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Abstract

Maternal Embryonic Leucine zipper Kinase (MELK) is expressed in several developing tissues, in
the adult germ line, and in adult neural progenitors. MELK expression is elevated in aggressive
undifferentiated tumors correlating with poor patient outcome in human breast cancer. To
investigate the role of MELK in mammary tumorigenesis in vivo we used a MELK-GFP reporter
mouse, which allows prospective isolation of MELK expressing cells based on GFP fluorescence.
We found that in the normal mammary gland, cells expressing high levels of MELK were
enriched for proliferating cells, expressing markers of mammary progenitors. The isolation of cells
with high levels of MELK in mammary tumors from MMTV-Wnt1l/MELK-GFP bitransgenic
mice resulted in a significant enrichment of tumorsphere formation in culture and tumor initiation
after transplantation into mammary fat pads of syngeneic mice. Furthermore, using lentiviral
delivery of MELK-specific ShRNA and limiting dilution cell transplantations we demonstrated
that MELK function is required for mammary tumorigenesis in vivo. Our findings identify MELK
as potential target in breast tumor initiating cells.
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Introduction

The cancer stem cell model originates from the observed heterogeneity of tumors and the
presence of a minority population of tumor cells that are capable of both self-renewal and
differentiation (1-5). Targeting cancer stem cells, also called tumor-initiating cells, critically
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depends on the identification of therapeutic targets. In breast cancer, cells with
CD44*CD24!°W/~ phenotype isolated from human tumors are enriched for tumor-forming
capacity (6). ALDH-1 is one of the few intracellular, potenti ally functional, markers of
human breast tumor-initiating cells that have been reported (7). In mice, cells with the
CD24*Thy-1* phenotype, as well as a subset of luminal progenitors with
CD29!°WCD24*CD61* phenotype, from MMTV-Wnt1 tumors are found to be enriched in
tumor-initiating cells (8). The Wnt/p-catenin pathway is implicated in mammary
tumorigenesis (9). However, the paucity of current molecular targets warrants the search for
new candidates that allow developing therapeutic strategies to specifically target and
eliminate tumor-initiating cells.

Maternal Embryonic Leucine zipper Kinase (MELK) (10) is a member of the SnflI/AMPK
family of kinases, but is unique in that is not regulated by LKB1 kinase (11). In addition to a
Ser/Thr kinase domain, MELK contains an unstructured C-terminal ubiquitin associated
(UBA) domain that prevents ubiquitin-mediated degradation (12), a leucine zipper motif and
a C-terminal kinase-associated (KA1) domain. During development, it is expressed in
tissues that contain normal progenitor cells (13) and in adult brain progenitor cells (14, 15).
The MELK gene was first cloned from a human myeloid leukemic cell line (16) and
subsequently shown to be commonly expressed in poorly differentiated aggressive cancers
(17, 18). For example, MELK RNA is dramatically upregulated in glioblastomas and is
correlated with malignancy grade in human astrocytomas (19, 20). We have previously
demonstrated in vitro that MELK siRNA inhibits the growth of primary glioblastoma cell
lines (21). The in vivo function of MELK is currently unknown, however, CDC25B
phosphatase, a critical G2/M checkpoint protein, and apoptosis signal-regulating kinase 1
(ASK1) were suggested as potential MELK targets (22, 23).

Elevated expression of MELK was found to be associated with the poor prognosis of breast
cancer patients (24) and glioblastoma patients (21). MELK was found to physically interact
with and phosphorylate pro-apoptotic Bcl-G. The over expression of wild-type (wt) MELK,
but not a kinase-dead mutant, was reported to suppress Bcl-G-induced apoptosis promoting
mammary carcinogenesis (25). Based on the growth inhibition of several cancer cell lines in
vitro, MELK was proposed to be a promising target for multiple cancer types (26).
However, two critical questioned remained unanswered: First, do tumor initiating cells
express MELK? Second, is MELK required for mammary tumorigenesis in vivo? Here we
used the MMTV-Wnt1 mouse mammary tumor model to demonstrate that cells expressing
elevated levels of MELK are enriched for tumor-initiating cells. Critically, we demonstrated
that MELK function is required for mammary tumor growth in vivo.

Materials and Methods

Tumorsphere cultures

For culture, the cells were resuspended in Mammary Stem Cell Medium (MSCM) composed
of: MEBM (Lonza), 20 ng/ml EGF, 20 ng/ml bFGF, 4 pg/ml Heparin, 1x B27 (Invitrogen)
and 2x penicillin/streptomycin. For sphere forming assays, cells in MSCM were mixed
(12:1) with growth factor deficient Matrigel (BD Bioscience) and MSCM overlaid each
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week and images taken after two weeks with a Nikon fluorescent microscope. Unless
otherwise stated reagents were from Sigma Aldrich.

Limiting dilution transplantation of Wntl-induced tumor cells

The transplantation was performed as previously described (27). Briefly, primary tumors
were dissociated into single cells. Cells were sorted by FACS into GFP9" (top 10 %) and
GFP!oW (hottom 10%) fractions and injected into cleared mammary fat pads of 19 day old
FVB/N females at limiting dilutions of 1000, 100 and 10 cells mixed with a 1:1 ratio of
MSCM : Matrigel. Tumor development was checked by palpitation three times a week.
Mammary glands were removed and imaged with a LEICA fluorescent dissecting scope,
after which they were fixed in Carnoys, stained with Carmin Alum and mounted with
Permount.

Inhibition of tumorsphere growth by MELK shRNA

Tumors were dissociated into single cells and cultivated for two passages (3 weeks per
passage) in a mix of MSCM and Matrigel (1:1) in low attachment dishes. 0.5ml MSCM was
added every week to the culture. The resulting tumorspheres were separated from the
Matrigel using a Dispase treatment and dissociated into single cells with Accutase. 2x10°
cells were treated with 10pl of two different lentiviral constructs (MOI~10) one carrying a
MELK shRNA construct the other a control ShRNA. Cells were incubated with the virus
overnight at 37°C and plated in a mix of MSCM and Matrigel (1:1) in low-attachment
dishes the following day.

Statistical analysis

Results

The frequencies of tumor-initiating cells and 95% confidence intervals were calculated using
Poisson statistics and maximum likelihood estimate as implemented in ELDA software
http://bioinf.wehi.edu.au/software/elda/index.html (28). The ELDA software was
specifically designed to handle the extreme situations when all transplanted pads are either
negative or positive. The goodness of fit to a single-hit Poisson model was tested using Chi-
square as implemented in ELDA software.

MELK is expressed in proliferating luminal cells in normal mammary epithelium

Mammary epithelial tissue consists of the ducts, alveoli, and terminal end buds. The ducts
are organized as layers of internal luminal epithelial cells covered by the basally located
myoepithelial cells (29, 30). First, we investigated which population of cells expresses
MELK in the normal mammary gland. Due to the lack of antibodies that robustly detect
MELK, we took advantage of the MELK-GFP promoter-reporter mouse, which we
previously used to trace the expression of endogenous MELK in the neural stem/progenitor
population (31). We found that MELK is selectively expressed in both the ducts and the
terminal end buds of virgin mammary epithelial tissue. In whole mounts, GFP fluorescence
is increased in terminal end buds and alveolar expansion during pregnancy (Fig.1A, B).
Immunofluorescent detection of GFP expression in sectioned material and co-staining with
the epithelial marker CD44v6 (32) indicates enhanced expression in the luminal epithelium
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(Fig.1C, D). To confirm that the MELK-GFP reporter truly represents the levels of
endogenous MELK protein, we sorted GFP'OW (10% bottom) and GFPN9N (10% top) cells
and immunostained both populations for the endogenous MELK protein (Fig.1E, F).
Quantification of the fluorescent signal showed a ~4.7 fold increase in immunoreactivity for
the endogenous MELK protein in the GFPN9 cells as compared to GFP!OW cells (Fig. 1G),
which correlated with a ~ 5 fold increase in GFP fluorescence between GFPhigh
(median=5.5x103) and GFP'°" (median=1.1x103) populations (Fig. 11). In addition, the Q-
PCR analysis of endogenous MELK mRNA illustrated a ~3 fold increase between GFPNigh
and GFP'°W populations (Fig. 1H). Taken together, these results confirm that the GFP signal
in the mammary tissue of MELK-GFP mice correlates with the expression level of the
endogenous MELK mRNA and MELK protein, and that MELK expression is predominantly
localized to the luminal epithelium of the mammary gland.

We have previously demonstrated selective expression of MELK in proliferative progenitors
in developing and neonatal nervous system (31) and in proliferative cancer cells in culture
(33). To determine the cell cycle status of MELK-GFP cells in the normal mammary gland
we co-stained GFP-positive cells for proliferating cell nuclear antigen (PCNA). The GFP-
positive luminal cells were positive for PCNA, suggesting that MELK is upregulated in
proliferating luminal cells (Fig. 2A). We then determined the cell cycle status of various
GFP fractions. The high, medium, low, and negative fractions were isolated by FACS and
analyzed for DNA content. The GFPN9M cells had the highest proportion of cells (21%) in
the S/G2/M phase (Fig. 2B). Together with the PCNA staining these results indicate that
MELK expression is associated with proliferating cells and that the GFPM9" fraction is
enriched for cycling cells.

Increased MELK expression in mammary cells with markers of progenitor cells

Previous studies indicate that in the normal mammary gland stem cell activity is found in the
Lin~, (CD45~ CD31~ TER1197) CD29MI"CD24* compartment, whereas progenitors were
found in the Lin"CD29'°VCD24* compartment (34). In addition, the mammary stem cell
compartment was positive for keratin 14 (K14), a basal epithelium marker, whereas
progenitors were positive for K8, area luminal marker (34). We used MELK-GFP transgenic
mice to investigate the expression of MELK with respect to the previously defined stem cell
and progenitor cell compartments in the normal mammary epithelium. We found a
significantly higher expression of MELK in cells that contain progenitors compared to the
population that include stem cells cell (Fig. 3A). These results are consistent with the
immunofluorescent detection of MELK expression in situ (Fig. 1C,D).

Next, we examined the expression of the CD24/29 markers within the GFPN9" (top 10-15%)
and GFP'oW (hottom 10-15%) cells freshly isolated from normal mammary glands. We
found that a majority of GFPNIN cells (77%) express levels of CD24 and CD29 similar to
that previously found in a cell population enriched for mammary progenitors (34). GFPlowW
cells were broadly distributed with a minority (20%) clustered in a population with the
levels of CD24 and CD29 typical for mammary stem cells (Fig. 3B). These results suggest
that within the normal mammary gland of MELK-GFP mice the top 10-15% of GFP-
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positive cells are within the population that is enriched for normal mammary progenitors
(34).

Next, we isolated the GFPN9N (top 109%) and GFP!W (bottom 10%) cells and
immunostained these populations for keratins. The GFP!®Y fraction predominantly expressed
basal associated K14 (~55% K14 cells vs ~10% K8* cells) whereas GFPN3 cells were
enriched for luminal associated K8 (25% K14* vs 45% K8*) (Fig.3C, D). The increased
proportion of K8 expressing cells in the GFPN9M fraction corresponds with previous reports
showing that luminal progenitor enrichment is associated with K8/K18 expression, and
intermediate/low levels of K14 (34).

Taken together these results suggest that MELK is upregulated in normal proliferating
mammary progenitors and that isolated GFPM9" cells are enriched for such progenitors. The
presence of both K8 and K14 positive cells suggests that GFPNY" expressing cells may
contain both luminal and basal epithelial proliferating progenitors.

Tumor-initiating cells in MMTV-Wntl tumors express high levels MELK

Mammary tumors induced by the Wnt1 gene under the influence of the MMTYV enhancer are
heterogeneous, containing both luminal and basal epithelial cells (Fig. 4A) (35) and are
suggested to originate from progenitor-like cells (36). We crossed the MELK-GFP mice
with MMTV-Wnt1 mice and analyzed for MELK expression in these tumors. Whole mounts
of mammary fat pads of MMTV-Wnt1/ MELK-GFP bitransgenic mice consistently revealed
GFP expression within tumors (Fig. 4B). We isolated GFP!°W and GFPi9" cells (top 10%
and bottom 10% of the GFP-positive cells) from MMTV-Wnt1l/MELK-GFP bitransgenic
mice using flow cytometry and determined the expression of K8 and K14 (Fig. 4C). The
GFP!oW fraction predominantly expressed K14 (30% K14* and 10% K8*) while GFPhigh
cells were significantly enriched (five fold) for K8 (10% K14* and 50% K8") (Fig. 4D).
These results parallel MELK expression in the normal mammary gland. We also examined
the expression of CD29, CD24, CD49f and CD61 surface markers in MMTV-Wntl/MELK-
GFP bitransgenic tumors. We found elevated expression of CD29, CD24, and CD49f in the
GFPNigh population (Fig.4E) consistent with the concept that GFPN9M cells contain luminal
progenitors in Wntl tumors (30, 34, 37). The marker CD61 was recently suggested to
identify cancer stem cells in preneoplastic cells in the MMTV-Wnt1 model (38). Indeed, the
CD61 expression in GFPNi9N cells (median fluorescence 134) was higher than that of GFP!oW
population (median fluorescence 39). However, a population of CD61* cells in the GFP-
negative fraction was also identified (Fig.4F). Collectively, these results suggest that
although MELK expression is not strictly restricted to one type of tumor cell, the GFPhigh
fraction in MMTV-Wntl tumors is enriched for the cells expressing luminal epithelial
markers.

Next, we investigated the proliferative capacity of GFP!°W and GFPi9" cells in culture using
a tumorsphere assay (39) modified to include Matrigel to decrease anoikis, increase colony
formation efficiency, and eliminate cellular aggregation during sphere formation (see
Materials and Methods for details). Time-lapse observation of individual cells in Matrigel
confirmed the clonal origins of the tumorspheres under these conditions (data not shown).
We found that the GFPN" population contained the vast majority of tumorsphere-forming
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cells, providing 5-10 fold enrichment compared to other populations at all tested cell
densities (Fig. 5A). The spheres can be serially cultivated and maintain GFP expression
(Fig. 5B, C). However, despite the linear increase in cumulative total number (Fig. 5D), the
sphere forming capacity progressively decreased with passage (Fig. 5E), suggesting that
under these conditions the sphere-initiating cells undergo progressive differentiation (Fig.
5F).

To investigate the in vivo tumorigenicity of primary MMTV-Wnt1/MELK-GFP bitransgenic
tumors, we performed limiting-dilution transplantation into cleared mammary fat pads.
Based on the in vitro results we chose to compare the GFPN9" and GFP!W populations. In
the first tumor analyzed (WMG49), we found that GFP9" cells are enriched ~6.5-fold in
tumorigenic cells compared to GFP!OW cells (Table 1A). In this experiment the calculated
frequency of cells with tumor-initiating activity for GFPN9" cells was 1/55 cells (95%
confidence interval (CI) 1/112-1/27) compared to 1/351 (95% ClI, 1/1443-1/85) for GFPlow
cells (~6.4 fold enrichment, x2=7.53, p=0.0061).

In a separate experiment, the GFPN9" cells from another primary tumor (WMG300) were
isolated, cultured as spheres for 5 passages and then GFPN3NIOW fractions isolated and
transplanted to determine the frequency of tumor-initiating cells (Table 1B). The calculated
frequency of cells with tumor-initiating activity for GFPM9" cells was 1/14 cells (95%
confidence interval (CI) 1/55-1/4) compared to 1/276 (95% Cl, 1/894-1/85) for GFP!OW cells
(~20 fold enrichment, X2:20.3, p=0.0013). When transplanted into a cleared fat pad, as few
as 10 GFPhigh cells formed neoplastic outgrowths (WMG49, Fig. 5G, analyzed after 20
days) or solid tumor mass (WMG300, Fig. 5H, I, analyzed after tumors reached 1 cm in
diameter). These results demonstrate that mammary tumor cells expressing the highest
levels of MELK are enriched for both tumorsphere forming activity in culture and for
tumor-initiating activity upon transplantation.

MELK is required for the development of MMTV-Wntl tumors in vivo

Finally, we investigated whether MELK is required for the initiation and/or propagation of
Whntl-induced mammary tumors in vitro and in vivo. We used lentiviral delivery of MELK
shRNA, which was previously documented to specifically down regulate MELK expression
in primary cells and several cell lines (21, 31). First, we evaluated the ability of lentivirus
coded MELK shRNA to affect the formation of tumorspheres in the 3D Matrigel
tumorsphere-forming assay (modified from (39)). MELK shRNA (directed against the
3’UTR of endogenous MELK transcript) but not control shRNA dramatically reduced the
number of spheres (~10 fold) formed by the GFPN9" cells from a primary Wnt1 tumor (Fig.
6A). To verify that the reduction in frequency of tumorspheres occurred specifically as a
result of MELK downregulation we performed a rescue experiment. We transduced MELK
shRNA treated mammary cells with a MELK cDNA expressing lentivirus and observed a
complete rescue of tumorsphere formation (Fig. 6B). These results confirm that the
inhibitory function of the MELK shRNA on tumorsphere formation shRNA is specific for
MELK.

To investigate if MELK shRNA can inhibit mammary tumorigenesis in vivo we transduced
WMG300 MMTV-Wntl tumor cells with lentiviruses expressing MELK shRNA or control
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shRNA followed by transplantation into cleared mammary fat pads. We observed a
significant decrease in the number of tumors formed when the tumor cells were transduced
with MELK shRNA virus as compared to control sShRNA (Table 2A). Statistically, the
tumor initiation frequency was decreased ~4 fold from 1/72 to 1/294 (95% Cl, 1/791-1/109
to 1/174-1/30, x%=4.6, p=0.032).

Nevertheless, tumors did arise from shRNA MELK transduced cells, suggesting that some
cells had escaped the action of the ShRNA MELK lentivirus. To investigate this, we
undertook additional experiments using lentiviral vectors co-expressing mCherry in addition
to the shRNAs. This permitted the evaluation of the efficiency of viral transduction and fate
of the tumors cells through the evaluation of mCherry expression. Similar to the earlier
experiments, we observed a significant reduction in the number of tumors arising from
MELK shRNA transduced MMTV-Wnt1 cells as compared to the control vector (Table 2B).
The tumor initiation frequency was decreased ~6 fold from 1/75 to 1/428 (95% Cl, 1/878-1/
209 to 1/140-1/40, x?=14.2, p=0.0001). Moreover, the tumors emerging from MELK
shRNA transduced cells contained significantly fewer cells with mCherry expression as
compared to control lentivirus expressing scrambled siRNA and mCherrry, (unpaired t-test,
p=0.0072) (Fig. 6C). Thus the tumors arising from MMTV-Whntl cells transduced with the
MELK shRNA appear to originate predominately from cells that were either not initially
infected or silenced by mCherry/MELK shRNA expression during tumor growth. This
indicates a strong selection against MELK shRNA transduced cells during the tumor
development in vivo (the MELK shRNA and the control lentiviruses had equal titers and the
infection frequency were close to 90% for both). Taken together these data suggest that
MELK shRNA reduces tumorigenicity and a selective advantage is afforded to tumor-
initiating cells that fail to maintain the expression of the MELK shRNA vector. We conclude
that MELK is required for MMTV-Wnt1 tumorigenesis in vivo.

Discussion

We demonstrate that MMTV-Wnt1 mammary tumor cells with elevated MELK expression
are enriched for tumor-initiating cells as assayed by orthotopic transplantation. Critically, we
demonstrate that MELK is required for growth of tumorspheres in 3D cultures and
mammary tumors in vivo. Our data suggests that MMTV-Wnt1 tumor-initiating cells
express elevated levels of MELK and provide the first in vivo validation of MELK as a
promising therapeutic target for breast cancer.

In normal mammary glands MELK is preferentially expressed in proliferative cells with a
luminal location. This was supported by enrichment in cells expressing the luminal marker
K8 within the GFP9N fraction. Nearly 80% of GFPNA" cells are found within the
CD24*CD29!°W population, which was previously identified to contain progenitors, but not
multipotent stem cells (34). Luminal progenitors are expanded in pre-neoplastic MMTV-
Wntl mammary glands (38) and in breast tissue of patients harboring BRCA1 mutations
(40). Moreover, luminal progenitors have been suggested to be the origin of subsequent
mammary tumors in mouse and human (38, 40, 41). Therefore, our data are consistent with
the current hypothesis that breast cancer stem cells may originate from the luminal
progenitors rather than stem cells (38, 40, 41).
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In fact, we have previously documented MELK expression in progenitor rather than the
stem cell compartment in neural tissue where MELK is required in neural progenitors both
during development and in adult life (31)(A.V.T unpublished observations). In addition,
MELK is expressed in human colon cancer cell lines and in the middle and basal part of
normal colonic crypt epithelia, which is consistent with MELK expression in the
proliferative progenitor compartment (26). Similarly, MELK expression in the testis is
mainly localized to the a6 c-kit* progenitor cells directly contacting the basal membrane
(13) (A.V.T. unpublished observations). The high proliferation activity of progenitors
compared to more quiescent stem cells is consistent with the suggested involvement of
MELK with the cell cycle, in particular G2/M phase (22, 42).

Some cancer, targets may be expressed and be functionally important in the normal stem
cells of a tissue (e.g. Bmil is expressed in leukemia and normal hematopoietic stem cells
(43)). Targeting genes that are commonly expressed in the tumor and normal stem cells may
eliminate normal stem cells, resulting in tissue collapse. On the other hand, if the tumor
target is expressed in progenitor cells, then the aggressive targeting will likely eliminate
both tumor cells and the normal progenitors. The advantage of such a target is that the stem
cell compartment is preserved, allowing progenitor division and tissue regeneration after
therapy withdrawal. In this respect MELK could be uniquely positioned, representing a
promising therapeutic target that is preferentially expressed in progenitors.

The expression of MELK in both normal progenitors and tumor initiating cells may reflect
the cell cycle regulation of MELK (26, 33). The MMTV-Wnt1 oncogene results in expanded
stem/progenitor cell compartment before solid tumors arise, due to secondary mutations like
activated Ras (44). However, not all proliferating cells express MELK. For example, non-
transformed proliferating cells such as IMR90 and WI-38 human fibroblasts don’t express
detectable levels of MELK (26). As expected, IMR90 cells continue to proliferate after
transduction with MELK shRNA (A.V.T. unpublished observation).

The frequency of tumorigenic cells in MMTV-Wnt1 tumors has been reported to be from
1/177 (38) to 1 /7,496 cell (8). The variability of cancer stem cell abundance may be due to
both technical issues of transplant location, the use of Matrigel, and the requirement for a
secondary oncogenic event, such as mutated Ras to convert the MMTV-Wnt1 induced
ductal hyperplasia to solid tumors. Thus each tumor is likely to be genetically distinct and
therefore have a variable abundance of tumor-initiating cells (44, 45). It is difficult to judge
the utility of a given marker to enrich for tumor-initiating cells between different MMTV-
Whntl tumors because of the expected oncogenic heterogeneity. However, within the cells of
an individual tumor the GFPN9N fraction of cells was enriched for tumor-initiating cells 5-10
fold greater than all other fractions (i.e. low and medium) in a 3D Matrigel tumorsphere-
forming assay. Previously, using primary pleural effusions from breast cancer patients, the
tumorsphere-forming capacity was directly correlated with in vivo tumorigenicity upon
transplantation into SCID mice (46). In vivo, the GFPNI9N cells were enriched 6-20 fold in
tumor-initiating cells compared to GFP'OW cells from the same tumor. However, the GFPhigh
fraction is heterogeneous as reflected by the presence of both K8 and K14 positive cells in
the GFP Nigh fraction. It will be important to determine if the tumor-initiating cells reside in
the K8-positive fraction, K14-positive fraction or in cells that express both keratins.
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The CD61/beta3 integrin is a suggested marker of mammary luminal progenitor cells and
cancer stem cells in MMTV-Wnt1 mammary tumors (38). GFPM9 cells express higher
levels of CD61 than GFP!OW cells. However, a low-tumorigenic GFPMe9ative fraction also
expresses CD61, suggesting that GFPN9N cells contain only a fraction of CD61* cells. Our
enrichment for tumorigenic cells based on MELK-GFP appears comparable or higher than
the use of CD61, or the combination of CD24 and Thy1 (8).

The expression analysis of human breast cancers identified hundreds of gene candidates
(18). Here we provide evidence that MELK is a promising target for therapeutic intervention
in breast cancer, particularly due to its expression in tumor initiating cells. Given the success
of small molecule inhibitors of kinase catalytic activity for other cancer types (e.g., Gleevec,
Iressa, Tarceva), the catalytic domain of MELK is an intriguing candidate target for drug
development.
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Figure 1. Characterization of MELK expression in normal mammary glands
A, whole mount mammary fat pad from a 6 weeks-old virgin mouse (Scale bar 100 pm). B,

9.5 days pregnant MELK-GFP female. Note the increased GFP expression in the
proliferative alveoli (arrows). Scale bar 50pm. C and D, immunofluorescence of a 6 weeks-
old virgin MELK-GFP transgenic mouse mammary gland demonstrating colocalization of
GFP expression (red) and CD44v6 (green) in a terminal end bud (C) and predominant GFP
expression in epithelial cells as demarcated by CD44v6 in a cross section of a mammary
duct (D). Scale bar 30um. E and F, detection of endogenous MELK protein by
immunofluorescence in FACS isolated GFP!®W (bottom 10%) and GFPNI9" (top 10%) cells.
Scale bar 10pm. G. Fluorescent histograms of GFP!W (blue line, median=1.1x103) and
GFPNigh (green line median=5.5x103) populations. H. Q-PCR detection of MELK mRNA in
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GFP!oW and GFPhigh populations (normalized to 18s expression). |. Quantification of
endogenous MELK protein shown in E, F normalized to DAPI).
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Figure 2. Levelsof MELK expression correlate with proliferation in normal mammary cells
A, colocalization of PCNA (green) and GFP (red) in the luminal cells of the ducts in 6

weeks-old virgin mammary. DAPI staining is in blue. Scale bar 40um. B, the cell cycle
analysis of various GFP populations from freshly dissociated 6 weeks-old virgin mammary

glands.

Cancer Res. Author manuscript; available in PMC 2014 April 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hebbard et al.

Page 15

GFPhish

3 ;' « o‘
GFP cp29 GFP'o™ GFphoh

Figure 3. Cellswith highest levels of MELK expression include mammary progenitors
A, flow cytometry analysis of dissociated normal mammary gland revealed up-regulation of

GFP signal in CD24*CD29!°W cells compared to CD24*CD29Md" cells. B, the GFPigN cells
(top 10-15%) are enriched for cells with progenitor markers. Dot plot and histogram of live
Lin~ cells (CD45"CD31"TER1197PI7) are shown in the top panels. Cells in the lower
panels are color-coded and gated as indicated. C, immunostaining for K8 and K14
demonstrated that GFPM3 cells are enriched for K8 cells, a luminal marker, while GFP'oW
cells are enriched for K14, a basal marker. Scale bar 50um. D, quantification of K8 and K14
expression in GFPHI9N and GFPLOW fractions from MELK-GFP virgin mammary glands.
GFPLoW and GFPHIgN cells express significantly different levels of K8 and K14, p=0.002
and p=0.0164, respectively, n = 3.
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Figure 4. Heter ogeneous expression of GFP in MM TV-Wnt1/M ELK-GFP bitransgenic tumors
A, immunostaining for K8 and K14 in a wild-type MMTV-Wnt1 tumor. Scale bar 50um. B,

whole mount bright field and green fluorescent images of a bitransgenic tumor. Scale bar
50pum. C and D, immunostaining (scale bar 50um) and quantification of K8 and K14
expression in GFPHI9" and GFPLOW fractions of GFP Wntl tumors. GFPLOW and GFPHigh
cells express significantly different levels of K8 and K14, p=0.003 and p=0.0215,
respectively, n=3. E, flow cytometry analysis of stem/progenitor marker expression in
GFPnegative(grey area), GFPIOW(blue line), and GFPN9N (green line) cells from a MMTV-
Wnt1/MELK-GFP bitransgenic tumor. Note GFPN9" cells express elevated CD24, CD49f,
CD61 as compared to GFP!W cells. F, flow cytometry analysis (colored dot plot 5%
probability with outliers) of CD61 vs GFP expression in MMTV-Wntl/MELK-GFP
bitransgenic tumor. Semi-transparent shaded areas correspond to GFPNi9N (green), GFPlow
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(blue), and GFPNegative (grey) populations. Horizontal line denotes the level of background
fluorescence (CD61 negative cells).
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Figure5. The GFphigh population in MMTV-Wnt1/MELK-GFP bitransgenic tumorsisenriched
for tumor initiating cells

A, GFPHigh population is greatly enriched in spheroid forming activity using a sphere
forming culture assay under all conditions tested; p<0.05 for all GFP9" one-way ANOVA.
Proliferating tumorspheres (B, bright field) retain GFP expression (C). Scale bar 100um.
The matrigel cultures of GFPM9N cells have an increased total number of cells (D) but a
decreased frequency of sphere forming cells (E). The mammosphere assay is linear for all
cell densities and at all passages tested (F). Colony formation efficiency decreased with the
first three passages. 15! passage, red, linear regression y = 0.02x + 400R?2 = 1; 2" passage,
green, y = 0.0138x - 0.440100R2 = 0.9962; 39 passage, blue, y = 0.0084x - 1.941800R2 =
0.9385). G. Whole-mount GFP fluorescence of a 20 days outgrowth after transplantation of
10 GFPNigh cells derived from WMGA49 primary tumor. Scale bar Imm. H&E (H) and K8,
K14 and DAPI (1) staining of a solid tumor developed from transplanted GFPN9" cells
clonally derived from WMG300 primary tumor. Scale bar 50um.

Cancer Res. Author manuscript; available in PMC 2014 April 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Hebbard et al.

A B3S'
23S-T 3304
] g 3
. o O 25 1
§zs~ §

204
- -
: }151
9 : @ 10 1
.8.10 % -
" 5 ‘%5*
" m

0

% of mCherry+ cells

80 +

60 4

40 A

20 4

04

Page 19

Figure 6. MELK function isrequired for Wntl1-induced tumorigenesisin vitro and in vivo
Black bars = MELK shRNA, white bars = control ShRNA, grey bar = MELK cDNA rescue.

A and B, MELK shRNA reduced the frequency of tumorsphere-initiating cells in Wnt1
tumors. B, co-infection with virus expressing the MELK cDNA rescues tumorsphere
proliferation; p < 0.05, n = 3. C, the percentage (%) of mCherry-positive cells in tumors
(from D) after transduction with MELK shRNA is reduced compared to control shRNA.

Unpaired t-test, p=0.0072.
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Table 1

Tumor initiating frequencies of GFPhgNIoW ce||s transplanted into the cleared mammary fat pad A, WMG49
tumor: X2=7.53, p=0.006; * the 1000 cell point was censored from the calculation to satisfy the goodness of fit
to a single-hit Poisson model; B, WMG300 tumor: x2=10, p=0.0013.
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Table 1A Table 1C
type of cells —— <15 Pad| 10,000 | 1000 | 100 | 10 | |¢ype of cells __cellsfatpad [ 59
MELK/GFPhieh 88 | 4/6 | 6/8 4/16 MELK shRNA tumors 4/10

Repopulation frequency (95% CI)* : 1/55 (1/112-1/27)

Repopulation frequency (95% CI) : 1/294 (1/791-1/109)

MELK/GFPlow a8 | s | 161116

Control tumors 7/8

Repopulation frequency (95% CI) : 1/351 (1/1443-1/85)

Repopulation frequency (95% CI) : 1/72 (1/174-1/30)

Table 1B

type of cells _cellsifat pad 100 | 100 | 10

MELK/GFphigh 4/4 | 44 | 24

Repopulation frequency (95% CI) : 1/14 (1/55-1/4)

Table 1D

o lls/fat pad

type of cells - SO pa 500 100 50
MELK shRNA tumors 4/8 0/8 0/8

Repopulation frequency (95% Cl) : 1/428 (1/878-1/209)

MELK/GFPow 44 | 14| o4

Repopulation frequency (95% CI) : 1/276 (1/894-1/85)

Control tumors 4/8 3/8 3/8

Repopulation frequency (95% CI) : 1 /75 (1/143-1/40)
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