tatsuguchi, A., Ueda, K., Kijima, K.,
Nakamura, Y., and Matsuo, Y. (2012). Development of an orally-administrative MELK-targeting
inhibitor that suppresses the growth of various types of human cancer. Oncotarget 3, 1629-1640.
Cordes, S., Frank, C.A., and Garriga, G. (2006). The C. elegans MELK ortholog PIG-1 regulates
cell size asymmetry and daughter cell fate in asymmetric neuroblast divisions. Development 133,
2747-2756.

Curtis, C., Shah, S.P,, Chin, S.F,, Turashvili, G., Rueda, O.M., Dunning, M.J., Speed, D., Lynch,
A.G., Samarajiwa, S., Yuan, Y., et al. (2012). The genomic and transcriptomic architecture of 2,000
breast tumours reveals novel subgroups. Nature 486, 346-352.

Dar, A.A., Goff, L.W., Majid, S., Berlin, J., and EI-Rifai, W. (2010). Aurora kinase inhibitors--rising
stars in cancer therapeutics? Mol Cancer Ther 9, 268-278.

Davezac, N., Baldin, V., Blot, J., Ducommun, B., and Tassan, J.P. (2002). Human pEg3 kinase
associates with and phosphorylates CDC25B phosphatase: a potential role for pEg3 in cell cycle
regulation. Oncogene 21, 7630-7641.

Desmedt, C., Piette, F., Loi, S., Wang, Y., Lallemand, F., Haibe-Kains, B., Viale, G., Delorenzi, M.,
Zhang, Y., d'Assignies, M.S., et al. (2007). Strong time dependence of the 76-gene prognostic
signature for node-negative breast cancer patients in the TRANSBIG multicenter independent
validation series. Clin Cancer Res 13, 3207-3214.

Di Fiore, P.P., Pierce, J.H., Kraus, M.H., Segatto, O., King, C.R., and Aaronson, S.A. (1987). erbB-
2 is a potent oncogene when overexpressed in NIH/3T3 cells. Science 237, 178-182.

Esserman, L.J., Berry, D.A,, Cheang, M.C., Yau, C., Perou, C.M., Carey, L., DeMichele, A., Gray,
J.W., Conway-Dorsey, K., Lenburg, M.E., et al. (2012). Chemotherapy response and recurrence-
free survival in neoadjuvant breast cancer depends on biomarker profiles: results from the I-SPY 1
TRIAL (CALGB 150007/150012; ACRIN 6657). Breast Cancer Res Treat 132, 1049-1062.
Foulkes, W.D., Smith, |.E., and Reis-Filho, J.S. (2010). Triple-negative breast cancer. N Engl J
Med 363, 1938-1948.

Golsteyn, R.M., Schultz, S.J., Bartek, J., Ziemiecki, A., Ried, T., and Nigg, E.A. (1994). Cell cycle
analysis and chromosomal localization of human Plk1, a putative homologue of the mitotic kinases
Drosophila polo and Saccharomyces cerevisiae Cdc5. J Cell Sci 107 ( Pt 6), 1509-1517.

Gray, D., Jubb, A.M., Hogue, D., Dowd, P., Kljavin, N., Yi, S., Bai, W., Frantz, G., Zhang, Z.,
Koeppen, H., et al. (2005). Maternal embryonic leucine zipper kinase/murine protein serine-
threonine kinase 38 is a promising therapeutic target for multiple cancers. Cancer Res 65, 9751-
9761.

Hahn, W.C., Counter, C.M., Lundberg, A.S., Beijersbergen, R.L., Brooks, M.W., and Weinberg,

20



740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776

R.A. (1999). Creation of human tumour cells with defined genetic elements. Nature 400, 464-468.
Hatzis, C., Pusztai, L., Valero, V., Booser, D.J., Esserman, L., Lluch, A., Vidaurre, T., Holmes, F.,
Souchon, E., Wang, H., et al. (2011). A genomic predictor of response and survival following
taxane-anthracycline chemotherapy for invasive breast cancer. JAMA 305, 1873-1881.

Hebbard, L.W., Maurer, J., Miller, A., Lesperance, J., Hassell, J., Oshima, R.G., and Terskikh, A.V.
(2010). Maternal embryonic leucine zipper kinase is upregulated and required in mammary tumor-
initiating cells in vivo. Cancer research 70, 8863-8873.

Hegde, N.S., Sanders, D.A., Rodriguez, R., and Balasubramanian, S. (2011). The transcription
factor FOXM1 is a cellular target of the natural product thiostrepton. Nat Chem 3, 725-731.

Hinds, P.W., Dowdy, S.F., Eaton, E.N., Arnold, A., and Weinberg, R.A. (1994). Function of a
human cyclin gene as an oncogene. Proc Natl Acad Sci U S A 91, 709-713.

Hudziak, R.M., Schlessinger, J., and Ullrich, A. (1987). Increased expression of the putative
growth factor receptor p185HER?2 causes transformation and tumorigenesis of NIH 3T3 cells. Proc
Natl Acad Sci U S A 84, 7159-7163.

Kanda, T., Sullivan, K.F., and Wahl, G.M. (1998). Histone-GFP fusion protein enables sensitive
analysis of chromosome dynamics in living mammalian cells. Curr Biol 8, 377-385.

Kao, K.J., Chang, K.M., Hsu, H.C., and Huang, A.T. (2011). Correlation of microarray-based breast
cancer molecular subtypes and clinical outcomes: implications for treatment optimization. BMC
Cancer 11, 143.

Keen, N., and Taylor, S. (2009). Mitotic drivers--inhibitors of the Aurora B Kinase. Cancer
Metastasis Rev 28, 185-195.

Kim, S.Y., Dunn, L.F,, Firestein, R., Gupta, P., Wardwell, L., Repich, K., Schinzel, A.C., Wittner, B.,
Silver, S.J., Root, D.E., et al. (2010). CK1epsilon is required for breast cancers dependent on beta-
catenin activity. PLoS One 5, e8979.

Kittler, R., Putz, G., Pelletier, L., Poser, |., Heninger, A.K., Drechsel, D., Fischer, S., Konstantinova,
I., Habermann, B., Grabner, H., et al. (2004). An endoribonuclease-prepared siRNA screen in
human cells identifies genes essential for cell division. Nature 432, 1036-1040.

Krause, D.S., and Van Etten, R.A. (2005). Tyrosine kinases as targets for cancer therapy. N Engl J
Med 353, 172-187.

Laoukili, J., Kooistra, M.R., Bras, A., Kauw, J., Kerkhoven, R.M., Morrison, A., Clevers, H., and
Medema, R.H. (2005). FoxM1 is required for execution of the mitotic programme and chromosome
stability. Nat Cell Biol 7, 126-136.

Le Page, Y., Chartrain, I., Badouel, C., and Tassan, J.P. (2011). A functional analysis of MELK in
cell division reveals a transition in the mode of cytokinesis during Xenopus development. J Cell Sci
124, 958-968.

Lee, T.l,, Johnstone, S.E., and Young, R.A. (2006). Chromatin immunoprecipitation and

microarray-based analysis of protein location. Nat Protoc 1, 729-748.

21



777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813

Lefebvre, C., Rajbhandari, P., Alvarez, M.J., Bandaru, P, Lim, W.K,, Sato, M., Wang, K., Sumazin,
P., Kustagi, M., Bisikirska, B.C., et al. (2010). A human B-cell interactome identifies MYB and
FOXM1 as master regulators of proliferation in germinal centers. Mol Syst Biol 6, 377.

Lens, S.M., Voest, E.E., and Medema, R.H. (2010). Shared and separate functions of polo-like
kinases and aurora kinases in cancer. Nat Rev Cancer 10, 825-841.

Lin, M.L., Park, J.H., Nishidate, T., Nakamura, Y., and Katagiri, T. (2007). Involvement of maternal
embryonic leucine zipper kinase (MELK) in mammary carcinogenesis through interaction with Bcl-
G, a pro-apoptotic member of the Bcl-2 family. Breast Cancer Res 9, R17.

Liu, X., Lei, M., and Erikson, R.L. (2006). Normal cells, but not cancer cells, survive severe Plk1
depletion. Mol Cell Biol 26, 2093-2108.

Lizcano, J.M., Goransson, O., Toth, R., Deak, M., Morrice, N.A., Boudeau, J., Hawley, S.A., Udd,
L., Makela, T.P., Hardie, D.G., et al. (2004). LKB1 is a master kinase that activates 13 kinases of
the AMPK subfamily, including MARK/PAR-1. EMBO J 23, 833-843.

Loi, S., Haibe-Kains, B., Desmedt, C., Lallemand, F., Tutt, A.M., Gillet, C., Ellis, P., Harris, A.,
Bergh, J., Foekens, J.A., et al. (2007). Definition of clinically distinct molecular subtypes in
estrogen receptor-positive breast carcinomas through genomic grade. J Clin Oncol 25, 1239-1246.
Ma, X.J., Dahiya, S., Richardson, E., Erlander, M., and Sgroi, D.C. (2009). Gene expression
profiling of the tumor microenvironment during breast cancer progression. Breast Cancer Res 11,
R7.

Nassirpour, R., Shao, L., Flanagan, P., Abrams, T., Jallal, B., Smeal, T., and Yin, M.J. (2010).
Nek6 mediates human cancer cell transformation and is a potential cancer therapeutic target. Mol
Cancer Res 8, 717-728.

Neve, R.M., Chin, K., Fridlyand, J., Yeh, J., Baehner, F.L., Fevr, T., Clark, L., Bayani, N., Coppe,
J.P., Tong, F., et al. (2006). A collection of breast cancer cell lines for the study of functionally
distinct cancer subtypes. Cancer Cell 10, 515-527.

Ni, J., Liu, Q., Xie, S., Carlson, C., Von, T., Vogel, K., Riddle, S., Benes, C., Eck, M., Roberts, T., et
al. (2012). Functional characterization of an isoform-selective inhibitor of PI3K-p110beta as a
potential anticancer agent. Cancer Discov 2, 425-433.

Parker, J.S., Mullins, M., Cheang, M.C., Leung, S., Voduc, D., Vickery, T., Davies, S., Fauron, C.,
He, X., Hu, Z., et al. (2009). Supervised risk predictor of breast cancer based on intrinsic subtypes.
J Clin Oncol 27, 1160-1167.

Pawitan, Y., Bjohle, J., Amler, L., Borg, A.L., Egyhazi, S., Hall, P., Han, X., Holmberg, L., Huang,
F., Klaar, S., et al. (2005). Gene expression profiling spares early breast cancer patients from
adjuvant therapy: derived and validated in two population-based cohorts. Breast Cancer Res 7,
R953-964.

Perou, C.M., Sorlie, T., Eisen, M.B., van de Rijn, M., Jeffrey, S.S., Rees, C.A., Pollack, J.R., Ross,
D.T., Johnsen, H., Akslen, L.A., et al. (2000). Molecular portraits of human breast tumours. Nature

22



814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850

406, 747-752.

Pickard, M.R., Green, A.R,, Ellis, I.0O., Caldas, C., Hedge, V.L., Mourtada-Maarabouni, M., and
Williams, G.T. (2009). Dysregulated expression of Fau and MELK is associated with poor
prognosis in breast cancer. Breast Cancer Res 11, R60.

Rakha, E.A., Reis-Filho, J.S., and Ellis, 1.O. (2008). Basal-like breast cancer: a critical review. J
Clin Oncol 26, 2568-2581.

Rhodes, D.R,, Yu, J., Shanker, K., Deshpande, N., Varambally, R., Ghosh, D., Barrette, T.,
Pandey, A., and Chinnaiyan, A.M. (2004). ONCOMINE: a cancer microarray database and
integrated data-mining platform. Neoplasia 6, 1-6.

Richardson, A.L., Wang, Z.C., De Nicolo, A., Lu, X., Brown, M., Miron, A., Liao, X., Iglehart, J.D.,
Livingston, D.M., and Ganesan, S. (2006). X chromosomal abnormalities in basal-like human
breast cancer. Cancer Cell 9, 121-132.

Schmidt, M., Bohm, D., von Torne, C., Steiner, E., Puhl, A., Pilch, H., Lehr, H.A., Hengstler, J.G.,
Kolbl, H., and Gehrmann, M. (2008). The humoral immune system has a key prognostic impact in
node-negative breast cancer. Cancer Res 68, 5405-5413.

Seong, H.A., and Ha, H. (2012a). Murine protein serine-threonine kinase 38 activates p53 function
through Ser15 phosphorylation. J Biol Chem 287, 20797-20810.

Seong, H.A., Jung, H., Manoharan, R., and Ha, H. (2012b). PDK1 protein phosphorylation at
Thr354 by murine protein serine-threonine kinase 38 contributes to negative regulation of PDK1
protein activity. J Biol Chem 287, 20811-20822.

Sorlie, T., Perou, C.M., Tibshirani, R., Aas, T., Geisler, S., Johnsen, H., Hastie, T., Eisen, M.B., van
de Rijn, M., Jeffrey, S.S., et al. (2001). Gene expression patterns of breast carcinomas distinguish
tumor subclasses with clinical implications. Proc Natl Acad Sci U S A 98, 10869-10874.

Sotiriou, C., Neo, S.Y., McShane, L.M., Korn, E.L., Long, P.M., Jazaeri, A., Martiat, P., Fox, S.B.,
Harris, A.L., and Liu, E.T. (2003). Breast cancer classification and prognosis based on gene
expression profiles from a population-based study. Proc Natl Acad Sci U S A 100, 10393-10398.
Stephens, P.J., Tarpey, P.S., Davies, H., Van Loo, P., Greenman, C., Wedge, D.C., Nik-Zainal, S.,
Martin, S., Varela, I., Bignell, G.R., et al. (2012). The landscape of cancer genes and mutational
processes in breast cancer. Nature 486, 400-404.

Takahashi, M., Ritz, J., and Cooper, G.M. (1985). Activation of a novel human transforming gene,
ret, by DNA rearrangement. Cell 42, 581-588.

Taylor, S., and Peters, J.M. (2008). Polo and Aurora kinases: lessons derived from chemical
biology. Curr Opin Cell Biol 20, 77-84.

The Cancer Genome Atlas Netwok (2012). Comprehensive molecular portraits of human breast
tumours. Nature 490, 61-70.

van 't Veer, L.J., Dai, H., van de Vijver, M.J., He, Y.D., Hart, A.A., Mao, M., Peterse, H.L., van der
Kooy, K., Marton, M.J., Witteveen, A.T., et al. (2002). Gene expression profiling predicts clinical

23



851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887

outcome of breast cancer. Nature 415, 530-536.

van de Vijver, M.J., He, Y.D., van't Veer, L.J., Dai, H., Hart, A.A., Voskuil, D.W., Schreiber, G.J.,
Peterse, J.L., Roberts, C., Marton, M.J., et al. (2002). A gene-expression signature as a predictor
of survival in breast cancer. N Engl J Med 347, 1999-2009.

Vazquez-Martin, A., Oliveras-Ferraros, C., Lopez-Bonet, E., and Menendez, J.A. (2009). AMPK:
Evidence for an energy-sensing cytokinetic tumor suppressor. Cell Cycle 8, 3679-3683.

Venet, D., Dumont, J. E., & Detours, V. (2011). Most random gene expression signatures are
significantly associated with breast cancer outcome. PLoS Computational Biology, 7(10),
e1002240.

Vulsteke, V., Beullens, M., Boudrez, A., Keppens, S., Van Eynde, A., Rider, M.H., Stalmans, W.,
and Bollen, M. (2004). Inhibition of spliceosome assembly by the cell cycle-regulated protein
kinase MELK and involvement of splicing factor NIPP1. J Biol Chem 279, 8642-8647.

Wang, I.C., Chen, Y.J., Hughes, D., Petrovic, V., Major, M.L., Park, H.J., Tan, Y., Ackerson, T., and
Costa, R.H. (2005a). Forkhead box M1 regulates the transcriptional network of genes essential for
mitotic progression and genes encoding the SCF (Skp2-Cks1) ubiquitin ligase. Mol Cell Biol 25,
10875-10894.

Wang, Y., Klijn, J.G., Zhang, Y., Sieuwerts, A.M., Look, M.P., Yang, F., Talantov, D., Timmermans,
M., Meijer-van Gelder, M.E., Yu, J., et al. (2005b). Gene-expression profiles to predict distant
metastasis of lymph-node-negative primary breast cancer. Lancet 365, 671-679.

Wee, S., Wiederschain, D., Maira, S.M., Loo, A., Miller, C., deBeaumont, R., Stegmeier, F., Yao,
Y.M., and Lengauer, C. (2008). PTEN-deficient cancers depend on PIK3CB. Proc Natl Acad Sci U
S A 105, 13057-13062.

Wiederschain, D., Wee, S., Chen, L., Loo, A, Yang, G., Huang, A., Chen, Y., Caponigro, G., Yao,
Y.M., Lengauer, C., et al. (2009). Single-vector inducible lentiviral RNAi system for oncology target
validation. Cell Cycle 8, 498-504.

Wierstra, I., and Alves, J. (2007). FOXM1, a typical proliferation-associated transcription factor.
Biol Chem 388, 1257-1274.

Yin, M.J., Shao, L., Voehringer, D., Smeal, T., and Jallal, B. (2003). The serine/threonine kinase
Nek6 is required for cell cycle progression through mitosis. J Biol Chem 278, 52454-52460.
Zhang, J., Yang, P.L., and Gray, N.S. (2009). Targeting cancer with small molecule kinase
inhibitors. Nat Rev Cancer 9, 28-39.

Zhao, J.J., Gjoerup, O.V., Subramanian, R.R., Cheng, Y., Chen, W., Roberts, T.M., and Hahn,
W.C. (2003). Human mammary epithelial cell transformation through the activation of
phosphatidylinositol 3-kinase. Cancer Cell 3, 483-495.

Zhao, J.J., Roberts, T.M., and Hahn, W.C. (2004). Functional genetics and experimental models of
human cancer. Trends Mol Med 10, 344-350.

Zhou, H., Kuang, J., Zhong, L., Kuo, W.L., Gray, J.W., Sahin, A., Brinkley, B.R., and Sen, S.

24



888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923

(1998). Tumour amplified kinase STK15/BTAK induces centrosome amplification, aneuploidy and
transformation. Nat Genet 20, 189-193.

Figure Legends

Figure 1. An in vivo kinome-wide screen identifies MELK as a potential oncogenic kinase
Pools of retroviral vectors encoding 354 human kinases and kinase-related proteins (37 pools in
total, each consisting of 10-12 unique open reading frames) were transduced into HMED-DD-NeuT
cells. After selection with neomycin, cells were transplanted into mammary fat pads of nude mice.
Tumors that formed from HMECs infected with 12 pools of kinases were harvested, and genomic
DNA extracted. gPCR was performed on genomic DNA from the tumor specimens as well as cells
infected with matched pools of kinases before injection. The relative fold enrichment was

calculated from the differences in Ct value.

Figure 1-figure supplement 1. Development of an in vivo tumorigenesis model
In telomerase-immortalized human mammary epithelial cells expressing p53DD (HMEC-DD),
expression of two potent oncogenes (such as NeuT, PIK3CA (H1047R)) is required to induce

these cells to form orthotopic tumors with 100% penetrance

Figure 1-figure supplement 2. Screen hits and their gene description

Figure 2. MELK is highly overexpressed in breast cancer and its overexpression strongly
correlates with poor prognosis

(A) MELK expression levels are significantly higher in breast carcinoma (n=392, red circles) than in
normal breast tissues (n=61, blue circles) in the TCGA breast cancer cohort (TCGA, 2012). Black
lines in each group indicate median with interquartile range. p = 4.6x10°** (Student's t-test).

(B) Expression level of MELK tightly correlates with the pathological grade of breast tumors in the
three independent cohorts for which these data are available. Black lines in each group indicate
median with interquartile range. P values were calculated with one-way ANOVA.

(C) Kaplan-Meier analysis of metastasis-free survival of breast cancer patients in two independent
cohorts. Samples were divided into two groups with high and low expression levels of MELK. P
values were obtained from the log-rank test. Hazard ratio (HR) was calculated using GraphPad
Prism.

(D) Kaplan-Meier analysis of overall survival in the van de Vijver cohort breast cancer patients.

Samples were divided as in (C). Log-rank p value and hazard ratio (HR) are shown.
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(E) MELK expression among the molecular subtypes of breast cancer. Samples in each cohort
were classified into five distinct molecular subtypes using PAMS0 (Parker et al., 2009). Black lines
in each group indicate median with interquartile range.

(F) MELK expression inversely correlates with that estrogen receptor (ER) or progesterone
receptor (PR). Linear regression was determined using GraphPad Prism. The linear regression
Pearson’s correlation coefficient (R?) and its p value are indicated.

(G) ER/PR- breast tumors have higher abundance of MELK protein than ER/PR+ ones. Lysates of
primary human tumors were subjected to immunoblotting using the indicated antibodies.

(H) Expression of ER/PR determines MELK expression within HER2+ breast cancer. Samples with
molecular HER2+ status were classified into ER/PR+ and ER/PR- groups. Black lines in each
group indicate median with interquartile range.

(I) MELK expression in subtypes of breast cancer that are defined by ER/PR, and HER2
expression. Note that HER2+ tumors were divided into ER/PR+ and ER/PR- groups.

*p <0.05, *™* p <0.0001 (Student’s t-test).

Figure 2-figure supplement 1. MELK is a top-ranking overexpressed gene in breast cancer
and a strong prognostic indicator.

(A) MELK expresses at a higher level in breast tumors than in normal breast tissues.

(B) MELK expression is positively correlated with the histologic grade of disease. The indicated p
values rank 7" (of total 19,574 genes measured, Bittner cohort) and 3™ (of total 12,624 genes
measured, Hatzis cohort).

(C) MELK expression predicts metastasis. Samples in the indicated cohorts were divided into
groups of MELK high and MELK low, which represent the top 60% and bottom 40% in the
descending order of MELK expression. Kaplan-Meier curves are shown, with log-rank p values and
hazard ratios (HR).

(D) High MELK expression predicts inferior overall survival of breast cancer patients. Samples
were grouped into MELK high and low as in (D). P values were obtained from log-rank test, hazard
ratio (HR) was calculated using GraphPad Prism.

(E) MELK expression in subtypes of breast cancer that are defined by gene expression profiling.
Samples was divided into subtypes based on PAM50 gene signature (Parker et al., 2009). “ns”
denotes not significant. “****” p < 0.0001.

(F) MELK expression is reversely correlated with that of luminal marker (ER/PR). Linear regression
was determined using GraphPad Prism. The linear regression Pearson’s correlation coefficient
(R?) and its p value are indicated.

(G) Triple-negative breast cancer exhibits higher expression of MELK than ER/PR+ tumors.
Patients were classified into groups with subtypes of diseases based on expression of ER/PR and
HER2..
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All the data were downloaded from Oncomine (Rhodes et al., 2004), and were re-analyzed. The

black lines in each panel (A, B, E, F) indicate median with interquartile range.

Figure 2-figure supplement 2. Correlation of MELK expression with breast cancer subtypes
and the histologic grade of disease

(A) Data of MELK expression and the histologic grade of disease among 1556 invasive ductal
breast carcinoma (Curtis et al., 2012) were analyzed. Black lines in each group indicate median
with interquartile range. **** p < 0.0001 (Student’s t-test). Note that statistical analysis was not
performed in grade 1 group, due to the limited number of HER2+ and basal-like breast cancer
samples.

(B) Date were analyzed in respect to the grade of disease. p values were calculated with one-way
ANOVA. For the analysis of basal-like breast cancer, a Student t-test between grade 2 and grade 3

was used instead, due to a single sample characterized as grade 1

Figure 3. FoxM1 is overexpressed in BBC and regulates the expression of MELK

(A) High expression of FoxM1 in BBC. Samples in the indicated datasets were grouped into
subtypes based on the PAM50 gene signature (Parker et al., 2009). ns, denotes not significant. * p
< 0.05, **** p < 0.0001.

(B) FoxM1 and MELK expression are tightly correlated. Expression of MELK was plotted against
that of FoxM1. Each circle represents an individual sample of human breast carcinoma (n=392 for
TCGA dataset; n=261 for Bittner dataset). Red and green circles represent basal-like breast
tumors and all other subtypes of breast tumors, respectively. Correlation analysis was performed
by GraphPad Prism.

(C) FoxM1 knockdown suppresses MELK expression. Cells were transfected with either control
siRNA or siRNA targeting FoxM1. Lysates were harvested 3 days after transfection, and were
subjected to immunoblotting. Aurora kinase A (AURKA), a known transcriptional target of FoxM1
(Lefebvre et al., 2010), was used as a positive control.

(D) FoxM1 inhibition downregulates the expression of MELK. MDA-MB-231 cells were treated for
the indicated time with vehicle or thiostrepton. Protein lysates were subjected to immunoblotting
analysis of MELK and AURKA as indicated.

(E) A putative FoxM1 binding site in the MELK promoter, and the FoxM1 consensus binding site
(left). Numbers for the nucleotides are relative to the transcription start site (+1) of MELK.
Chromatin immunoprecipitation assay of the MELK promoter in MDA-MB-468 cells (right). Control
rabbit IgG and an antibody against FoxM1 were used. Primers for the promoter region of CDC25B

were used as a positive control.
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997  (F) Cell cycle-dependent expression of MELK. MDA-MB-231 cells were treated with nocodazole
998 (100 ng/ml) for 18 h or not treated (Asynchronized, As). Nocodazole-arrested mitotic cells (M) were
999 isolated by shake-off, and the attached cells enriched in G2 phase (G2) were harvested. A part of
1000  the mitotic cells were released into G1 phase after 4 hours of incubation (M + 4 h). The left panel
1001  shows the flow cytometry analysis of cell cycle, and the right panel shows immunoblotting analysis
1002  of MELK and other cell cycle-specific proteins as indicated.
1003  (G) Expression of MELK and other mitotic factors during cell cycles in basal-like (MDA-MB-231)
1004  versus luminal (MCF7) breast cancer cells. Cell lysates were prepared as in (F).
1005
1006  Figure 3-figure supplement 1. Gene amplification of MELK in BBC
1007  Gene expression of MELK among ER-positive and -negative invasive ductal breast breast
1008  carcinoma (A, n=389; TCGA, 2012) and breast cancer cell lines (B, n=55; Barretina et al., 2012).
1009  Red circles indicate samples with MELK gene amplified (defined as copy number > 3). Note that
1010  samples with MELK amlification tend to have high expression level of MELK. Black lines in each
1011  group indicate median with interquartile range. p values from two-tailed Student t-test are shown.
1012
1013 Figure 3-figure supplement 2. FoxM1 is overexpressed in BBC and transcriptionally
1014  regulates MELK.
1015  (A) FoxM1 expression in subtypes of breast cancer that are defined by gene expression profiling.
1016  Samples in the two indicated cohort was grouped into subtypes based on PAM50 gene signature
1017  (Parker et al., 2009). “****” denotes p value < 0.0001.
1018  (B) Expression of FoxM1 is significantly higher in triple-negative than in ER/PR+ subtypes.
1019  Samples were classified into subtypes based on the protein expression of ER/PR and HER2. The
1020  indicated p values were from comparing MELK expression in triple-negative with that in ER/PR+
1021  breast cancer.
1022  (C) FoxM1 and MELK expression are tightly correlated with each other. Expression of MELK was
1023  plotted against that of FoxM1. Each circle represents an individual human breast tumor sample
1024  (n=295 for van de Vijver dataset; n=508 for Hatzis dataset). Correlation analysis was performed by
1025  GraphPad Prism.
1026 (D) FoxM1 inhibition by thiostrepton decreases the transcription of MELK. Cells were treated with
1027  vehicle or thiostrepton for 16 h, and total RNA was extracted followed by cDNA synthesis.
1028  Quantitative PCR was performed using the primers for the indicated genes. The error bars indicate
1029  standard deviation. “*” denotes p value < 0.01.
1030
1031  Figure 3-figure supplement 3. MELK expression in different cell cycle of BBC cells
1032  The indicated BBC cells were left untreated (Asynchronized, As) or treated with 100 ng/ml
1033  nocodazole for 18 h. Mitotic cells (M) were harvested by shake-off, with the attached cells

28



1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068

harvested as those enriched in G2 phase (G2). A part of the mitotic cells was washed off
nocodazole, and incubated for four hours before the attached cells (M + 4 h) were harvested.
Lysates from the prepared cells were prepared and subjected to immunoblotting using the

indicated antibodies.

Figure 4. Overexpression of wild type MELK induces oncogenic transformation

(A) Immunoblotting analysis of Rat1-DD cells expressing vector, wild type (WT) allele of human
MELK, or an oncogenic allele of PIK3CA (H1047R). Expression of PIK3CA (H1047R) enhances
Akt phosphorylation. B-tubulin serves as a loading control.

(B) Overexpression of MELK confers anchorage-independent growth of Rat1-DD cells. The left
panel shows representative bright-field images of the anchorage-independent growth of cells
expressing MELK or PIK3CA H1047R. The bar graph represents means + SD for three
experiments.

(C) Overexpression of MELK drives Rat1-DD cells to form tumors in vivo. Representative
subcutaneous tumors arising from injected Rat1-DD cells expressing MELK or PIK3CA H1047R
are shown (left). The tumor weights for each group are shown as a dot chart (right).

(D) Immunoblotting analysis of Rat1-DD cells expressing vector, WT MELK or two kinase-inactive
alleles of MELK: D150A or T167A. Note that MELK is c-terminally tagged with a Flag epitope.
(E) Rat1-DD cells expressing kinase-inactive alleles of MELK (D150A or T167A), fail to grow as
colonies in soft agar. The bar graph represents means + SD for three experiments.

(F) Rat1-DD cells expressing kinase-inactive alleles of MELK (D150A or T167A), fail to grow as
tumors in vivo. The tumor weights for each group are shown as a dot chart (right).

***p < 0.001, Student’s t test.

Figure 4-figure supplement 1. MELK overexpression promotes tumorigenesis
HMEC-DD-NeuT cells were transduced with empty vector, myristoylated (myr-) or wild type (WT-)
MELK. Cells were transplanted into mammary fat pads of nude mice. The number of injections and

tumors formed within two months is listed.

Figure 4-figure supplement 2. MELK overexpression promotes oncogenic transformation in
vitro

(A) HMEC-DD cells were seeded in 6-well plate coated with 0.6% agar (50,000 cell per well).
Bright-field images were captured 4 days after seeding. Cells were also collected for trypin

digestion and counting (right histogram, meantSD).
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(B) Overexpression of MELK in HMEC-DD cells. Cells were stably transduced with either empty
vector (pWzl-blast) or vector encoding human MELK. Cell lysates were subjected to
immunoblotting using the indicated antibodies.

(C) MELK overexpression induces anchorage-independent growth of HMEC-DD cells. Cells were
seeded in 0.3% agar (4000 cell seeded, per well of a 12-well plate), and harvested after 4 weeks.
Bright-field images are shown.

(D) Overexpression of MELK in MCF-10A cells. Cells were stably transduced with either empty
vector (pWzl-blast) or vector encoding human MELK. Cell lysates were subjected to
immunoblotting using the indicated antibodies.

(E) MELK overexpression confers anchorage-independent growth in MCF-10A cells. Cells were
seeded in 0.3% agar (4000 cell seeded, per well of a 12-well plate), and harvested after 4 weeks.

Bright-field images and quantification of colonies per field are shown.

Figure 5. MELK is essential for the growth of basal-like breast cancer cells

(A) MELK expression levels are significantly higher in BBC cell lines than in luminal breast cancer
cell lines. The MELK mRNA data in 23 established BBC and 24 luminal breast cancer cell lines
were obtained from the Neve dataset (Neve et al., 2006) and are shown as a dot chart.

(B) Immunoblotting analysis of MELK protein abundance in 6 basal-like and 2 luminal breast
cancer cell lines. a-tubulin was used as a loading control.

(C) Effects of inducible shRNA-mediated MELK silencing (tet-shMELK) in one BBC cell line,
BT549. Immunoblotting analysis of MELK protein levels in the presence and absence of
doxycycline is shown in the left panels. The middle and the right panels show the crystal violet
staining of the plates and their respective quantification. The bar graphs indicate means + SD for
three experiments.

(D) Effects of MELK knockdown on the proliferation of additional five BBC cell lines. Cells were
treated as in (C). The bar graph indicate means + SD for three experiments.

(E) Luminal breast cancer cells are insensitive to MELK knockdown. The indicated five luminal
breast cell lines were treated as in (C). Quantification of cell proliferation is shown (means + SD).
(F) WT but not a kinase-inactive allele of MELK rescues the impaired cell proliferation of BBC cells
induced by MELK knockdown. The left panel shows immunoblotting analysis of MELK protein level
in MDA-MB-468 cells carrying tet-shMELK, and expressing either shMELK resistant WT MELK
(MELK-R) or kinase-inactive MELK (MELK-R, T167A) in the presence and absence of doxycycline.
Note that the exogenous MELK is tagged with Flag epitope. The middle and the right panels show,
respectively, the crystal violet staining of the plates and their respective quantification. The bar
graph indicates means + SD for three experiments.

*p <0.05, ** p <0.01, Student’s t test.
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Figure 5-figure supplement 1. MELK knockdown in basal and luminal breast cancer cells
(A) Conditionally knocking down MELK in five basal and five luminal breast cancer cell lines. Cells
were exposed to doxcycyclin (100 ng/ml) for three days. Cell lysates were subjected to
immunoblotting using anti-MELK. a-tubulin was used as a loading control.

(B) Quantification of MELK knockdown by g-PCR. Total RNA was extracted from control cells or
cells treated with doxycycline (100 ng/ml, 3 days), followed by reverse transcription and
quantitative PCR.

(C) Untransformed HMECs have lower expression of MELK than BBC cells. Total RNA extracted

from the indicated cells were subjected to RT-qPCR. The error bars indicate standard deviation.

Figure 5-figure supplement 2. MELK knockdown does not affect the proliferation of HMECs
(A) Immunoblotting analysis of MELK protein levels in HMECs in the presence and absence of
doxycycline.

(B) Quantification of MELK knockdown by g-PCR.

(C) Quantification of the growth of HMECs. Cells were treated without or with doxycyline for 7 days
before cells are fixed and stained with crystal violet. The staining was extracted to determine the

absorbance.

Figure 5-figure supplement 3. Generation of shMELK-resistant MELK cDNA (MELK-R)

Top, the 21-mer sequence targeted by shMELK2 is marked in bold. The silent mutations are
indicated by the arrows. Bottom, the indicated shRNA (scramble or shMELK) were co-transfected
with plasmid encoding GFP, or parental MELK, or MELK-R. Cell lysates were harvested for
immuoblotting. Note that MELK-R, but not the parental wild type MELK is resistant to shMELK.

Figure 6. MELK downregulation induces apoptosis and impairs mitosis in BBC cells

(A) Immunoblotting analysis of MDA-MB-468 cells carrying a scrambled control or tet-shMELK in
the presence and absence of doxycycline. Both cleaved PARP and Caspase-3 levels increased
upon MELK downregulation.

(B) MELK knockdown induces DNA fragmentation. MDA-MB-468 cells carrying scramble control or
tet-shMELK were treated with or without doxcycline followed by fixation and staining with DAPI.
The bright and punctate staining indicative of DNA fragmentation was only seen in cells carrying
tet-shMELK in the presence of doxycycline (lower right panel).

(C) A caspase inhibitor prevents MELK knockdown-induced cell death. MDA-MB-468 cells stably
transduced with tet-shMELK were either untreated or treated with doxycycline for 4 days, and
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further treated with with zVad-fmk (40 uM) or vehicle during the last 2 days. Lysates from these
cells were subjected to immunoblotting, with B-tubulin as a loading control.

(D) MELK knockdown induces cell death selectively in BBC cells. The indicated cells were
untreated or treated with doxycycline for 4 days followed by immunoblotting and imaging analyses.
MELK knockdown induces increased level of cleaved PARP (left) and cell death (right) in BT549
but not in MCF7 cells.

(E) MELK knockdown induces the accumulation of cells with 4n DNA content and G2/M arrest.
MDA-MB-468 cells carrying tet-shMELK were treated or untreated with doxycycline for 5 days.
Samples were prepared for cell cycle analysis and immunoblotting. The left panel shows
representative cell cycle histograms; the middle indicates the quantification of % cells with 4n DNA
content; and in the right panel, immunoblotting analysis shows that depletion of MELK increases
the expression of G2/M specific proteins as indicated.

(F) MELK knockdown induces bi- or multi-nucleated cells. MDA-MB-468 cells carrying tet-shMELK
were treated or untreated with doxycycline for 4 days, followed by fixation and DAPI staining. Cells
with mono-, bi-, or multi-nuclei were counted, and the data indicate % cells with two or more than
two nuclei. Each circle in the histogram represents a single randomly selected field (total number
of cells counted > 500 for each group). The black lines indicate mean + SEM.

(G) MELK inhibition induces defective cell division. Fluorescent images were obtained from MDA-
MB-468 cells carrying tet-shMELK as described in (F) stained with anti-B-tubulin (green) and DAPI
(blue).

(H) MDA-MB-468 cells stably transduced with tet-shMELK and Histone 2B-GFP were cultured in
the presence or absence of doxycycline for 3 days, and then subjected to time-lapse imaging.
Time is given in hours : minutes. In the absence of doxycycline, cells undergo normal mitosis (top
panels). In the presence of doxycycline, binucleated cells (middle panels) and cells in metaphase

(bottom panels) undergo cell death.

Figure 6-figure supplement 1. MELK inhibition induces cell death in MDA-MB-468 cells

(A) Bright-field images of indicated cells untreated or treated with doxycycline for the induction of
MELK silencing.

(B) DAPI staining of MDA-MB-468 cells with tet-shMELK. The cells were untreated or treated with
doxycycline for 4 days, and further treated with zVad-fmk or vehicle during the last two days. Note
that zZVAD decrease cell death that is induced by MELK knockdown.

Figure 6-figure supplement 2. MELK inhibition induces cell death selectively in basal-like
breast cancer cells

(A) The indicated cells were treated with vehicle or MELK inhibitor (OTSSP167, 100 nM) for two
days. Bright-field images of cells were captured.
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(B) Cell viability were treated as in (A) and assayed by trypan blue staining and counting

(C) Cell lysates were harvested for immunoblotting using the indicated antibodies. The order of
samples loaded are as following: control apoptotic cell lysates; basal (MDA-MB-231, MDA-MB-
468; HCC70, BT549, HCC1197); luminal (T47D, MDA-MB-415, CAMA1, ZR-75-1).

Figure 6-figure supplement 3. MELK inhibition in BBC cells induces cell death and defective
mitosis

(A) Conditionally knocking down MELK in BT549 cells induces the accumulation of cells with 4n
DNA content and G2/M arrest. BT549 cells with tet-shMELK were either treated without or with
doxycycline for five days. Cells were subjected to cell cycle analysis by FACS and immunoblotting.
The left, middle and right panels show respectively immunoblotting, representative cell cycle
distribution histograms, and the quantification of % cells with 4n DNA content. The black lines
indicate median + SD.

(B) DAPI staining reveals cells with multiple nuclei. MDA-MB-468 cells with tet-shMELK were
untreated or treated with doxycycline (100 ng/ml). Yellow arrows indicate cells with two or more

nuclei.

Video 1

This representative time-lapse movie, related to Figure 6, shows a MDA-MB-468/tet-shMELK cell
in the presence of doxycycline fails to undergo cytokinesis. The large frame indicate the initial
position of the cell, and small frame its final position. Note that the cell progresses into mitosis,
which ends with a double-nuclei cell following failed cytokinesis. Frame rate is five frames per

second. Time is given in hours:minutes.

Video 2

This representative time-lapse movie, related to Figure 6, shows that in the presence of
doxycycline, MDA-MB-468/tet-shMELK/GFP-H2B cells with double nuclei undergo cell death. The
two frames indicate two such cells. Frame rate is five frames per second. Time is given in

hours:minutes.

Video 3

This representative time-lapse movie, related to Figure 6, shows that in the presence of
doxycycline, MDA-MB-468/tet-shMELK/GFP-H2B cells undergo mitosis but ending with
asymmetric cell division (in the top frame) or cell death (in the bottom frame). Frame rate is five

frames per second. Time is given in hours:minutes.

Video 4
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This representative time-lapse movie, related to Figure 6, shows that in the absence of
doxycycline, MDA-MB-468/tet-shMELK/GFP-H2B cells demonstrate efficient mitosis. Frame rate is

five frames per second. Time is given in hours: minutes.

Figure 7. MELK is essential to sustain the oncogenic growth of BBC Cells

(A) Effects of MELK knockdown on anchorage-independent growth of BBC cells in soft agar. The
left and middle panels show crystal violet staining, and bright-field images of the colonies
respectively. The bar graphs indicate the means + SD for three experiments.

(B) Effects of MELK knockdown on the growth of BBC cells in vivo. MDA-MB-468 and MDA-MB-
231 cells carrying tet-shMELK were orthotopically implanted into the mammary fat pads of nude
mice. The recipient mice were divided into two groups: one group of mice was given doxycycline-
supplemented drinking water on the second day of injection for the duration of the experiment,
while the other group of mice was maintained without doxycycline. The histogram indicates tumor
volume measured seven weeks after treatment. Data are means + SEM (n = 6).

(C-D) Effects of MELK knockdown on established tumors arising from implantation of basal (C) or
luminal (D) breast cancer cells. Mice bearing orthotopic tumors arising from the indicated cells
carrying tet-shMELK were divided into two groups, with one group of mice receiving doxycycline,
and the other maintained without doxycycline. Tumor volumes were measured on the indicated
days after the administration of doxycyline. Data are means + SEM (n = 8).

(E-F) Effects of MELK inhibition on tumor growth. Mice with tumors developed from basal (E) or
luminal (F) breast cancer cells, were treated once daily with vehicle (0.5% methycellulose) or
OTSSP167 (5 mg/kg). Tumor volumes were measured on the indicated days. Data are means +
SEM (n = 8).

(G) Knocking out Melk in mice. Indicated tissues were harvested from wild type or Melk” adult
mice, and homogenized in RIPA lysis buffer. Lysates were subjected to immunoblotting. Total
lysate of human breast cancer cell line MDA-MB-231 was used as a control.

(H) Loss of Melk has no obvious impact on the development of immune system. Cells were
isolated from bone marrow (BM), spleen and thymus, and subjected to flow cytometric analysis.
Note that CD11b+/Gr1+ is a marker for neutrophils, CD11b+/Gr1- for monocytes, B220 for B cells,
CD3, CD4 and CD8 for T cells.

(1) Bone marrow was collected from wild type (wt) and Melk” (KO) mice and stained for the
indicated cell populations. LSK: Lin~ Sca1” ckit™; LT-HSC(long-term hematopoietic stem cells): LSK
CD150"CD48™; ST-HSC(short-term hematopoietic stem cells): LSK CD150"CD48~; CMP(Common
myeloid progenitor): Lin"cKit"Sca17IL7Ra" CD34'FcRg™; GMP(Granulocyte-macrophage
progenitors): Lin"cKit'Sca17IL7Ra"CD34'FcRg*; MEP(Megakaryocyte-erythrocyte progenitors):
Lin"cKit'Sca17IL7Ra"CD34 FcRg™; CLP(Common lymphoid progenitors): Lin“cKit™Sca1™|L7Ra".
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*p <0.05, **p<0.01, *** p <0.001, **** p <0.0001, Student’s t-test.

Figure 7-figure supplement 1. Efficient conditional MELK knockdown in vivo.
Mice with mammary tumors derived from the indicated cells with stable tet-shMELK were untreated
or treated with doxycycline-supplemented water for four days. Tumors lysates were used for

immunoblotting, with a- or B-tubulin served as a loading control.
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