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Background: Musashi stem cell (SC) proteins (MSI-1 & MSI-2) are known to become over expressed during colorectal
tumorigenesis in humans and mice. MSI-1 overexpression induces tumorigenesis through Notch activation via
inactivation of NUMB. Previous studies also show that MSI-2 overexpression in mice induces intestinal tumorigenesis
but the mechanism is independent of NUMB. However, whether the MSI-2/NUMB pathway contributes to colorectal
cancer (CRC) development in humans is still undetermined.

Methods: We evaluated expression of MSI-2 and NUMB proteins in matched normal and CRC patient samples,
as well as in human CRC cell lines. We also determined whether induction of cellular differentiation by all-trans
retinoic acid (ATRA) influences MSI-2 and NUMB expression.

Results: Analysis of matched patient tissue samples and CRC cell lines showed that MSI-2 protein expression
is significantly increased and NUMB expression is decreased in CRCs compared to the normal colonic tissue.
Immunostaining of normal and adenomatous colonic epithelium revealed that MSI-1+ and MSI-2+ SCs reside in the
SC niche and they become overpopulated during colon tumorigenesis. Moreover, promoting cellular differentiation
by ATRA reduces MSI-2 protein levels, while increasing NUMB protein levels in human CRC cell lines.

Conclusions: MSI-2/NUMB protein expression is altered during colon tumorigenesis, and indicates that MSI-2/
NUMB signaling in human colonic stem cells is closely linked to normal colonic epithelial homeostasis.

Implications: The ability to normalize MSI-2/NUMB signaling by inducing differentiation of cancer SCs suggests a

novel therapeutic approach for CRC treatment.

Keywords: Musashi-1, Musashi-2, NUMB, Colorectal Cancer,
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Introduction

A substantial body of research on the molecular etiology of colorectal
cancer (CRC) reveals that overpopulation of stem cells (SCs) drives
tumor initiation and progression, but the underlying mechanisms that
regulate SCs and that become dysregulated in CRC development
are not well understood [1-4]. Musashi proteins (MSI-1 & MSI-2)
have been found to be reliable markers for normal and malignant
colonic SCs and both proteins become overexpressed during colon
tumorigenesis in humans and mice [5-7]. Because SCs play an
important role in maintaining normal colonic homeostasis and

dysregulation of the SC population leads to colon tumorigenesis,
identification of key proteins and pathways associated with colonic
SC dysregulation is crucial.

In the colon, regulation of gene expression in SCs is a key
determinant in controlling cell-fate specification, but the regulation
at the translational level is incompletely understood [8]. MSI-1 and
MSI-2 are RNA binding proteins that bind and regulate the stability
of mRNAs and subsequent translation, particularly those associated
with oncogenic signaling pathways such as NUMB/NOTCH, Wnt,
and P21 [9]. Additionally, MSI-1 and MSI-2 expression is integral
to maintaining the balance between self-renewal and differentiation
in the SC population [10].
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In normal SCs, MSI-1 is highly expressed, while differentiating
cells exhibit decreased levels of expression. In addition, expression
of MSI-1 is elevated in cancer SCs and solid tumors [10]. In model
organisms, such as C. elegans, MSI-1 has been shown to positively
regulate Notch signaling through the inactivation of NUMB (a
NOTCH signaling repressor) [8]. Additionally, MSI-1 has been
identified as an important oncoprotein in CRC and most recently
as a regulator of CRC growth [11-13]. Notably, MSI-1 expressing
cells reside in the bottom of human colonic crypts mostly within
the SC niche in normal colonic epithelium where ALDH+ SCs also
reside [5,14]. Moreover, MSI-1 appears to play a role in modulating
crypt cell homeostasis within the crypt base [15].

On the other hand, information on MSI-2 is just beginning to emerge.
In addition to elevated levels of MSI-1, various tumors also express
higher levels of MSI-2 and both proteins are linked to inflammation
in CRC [16]. Recent research on MSI-2 in mice has also shown that
overexpression of MSI-2 contributes to transformation of intestinal
epithelium and this is due to MSI-2’s ability to promote crypt
fission and expand the intestinal SC population [7]. However, the
mechanism for MSI-2 induction of tumors in mice was independent
of NUMB. Whether the MSI-2/NUMB pathway contributes to CRC
development in humans is still undetermined.

The objective of this study is to analyze the expression of MSI-
1 and MSI-2 in matched normal and tumor patient samples, as
well as in human CRC cell lines. Our study was also designed to
determine whether induction of cellular differentiation by all-trans
retinoic acid (ATRA) influences MSI-2 and NUMB expression.
Our main goal was to gain insight into the role of MSI-2 in human
CRC development.

Material and methods

All-trans Retinoic Acid (ATRA) treatment

Cells were plated at 100,000 cells per well of a 6-well tissue culture
plate. Cells were plated and allowed to attach for 24 hours and then
serum starved for 24 hours prior to drug treatment. HT29 cells were
treated at the IC50 value of ATRA (1uM) for 2 days and SW480
cells were treated at the IC50 value of ATRA (10uM) for four days
before western blot analysis of protein expression. DMSO was the
vehicle control used for all ATRA treatments. IC50 values were
previously published [17].

CRC cell culture

HT29 and SW480 colorectal cancer cell lines were purchased
from ATCC and were grown in McCoys medium (HT29) and L-15
medium (SW480). All cell culture media contained 10% FBS and
1% penicillin/streptomycin. The cells were grown in 5% CO, and
95% air at 37°C.

Human patient samples

All research involving human colonic tissue was performed in
accordance with the Declaration of Helsinki and was approved
by the appropriate Institutional Review Board (FWA0000655) at
Christiana Care Health Services, Inc (Newark, DE). Tissue samples
were either obtained or processed on the day of surgery or archived
previously consented tissue samples were used from the hospital.

Immunofluorescence
Colon tissue samples were obtained from patients, paraffin embedded,
and microscope slides were prepared with colon tissue sections that

were less 10um in size. The slides were washed and hydrated using
CitraSolv and ethanol before heating the slides submerged in Antigen
Retrieval Solution (1x Citra). After washing again with Phosphate-
buffered saline (PBS), the sections were blocked overnight at 4°C
with a goat serum-derived blocking buffer. The next day the tissue
sections were incubated with primary antibody (MSI-1 1:100 and
MSI-2 1:100) and left overnight at 4°C. The slides were washed in
1x PBS and then the Alexa Fluor 488 conjugated secondary antibody
(1:200) was added at 37°C for one hour. The samples were washed
again in 1x PBS before staining the slides with a 1:10,000 dilution
of Hoescht stain for ten minutes. The slides were then cleaned and
a mounting medium was applied before placing a coverslip on the
slide and sealing the edges. The slides were then viewed and images
recorded on the Zeiss Fluorescent inverted microscope.

Immunohistochemistry (IHC) staining

IHC was performed as we previously described using rabbit
polyclonal anti-Musashi antibody (1:200, Bioss Antibodies, Woburn
MA) that reacts against both human MSI-1 and MSI-2 proteins [14].

Western blotting

Total cellular protein was collected using RIPA Lysis Buffer
containing a protease inhibitor cocktail. Protein concentrations were
determined using a BCA assay (Pierce). The samples were heated at
95 °C for 10 minutes and then were subjected to SDS-PAGE on a 12%
polyacrylamide gel for 90 minutes at 100V. The gel was transferred
to an activated PVDF membrane for lhour at 100V. The blot was
placed in 3% BSA and blocked overnight on a shaker at 4°C. All
primary antibody incubations were performed overnight on a shaker
at 4°C (MSI-1 1:1,000, MSI-2 1:2,000, NUMB 1:1,000, c-MYC
1:1,000, beta actin 1:10,000) and secondary antibody incubations
were one hour at room temperatures. All primary antibodies were
purchased from Abcam. The protein bands were visualized via
chemiluminescence using an ECL kit (Pierce) and detected on the
G: box Chemi Imager (Syngene).

Statistical analysis

The data was expressed as mean + SEM (n=3). A student t-test was
performed to compare results between normal and tumor patient
samples and control and treated samples.

Results & discussion

Expression of MSI-1, MSI-2, NUMB, and C-MYC in matched
patient samples

Because it is still undetermined whether the MSI-2/NUMB pathway
contributes to CRC development in humans, we evaluated the
expression of MSI-2 and NUMB proteins in matched normal and
CRC patient samples. Our western blot analysis of MSI-1 and MSI-2
protein expression showed that MSI-2 is significantly overexpressed
in CRC tissues compared to matched normal tissues and that MSI-1
expression is only slightly increased (Figure 1).
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Figure 1: Expression of MSI-1, MSI-2 and downstream Musashi
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targets NUMB and C-MYC in matched normal and tumor patient
samples. Matched patient samples were from the normal colonic
epithelium and CRC tissue of the same patient. (A) The graph
represents fold change of CRC over normal colonic tissue with
+ SEM. Results show that MSI-2 has elevated protein expression
and NUMB has reduced protein expression in CRCs compared
to normal colonic epithelium. Protein expression was quantified
by densitometric analysis of western blots and normalized to beta
actin. All samples were analyzed at N = 3-20. (B) Representative
western blots of matched normal and tumor patient tissue lysates
are shown for MSI-1, MSI-2, NUMB and C-MYC, as well as each
corresponding beta actin.

We also analyzed NUMB and C-MYC proteins because they are
downstream targets of the Musashi family of proteins. Muasahi
represses the translation of NUMB, which activates Notch signaling.
Our analysis showed that NUMB was significantly downregulated
in CRC tissues as compared to matched normal tissues (Figure 1).
The expression of C-MYC protein, which is a WNT target gene,
did not change (Figure 1).

Our results have relevance to the role of MSI-2 in human colon
tumorigenesis because several studies have previously investigated
MSI-1 and reported that MSI-1 is expressed in low levels in normal
colonic tissue and high levels in CRCs [18,19]. While less is
known about MSI-2, a study by Wang, et al. reported that MSI-2
is overexpressed in human CRCs. This study also reported that
MSI-2 becomes overexpressed in intestinal tumors in mice, but
the mechanism is independent of NUMB. This finding on MSI-2 in
mice differs from our results on humans showing that MSI-2 levels
are high and NUMB levels are low in CRCs. However, our results
indicate that MSI-2, like MSI-1, represses NUMB expression in
CRC. It is known that MSI-1 binds to the 3’ untranslated region of
NUMB, thus repressing its translation [7,20]. Repression of NUMB
translation has important effects on NOTCH signaling. NUMB is
a negative regulator of NOTCH signaling, inducing endosome-
mediated degradation of NOTCH, thus preventing entrance to the
nucleus and subsequent signaling [12]. Studies have found that
MSI-1 upregulates NOTCH and Wnt while repressing the translation
of NUMB [20,21]. Another study indicates that MSI-1 plays a role
in maintaining SCs through the Notch signaling pathway in other
mammalian cells [20]. Forced expression of activated NOTCH
increased Musashi levels, whereas silencing NOTCH via short
hairpin RNA reduces Musashi levels in CRC cells [12].

MSI-2 has also been found to inhibit NUMB expression in other
tissues, which concurs with our findings on MSI-2 and NUMB in
CRC [22]. We found that MSI-2 levels are increased to a greater
extent than MSI-1. To date, little research has been completed on
how MSI-1 and MSI-2, in tandem, affect NUMB and eventually
Notch signaling.

Although we did not see that C-MYC expression is substantially
altered in our CRC samples, other studies have reported C-MYC
expression is elevated in many human CRCs but that there is a wide
range of C-MY C protein expression [23,24]. Notably, C-MYC, like
NUMB, is a downstream target of the Musashi family of proteins.
In addition, C-MYC is a known WNT target gene. WNT signaling
is activated in multiple cancer types, including CRC and activation
of the WNT signaling pathway up-regulates C-MYC expression
and promotes colon tumorigenesis [25]. Nonetheless, while our

findings show the expression of MSI-2 and NUMB is significantly
altered between the normal and CRC tissues, we did not find that
the expression of C-MYC to be substantially different between
matched patient tissues.

The expression of MSI-1, MSI-2, and NUMB in CRC cell lines
To further investigate the relationship between NUMB and Musashi
in CRC, we screened several CRC cell lines and normal colonic
epithelium. Western blot analysis showed that MSI-2 and MSI-1
protein expression was variable in CRC cell lines relative to normal
colonic epithelium. (Figure 2A). In contrast, our results showed that
NUMB protein expression is decreased in CRC cell lines compared
to normal colonic epithelium (Figure 2B). This low level of NUMB
protein expression in CRC cells is similar to the reduced expression
of NUMB we observed in primary CRC tissues. The variability of
MSI-1 and MSI-2 protein expression in CRC cell lines may be due
to the degree of cellular differentiation of the CRC cells. Indeed, we
have previously characterized these cell lines and found significant
variability in their immature/stem cell properties and in cellular
differentiation [26]. For example, HT29 cells, which have lower
levels of MSI-1 and MSI-2, were originally derived from a low
grade, well-differentiated tumor and we previously found that HT29
cells have low stemness and high cellular differentiation properties.
In contrast, SW480 cells, which have higher levels of MSI-1 and
MSI-2, were originally derived from a high grade undifferentiated
tumor, and we previously found that SW480 cells have high stemness
and low cellular differentiation properties [26,27].
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Figure 2: Expression of Musashi and NUMB in CRC cell lines.
(A) Expression of MSI-2 and MSI-1 proteins in CRC cells and in
normal colonic epithelia. Results show MSI-1 protein expression
is variable in CRC cell lines compared to normal colon epithelium,
while MSI-2 protein expression is down compared to normal colon
epithelium. (B). Expression of NUMB protein in CRC cell lines
and in normal colonic epithelia. Results show that CRC cells have
decreased NUMB protein expression compared to normal colon
epithelium. Protein expression was quantified by densitometric
analysis of western blots and normalized to beta actin.
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Other investigators have used these CRC cell lines to characterize
the role of Musashi/Notch signaling in maintaining stemness. For
example, two studies reported that knockdown of MSI-1 in CRC cell
lines suppresses cell proliferation, colony formation, tumorsphere
formation, and xenograft growth, demonstrating that MSI-1 signaling
is important in maintaining stemness and promoting growth of CRC.
In a recent study, treatment with Notch-1 siRNA or DAPT Notch-1
antagonist significantly inhibited cell growth, arrested the cell cycle
at G1 phase and promoted apoptosis [19,28,29]. While these studies
on CRC cell lines establish the importance of MSI-1 and Notch
signaling mechanisms in colon tumorigenesis, the role of MSI-2
has been less characterized in human CRC cells.

Immunostaining for MSI-1, MSI-2 expression in normal and
adenomatous colonic crypts

Here we used two independent staining methods to determine
location of MSI-1 and MSI-2 in normal colonic epithelium. As
shown in Figure 3A immunofluorescent (IF) staining, MSI-1+ and
MSI-2+ cells are located at the bottom of human colonic crypts and
mostly reside within the SC niche (levels 1-20). IHC staining of
normal colonic epithelium (Figure 3B) with an antibody that reacts
to both MSI-1 and MSI-2 shows a similar staining pattern. Other
investigators have shown that MSI-1 marks SCs in human colon and
mouse intestine [5,6,30]. While Wang, et al. reported that MSI-2 is a
marker for murine intestinal SCs, little information was previously
known about MSI-2 as a specific marker for human colonic SCs
[7]. To date, there has been one study done by Zong, et al. that
shows the correlation of MSI-2 overexpression with an unfavorable
prognosis and as a potential biomarker of liver metastasis in CRC
patients [31]. This study is in agreement with our finding of MSI-2
overexpression in cancerous tissues samples from CRC patients.

In contrast to normal colonic epithelium, IHC staining of adenomatous
colonic epithelium shows a different Musashi expression pattern.
Staining of colonic adenomas reveals that the MSI-1+ and MSI-
2+ population expands in size and shifts in distribution toward
the crypt top (Figure 3C). These results concur with our previous
findings using immunostaining for the SC marker ALDH1 whereby
ALDH1+ cells are located at the normal crypt bottom mostly residing
within the SC niche and in adenomatous crypts the ALDH1+ cell
population size expands and shifts to the crypt top [14]. In that
study, we found similar results for two other SC markers (CD44 and
CD133), but ALDHI staining was more specific for SCs. Overall,
these results indicate that during CRC development colonic SCs
become overpopulated which contributes to tumor growth.

Musashi-1

Musashi-2

Adenoma

Figure 3: MSI-1 and MSI-2 expressing cells reside in the normal
colonic SC niche and are overpopulated in colonic adenomas. (A)
Immunofluorescence microscopy of normal human colon epithelium
for MSI-1 and MSI-2 reveals positively-staining cells are located in
the base of normal colonic crypts. (B) IHC staining with an antibody
that reacts to both MSI-1 & MSI-2 shows Musashi-positive cells are

mainly in the normal crypt bottom. (C) IHC staining of adenomatous
colonic epithelium shows that the Musashi-positive cell population
expands in size and shifts toward the crypt top

The Effect of ATRA-induced differentiation on MSI-2 and
NUMB expression in CRC Cells

To further elucidate whether there is a correlation between MSI-2
and NUMB expression during cell differentiation, SW480 and HT29
cells were treated with ATRA. Previously, ATRA treatment has been
used to induce differentiation when targeting stem-like cells from
gliomas, breast, and colon [32-34]. ATRA treatment has also been
shown to downregulate the expression of SC-related genes [35].

Our results (Figure 4) show that ATRA treatment did not significantly
alter MSI-2 levels in HT29 cells, but reduced levels of MSI-2 in
SW480 cells. On the other hand, CRC cells treated with ATRA
increased the protein expression of NUMB in both cell lines. These
data suggest that MSI-2/NUMB signaling is linked to cellular
differentiation status. In this view, during colon tumorigenesis
cells become more immature and less differentiated as reflected
by overpopulation of MSI-2+ SCs occurring in association with
decreased NUMB expression. Upon inducing cellular differentiation
with ATRA, the CRC cells decrease MSI-2 expression, and increase
NUMB expression, which is a phenotype collectively observed in
normal colonic epithelium. In agreement with our findings, it has
recently been published that the treatment of gastric cancer SCs with
ATRA also upregulates the expression of differentiation markers
and reduces the expression of SC markers [36].
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Figure 4: ATRA treatment of CRC cell lines reverts abnormal MSI-
2 and NUMB protein levels toward normal epithelial cell protein
levels. (A) ATRA- treated cells had no significant change in MSI-2
levels in HT29 cells, but reduced levels of MSI-2 in SW480 cell.
Cells treated with ATRA increased the protein expression of NUMB
in both cell lines. Cell treatment experiments were performed three
times and error bars represent + SEM. (B and C) Representative
western blots of control and ATRA treated HT29 and SW480 cells
are shown for MSI-2 and NUMB protein expression, as well as
each corresponding beta actin. The lanes are labeled as without (-)
or with (+) ATRA.

Conclusion

In conclusion, we have demonstrated a link between MSI-2 and
NUMB expression in the normal colon and how it becomes
disrupted during colon tumorigenesis. This finding is important
because previously it was not known if the MSI-2/NUMB pathway
contributes to CRC development in humans. Previous studies
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on mice showed that MSI-2 overexpression induces intestinal
tumorigenesis but the mechanism is independent of NUMB [7]. Our
findings suggest that, in humans, MSI-2/NUMB signaling is closely
associated with colonic SCs, which help maintain normal crypt
homeostasis. Moreover, ATRA-induced differentiation is able to
restore a normal epithelial cell phenotype with high NUMB and low
MSI-2 expression. With the identification of key Musashi/NUMB
pathway proteins in normal colonic SCs, how they are aberrantly
expressed in CRC cells and how they respond to ATRA treatment
provides insight into the design of targeted anti-SC therapies that
are more effective and beneficial to patients.
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