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ABSTRACT

ARTICLE HISTORY

The balance between the symmetric and asymmetric division of stem cells governs tissue homeostasis,
and the deregulation of this balance initiates tumor formation. Although many functions of Numb have
been demonstrated in normal stem cells, the role of Numb in cancer stem cells is relatively unclear. We
recently demonstrated that in colorectal cancer stem cells, Numb was suppressed by miR-146a-5p, which
resulted in the activation of the Wnt signaling pathway and symmetric template DNA division. Here, we
demonstrate that the PKH26-labeled subcellular foci are enriched for endosomal markers such as EEA1
and RAB11. In colorectal cancer stem cells, the PKH-26-labeled vesicles are segregated equally at the first
mitotic division; in contrast, they are unequally segregated in parental cells or in cancer stem cells
undergoing serum-induced differentiation. The PKHE"9" progeny of colorectal cancer stem cells harbors a
stem cell phenotype, whereas the PKH®™ progeny behaves as the differentiating cells. The miR-146a-5p-
regulated Numb controls the distribution of PKH26 vesicles. Our results suggest a critical role of Numb in
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controlling the segregation of subcellular vesicles during division of colorectal cancer stem cells.

Introduction and results

The role of Numb in cell fate determination and
tumorigenesis

Asymmetric cell division (ACD) is a fundamental process by
which progenitor cells generate daughter cells with distinct cell
fates, which is essential for maintaining cell diversity and tissue
homeostasis.' The mechanism of ACD involves the asymmetric
distribution of intrinsic molecules of progenitor cells, which
results in the asymmetric signaling of the generated daughter
cells. Among the asymmetrically segregated molecules during
ACD, Numb is one of the most important cell fate determi-
nants in both Drosophila and mammalian cells. The segrega-
tion of Numb into daughter cells favors a differentiated cell fate
in both Drosophila and mammalian cells. In the Drosophila
nerve system, the external sensory organs comprising 4 cell
types are generated from one single sensory organ progenitor
(SOP) cell by a sequence of ACD. The correct cell fate specifica-
tion of SOP cell requires Numb.>* In mouse cortical progenitor
cells undergoing active neurogenesis, Numb is largely segre-
gated into neural daughter cells, which suggests that Numb
promotes a differentiated cell fate.” In haematopoietic precur-
sors isolated from TNR mice that contain a GFP transgene to
report Notch signaling activity, the expression of Numb is
found to be lower in GFP(+)SKL cells (Sca-1/c-Kit positive,
low-to-negative lineage markers) and preferentially segregated

to the GFP(-) differentiated cells. The above findings suggest
that Numb tends to segregate into the differentiated cells dur-
ing the division of progenitor/stem cells.

In mammalian cancer cells, lines of evidence support that
Numb functions as a tumor suppressor. Numb suppresses the
Notch signaling pathway in cancer cells, which plays a pivotal
role in tumorigenesis and cancer progression.”® Mechanisti-
cally, Numb reduces Notchl stability by interacting with Itch
to promote the polyubiquitination of the membrane-tethered
Notch1® or by inducing Notch1 endosomal sorting for degrada-
tion."” Numb interacts with the p53/MDM2 complex, which
leads to the prevention of polyubiquitination of p53 by MDM2
to increase p53 expression.'' The methylation of Numb at
lysine 158 and lysine 163 sites by Set8 disrupts the Numb-p53
interaction, which results in an increase of p53 degradation."?
In summary, Numb is correlated with a differentiated cell fate
and acts as a tumor suppressor.

The role of the miR-146a-5p-Numb axis in determining the
mode of cell division of colorectal cancer stem cells

Cancer stem cells (CSCs) are a small population of heteroge-
neous tumors that possess traits of normal stem cells and are
crucial for tumor initiation and progression.'”> However,
whether an increase in symmetric cell division is responsible
for expanding CSCs and the mechanisms that guide the mode
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Figure 1. The symmetrical distribution of PKH26-labeled subcellular compartments occurs in colorectal cancer stem cells. (A) The representative images for PKH26 dye
labeling in HT29 cells at the indicated time points. PKH26 dye, red; DNA, blue. Scale bar = 20 um. (B) The immunofluorescent pictures for showing the association of
PKH26-labeled vesicles and endosome markers. PKH26 dye, red; endosome markers (EEA1, RAB11 and RAB7), green; DNA, blue. Scale bar = 5 um. Arrows indicate the
association or colocolization. Insert: magnified vesicle association indicated by yellow arrows. (C) The quantification results of association of PKH26-vesicles and indicated
endosome markers in HT29 parental cells. Data represent mean £ SEM “**, p < 0.001 (Student’s t test). (D) Representative images of symmetric or asymmetric segrega-
tion of PKH26-labeled vesicles in HT29 SDCSCs cultured under stem cell medium or in FBS-induced differentiation, respectively. PKH26 dye, red; DNA, blue. insert: phase
pictures for showing paired-cells. (E) The percentage of the asymmetry/symmetry of PKH26-labeled vesicles in parental cells, SDCSCs and serum-differentiated SDCSCs
(differentiation) in HT29 and HCT15 cells. n (total counted cells over 2 independent experiments) = 142, 223, 83, 144, 196, and 54 for HT29 parental cells, HT29 SDCSCs,
Differentiation (HT29 SDCSCs), HCT15 parental cells, HCT15 SDCSCs, and Differentiation (HCT15 SDCSCs), respectively. PKH-Sym, symmetric segregation of PKH26-labeled
vesicles; PKH-Asym, asymmetric segregation of PKH26-labeled vesicles. The p-value is estimated by x? test. *, p < 0.05; **, p < 0.01 ***, p < 0.001.

of cellular division in CSCs are unclear. In our previous studies,
we demonstrated that colorectal cancer stem cells (CRCSCs)
underwent Snail-predominant epithelial-mesenchymal transi-
tion (EMT)." Furthermore, we identified miR-146a-5p as a
major microRNA in CRCSCs that targets Numb to regulate the
Wnt-S-catenin pathway. In line with the tumor suppressor
functions of Numb, the restoration of Numb in miR-146a-5p-
dominant CRCSCs attenuated the spheroid formation capacity
in vitro and tumorigenicity in vivo.'?

Next, we marked the DNA strands with a long-term BrdU
pulse based on the immortal strand hypothesis, i.e., the stem cells
are prone to retaining the original DNA strand (template strand)
to surpassing replication errors and preserve genetic features.'®

We found that CRCSCs divided symmetrically under stem cell
medium, and the percentage of asymmetric DNA segregation
increased upon serum-induced differentiation. Intriguingly, recent
results from independent groups showed the important role of
another miRNA, miR-34a, in CRCSCs. In CRCSCs, miR-34a has
a distinct role from miR-146a-5p: miR-146a-5p induces Wnt-
B-catenin signaling in the progeny and tends to segregate into
cancer stem cells,'> whereas the distribution of miR-34a into dif-
ferentiated daughter cells inhibits Notch signaling and promotes
the differentiation of CRCSCs."” Moreover, miR-34a and Snail
form a negative feedback loop to regulate EMT.'® Together with
our findings, we suggest that in Snail-dominant CRCSCs, the
miR-146a-5p-Numb pathway activates the J-catenin/Wnt
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Figure 2. The PKH26 vesicles co-segregate into daughter stem cells divided from SDCSCs. (A) A schema for illustrating the paired-cell assay. IFA, immunofluorescence analysis.
(B) Representative images of paired-cell assay of serum-differentiated HT29 SDCSCs. CD44, white; PKH26 dye, red. PKH-Sym, symmetric segregation of PKH26-labeled vesicles;
PKH-Asym, asymmetric segregation of PKH26-labeled vesicles. (C) Left: The percentage of PKH26 vesicles symmetry/asymmetry in serum-differentiated HT29 SDCSCs. CD44
Sym, symmetric CD44 segregation; CD44 Asym, asymmetric CD44 segregation. n (total counted cells over 2 independent experiments) = 66 and 37 for CD44 Sym and CD44
Asym, respectively. ***, p < 0.001 (x° test). Right: The percentage of CD44 and PKH26 vesicles co-expression (CE) or inverse expression (IE) in PKHBrignt daughter cells
undergoing asymmetric cell division. Data represent mean £ SD n = 3 independent experiments. “P < 0.05 (Student’s t test). (D) Representative images of paired-cell assay
of serum-differentiated HT29 SDCSCs. Snail, white; PKH26 dye, red. (E) Left: The percentage of PKH26 vesicles symmetry/asymmetry in serum-differentiated HT29 SDCSCs. Snail
Sym, symmetric Snail segregation; Snail Asym, asymmetric Snail segregation. n (total counted cells over 2 independent experiments) = 87 and 38 for Snail Sym and Snail
Asym, respectively. ***, p < 0001 (x? test). Right: The percentage of Snail and PKH26 vesicles co-expression (CE) or inverse expression (IE) in PKH¥" daughter cells
undergoing asymmetric cell division. *, p < 0.05 (Student’s t test). (F) Representative images of paired-cell assay of serum-differentiated HT29 SDCSCs. BMP4 and Numb, white;
PKH26 dye, red. (G) The percentage of BMP4 and PKH26 vesicles co-expression (CE) or inverse expression (IE) in PKHC™™ daughter cells undergoing asymmetric cell division. (H)
The percentage of Numb and PKH26 vesicles co-expression (CE) or inverse expression (IE) in PKH™™ daughter cells undergoing asymmetric cell division.

pathway to maintain cancer stemness for symmetric expansion,
whereas miR-34a suppresses Notch to generate daughter cells
with a more differentiated phenotype.

Segregation of subcellular vesicles in colorectal cancer
stem cells

The endocytic pathways function in connection with the cell
membrane for endocytosis, vesicle recycling and signaling
transduction.”” Given that Numb regulates post-endocytic

trafficking® and is preferentially segregated into differentiated
daughter cells,’ we hypothesized that the endocytic compo-
nents may be distributed non-randomly during the cell division
of CRCSCs. To prove this assumption, we labeled the colon
cancer cell line HT29 cells and HT29-derived CRCSCs
(SDCSCs, sphere-derived cancer stem cells) with PKH26 dye to
monitor the dynamic distribution of membrane-derived
vesicles and their distribution during cell division. The PKH26
dye was initially stained homogeneously and more than 99% of
cells were PKH26 dye-positive cells according to flow



2700 W.-L. HWANG AND M.-H. YANG

A

Buffer C PKH26 labeling (presort)

Post cell sorting (R2) Post cell sorting (R1)

1000~ 0. 0.

800 |

1000 - O 0.

=

1000 0. 0 1000 - 0.

800 PKHOm £ PKHErignt

95%

97%

HT29 SDCSCs
in FBS

600 600
400

400

200 200 I

107 10 10

»  PKH26 (FL2)
B c D
PKHB1an PKHOm
HCT15
SDCSCs
8 141
kY w
e 8 S s ]
& o S 10
5% 5 6 8 %
% 8 8 4 6
ge 2 !
w §=< S 4
0o @ 8 2 2 1
E? &
% 8 0 0 — —
@ Bright  Dim Bright  Dim Bright Dim Bright  Dim

Figure 3. The PKHE"9" daughter stem cells exhibit a higher capability of forming tumorispheres and colonies. (A) Flow cytometry results for showing the gated regions of
PKH®9" (R1) and PKHP™ (R2) of serum-differentiated HT29 SDCSCs before sorting and the purities after sorting. The percentage of cells in the gated region is illustrated in
the corresponding panels. (B) Representative images of spheroids formed from HT29 SDCSCs- and HCT15 SDCSCs-derived PKHE" and PKHP™ daughter cells. Scale bar =
100m. (C) Histograms for showing the secondary sphere formation capacities of HT29 SDCSCs- and HCT15 SDCSCs-derived PKHE9" and PKHP™ daughter cells. Bright,
PKHB"9" cells; Dim, PKHP™ cells. Data represent mean + SD n = 3 independent experiments. ***, p < 0.001 (Student’s t test). (D) Histograms for showing the anchorage-
independent colony forming capacities of HT29 SDCSCs- and HCT15 SDCSCs-derived PKHE9M and PKHP™ daughter cells. LPF, low power field. *, p < 0.05 (Student’s t test).

cytometry analysis (Fig. S1A, upper panel). Immediately upon
staining, bright PKH26 fluorescent signals were observed on
plasma membranes of HT29 parental cells (Fig. 1A, 0 hr). The
punctuated fluorescent signals occurred and accumulated along
with the decreased fluorescent signal from cell membrane
(Fig. 1A, 10 min, 1 hr, and 24 hr), which suggested that the
PKH26-labeled structures are engulfed from the plasma mem-
brane and become endocytic components.

Next, we co-stained several endocytic and organelle markers
with PKH26 dye to investigate the major subcellular compo-
nents for PKH26 vesicles. The results showed that 1 hour after
initial dye labeling, the PKH26-labeled structures distributed in
the cytoplasm and were positively associated with EEA1 (early
endosome marker, the top row) and, to a lesser extent, RAB11
(recycling vesicle marker, the middle row), but not RAB7 (late
endosome marker, the bottom row) (Fig. 1B). The EEA1- and
RABI11-positive endosomes comprised up to 71% of PKH26
vesicles (Fig. 1C). However, these PKH26 vesicles did not
colocalize with CD81 (exosome marker), calreticulin (endo-
plasmic reticulum marker), or mitochondria (Fig. S1B). Collec-
tively, these results suggested that the PKH26 vesicles were
enriched for endosomal components with newly synthesized
membranes engulfed from the plasma membrane.

To investigate the segregation of PKH26 vesicles during cell
division in HT29- and HCT15-derived SDCSCs, PKH26-labeled
SDCSCs were dissociated to a single cell suspension and cultured
under stem cell medium (SCM) or fetal bovine serum (FBS)-con-
taining medium for the induction of differentiation until the next
round of cell division. First, we confirmed that labeling with
PKH26 dye did not influence the cell viability and proliferation or
sphere-forming capacity of HT29 SDCSCs (Fig. S1C-D). By
quantifying the integrated fluorescent signal in 2 dividing

progenies, we found that the pre-engulfed PKH26 vesicles were
segregated symmetrically in both HT29- and HCT15-SDCSCs
when cultivated in SCM. However, a non-random distribution of
PKH?26 vesicles was noted upon serum-induced differentiation,
which resembled that in parental cells (Fig. 1D-E). By tracking
the cell division through time-lapsed microscopy, we found that
the PKH26 vesicles were distributed either equally or unequally
in twin cells of HT29 parental cells (Movie S1), which confirmed
the existence of asymmetry/symmetry segregation of PKH26
vesicles in cancer cells. Moreover, 81% of the asymmetrically seg-
regated PKH26 vesicles were positive for endosome markers
(Fig. S2A-B, 50% for EEA1- and 31% for RAB11-positive endo-
somes, respectively). This symmetry/asymmetric segregation of
the subcellular vesicles coincided with that of DNA segregation
observed in our previous study."

To investigate the cells’ fate and to validate the functional
divergence in PKH""8"/PKH"™ progeny generated from the
asymmetric cell division of CRCSCs, the mitotic paired cells
were enriched with a thymidine-nocodazole sequence for
immunofluorescence assay or sequential functional characteri-
zation as shown in Figure 2A. CD44 and Snail were selected as
markers for CRCSCs because of their abundant expression in
CRCSC."> We found that the pattern of asymmetry/symmetry
of PKH26 vesicles was correlated with that of CD44 (Fig. 2B
and G, left panel), and PKH®"8" progeny largely co-expressed
CD44 (Fig. 2C, right panel). A similar result was observed in
Snail (Fig. 2D-E). However, the PKH"™ cells were not co-
expressed with the differentiation marker BMP4'> (Fig. 2F-G)
or Numb (Fig. 2F and H).

Next, the PKH®"" and PKH"™ cells were sorted from post-
mitotic HT29-and HCT15-derived SDCSCs for functional char-
acterization. Only cells with purity greater than 85% were
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Figure 4. Restoration of Numb directs the asymmetry of PKH26 vesicles. (A) Histograms for showing percentages of PKH26 vesicle asymmetry/symmetry in the indicated
stable cell lines. PKH-Asym, asymmetric segregation of PKH26 vesicles. n (total counted cells over 2 independent experiments) = 110, 34, 75, 123, 145, 137, 137, and 138
for HT29 SDCSC-Vec, HT29 SDCSCs-FLAG-Numb(162-400), HT29 SDCSCs-Numb(FL) and HT29 SDCSCs-Numb(FL)/B-cat(mut), HCT15 SDCSC-Vec, HCT15 SDCSCs-FLAG-
Numb(162-400), HCT15 SDCSCs-Numb(FL) and HCT15 SDCSCs-Numb(FL)/S-cat(mut), respectively. The p-value is estimated by x? test. *, p < 0.05; ***, p < 0.001. (B) Histo-
grams for showing percentages of PKH26 vesicle asymmetry/symmetry at indicated stable cell lines. n (total counted cells over 2 independent experiments) = 146, 148,
143, 147,106, 75, 115 and 119 for HT29—Vec, HT29—146a, HT29-Puro-Vec, HT29-146a/Puro-Numb, HCT15-Vec, HCT15-146a, HCT15-Puro-Vec and HCT15-146a/Puro-Numb,
respectively. The p-value is estimated by x* test. *, p < 0.05; **, p < 0.01. (C) Upper, RT-qPCR result for showing the expression of miR-146a-5p in HCT15 SDCSC-Vec and
HCT15 SDCSC-Numb(FL) stable lines. Lower, RT-gPCR result for showmg the expression of miR-146a-5p in PKH®9" and PKHP™ daughter cells of HCT15 SDCSCs-Numb
(FL) cultured in stem-cell medium. PKHE"9" cells; Dim, PKHP™ cells. *, p < 0.05; **, p < 0.01 (Student's t test). (D) A schema for summarizing the impact of Numb in

switching division modes of colorectal cancer stem cells.

subjected to further analysis (Fig. 3A). Compared to the PKH"™
cells, the PKHP"#" cells showed an enhanced capability to form
secondary spheres (Fig. 3B-C) and anchorage-independent colo-
nies (Fig. 3D). In summary, the PKH""8"" progeny derived from
PKH26-labeled CRCSCs had the same characteristics as CSCs,
whereas the PKH”™ progeny exhibited the characteristics of dif-
ferentiated cancer cells.

Numb directs the asymmetric segregation of PKH26
vesicles

To investigate the impact of Numb on the segregation of
PKH26 vesicles during cell division, we labeled the established

stable cell lines' that express full-length Numb or truncated
Numb which can not interact with B-catenin. The result
showed that the restoration of full-length Numb to the level of
parental cells promoted the asymmetric distribution of PKH26
vesicles in HT29- and HCT15-derived SDCSCs. However, the
ectopic expression of the B-catenin non-interacting Numb frag-
ment (FLAG-Numb 162-400) did not have such an effect. The
co-expression of unphosphorylatable p-catenin restored the
symmetric segregation of PKH26 vesicles in Numb-restored
SDCSCs (Fig. 4A). Second, the asymmetric segregation of PKH
vesicles increased in HT29 SDCSCs with the stable knockdown
of miR-146a-5p (Fig. S3A). Third, the stable expression of
miR-146a-5p in HT29 and HCT15 parental cells engendered
the symmetric distribution of PKH26 vesicles, and the
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restoration of Numb expression in these cells attenuated the
miR-146a-5p-induced effect (Fig. 4B). Cumulatively, these
findings suggested the involvement of Numb in the spatial dis-
tribution of PKH26-labeled vesicles of CRCSCs.

The cortical condensation and segregation of Numb are
considered to be critical steps in cell fate determination, and
Numb has been shown to be segregated into BrdU-exclusive
differentiated progenies at the second mitosis of CRCSCs."”
Nevertheless, we found that at the first round of CRCSC divi-
sion Numb was not co-expressed in PKH"™ cells upon serum-
induced differentiation (Fig. 2H) or Numb restoration
(Fig. S3B) in this study, which suggests that the spatial distribu-
tion of Numb is not the major mechanism responsible for the
segregation of PKH26 vesicles. Because the asymmetric segre-
gation of miR146a-5p to daughter stem cells occurred when its
endogenous quantity was reduced'” and the endosome/multi-
vesicular bodies have been implicated in the assembly of the
miRNA-induced silencing complex (miRISC),*"** we specu-
lated that the Numb-regulated distribution of PKH26 vesicles
may be attributed to the quantity of miR-146a-5p, and miRISC
(miRNA-induced silencing complex) may carry endosomal
components along with miR-146a-5p to daughter stem cells. In
support of this assumption, we observed that Wnt target genes,
including CD44, LGR5, CCNDI and the primary MIR-146A
transcript, were downregulated in Numb-restored HCT15
SDCSCs compared with that of vector control cells (Fig. S3C).
As expected, the total quantity of miR-146a-5p was decreased
in Numb-restored HCT15 SDCSCs (Fig. 4C, upper). Intrigu-
ingly, in the Numb-restored SDCSCs, miR-146a-5p was
unequally distributed and higher in PKH®"€" progenies than
the PKH”™ progenies at the first round of cell division
(Fig. 4C, lower), which implicates the co-segregation of miR-
146a-5p and PKH26 vesicles to daughter stem cells. However,
the mechanism of miRNA-dictated endosomal asymmetry is
still unclear and needs further investigation. To summarize our
findings in the miR-146a-5p/Numb-regulated segregation of
PKH26-labeled vesicles, we found that the re-expression of
Numb firstly downregulates the level of miR-146a-5p in paren-
tal CRCSCs before mitosis. A lower level of miR-146a-5p in
CRCSCs is prone to distribute unequally to the daughter stem
cells (PKH""¢" progeny) at the first mitosis, whereas a higher
level of miR-146a-5p in CRCSCs causes the equal distribution
in progenies to generate 2 daughter stem cells. The hypothetical
model is illustrated in Figure 4D.

Conclusion and future directions

During the division of CRCSCs, intracellular components dis-
tribute equally into progenies to orchestrate stem cell properties
to maintain the number of stem cells. An increase in Numb
suppresses the expression of miR-146a-5p, which results in the
asymmetric division of CRCSCs and reduces the stem cell
number. To our knowledge, we are the first to observe the
asymmetric/symmetric distribution of subcellular vesicles in
CRCSCs and to demonstrate the involvement of Numb in the
asymmetric distribution of subcellular vesicles of CSCs.

It has been noted that endocytosis and the endosomal path-
way transduces signals from the plasma membrane.”>** Upon
ligand binding, the phosphorylated TGF S receptor (TGFfR) is

internalized to endosomes. The FYVE domain protein endofin
binds to the type I TGFS receptor and potentiates SMAD2-
SMAD4 complex formation in endosomes.””> EEAI, a Rab5
effector protein, tethers to early endosomes via its zinc-binding
FYVE finger and phosphatidylinositol-3-phosphate (PI3P) on
early endosomes.”® The EEAl-positive endosomes are sug-
gested to function as signaling scaffolds for angiotensin II-
induced AKT activation.”’” Emerging evidence suggests the
involvement of the endosomal component in stem cell division.
RABI11-positive recycling endosomes regulates the activities of
the Notch ligand Delta, and RAB11 asymmetry determines cell
fate specification in Drosophila SOP cells.”® Here, we indicated
that Numb might regulate the segregation of endosomal com-
ponents indirectly through miR-146a-5p. Previous reports have
shown that the miRISC component Ago2 is associated with
EEA1- and RABIl-positive endosomes by interacting with
PICK1 in neuronal dendrites,”® and its phosphorylation on
S$387 controls its localization to endosomes as well as sorting to
exosomes in colon cancer cells.”® We suggest that the argonaute
protein might provide a protein scaffold between the miRNA
machinery and endosomal pathway. miR-146a-5p is the most
abundant miRNA identified in CRCSCs, and asymmetrical
miR-146a-5p segregation may contribute to endosomal asym-
metry via miRISC components, such as argonaute proteins.
However, the impact of the symmetric/asymmetric segregation
of endosomal components and the interplay between endo-
somes and miRNAs during cancer stem cell division deserves
further investigation.

Abbreviations

ACD Asymmetric cell division

PKH-Asym Asymmetric segregation of PKH26-labeled vesicles

Buffer C Buffer diluent C

CSCs Cancer stem cells

CRCSCs Colorectal cancer stem cells

EMT Epithelial-mesenchymal transition

FBS Fetal bovine serum

miRISC miRNA-induced silencing complex

MVBs Multivescular bodies

PI3p Phosphatidylinositol-3-phosphate

SDCSCs sphere-derived cancer stem cells

SOpP Sensory organ progenitor

SKL cells Sca-1/c-Kit positive, low-to-negative lineage
markers

SCD Symmetric cell division

SCM Stem cell medium

PKH-Sym  Symmetric segregation of PKH26-labeled vesicles

TGEFBR TGEFp receptor
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