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Abstract

Colorectal cancer cells with stem-like properties, referred to as colon cancer initiating cells
(CCIC), have high tumorigenic potential. While CCIC can differentiate to promote cellular
heterogeneity, it remains unclear whether CCIC within a tumor contain distinct subpopulations.
Here we describe the co-existence of fast-cycling and slow-cycling CCIC, which can undergo
asymmetric division to generate each other, highlighting CCIC plasticity and interconvertibility.
Fast-cycling CCIC express markers such as LGR5 and CD133, relying on MYC for their
proliferation, whereas slow-cycling CCIC express markers such as BMI1 and hTERT and are
independent of MYC. NOTCH signaling promotes asymmetric cell fate, regulating the balance
between these two populations. Overall, our results illuminate the basis for CCIC heterogeneity
and plasticity by defining a direct interconversion mechanism between slow-cycling and fast-
cycling CCIC.

BACKGROUND

Colorectal tumors, as well as most solid tumors, exhibit considerable intratumoral cellular
heterogeneity. Even genetically identical colorectal cancer (CRC) cells from the same tumor
demonstrate significant variability with regard to proliferation, invasive potential and
chemoresistance (1—3). At least in part, this CRC cellular diversity can be hierarchically
organized, with growth driven by a subset of cells with stem-like properties, referred to as
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colon cancer initiating cells (CCICs) or stem cells (CCSCs) (4—7). Consistent with a role for
CCIC in tumor progression, a signature that reflects that of normal colon stem cells is
prognostic for higher frequency of CRC relapse (6). These stem cell associated markers
expressed in CCICs include CD133, LGR5, BMI1, CD44, and ALDH1 (, 6, 8, 9).
Although LGR5, a co-receptor for the WNT ligand RSPO1, is a marker for fast-cycling
intestinal and colon stem cells (10-12), tumor expression of LGRS is not strongly associated
with CRC prognosis (13). However, while associated with a more quiescent stem cell
population in the normal intestinal mucosa, BMI expression is also correlated with poor
survival and CRC recurrence (14-16), and targeted anti-BMI1 therapy inhibits tumor
xenograft growth and self-renewal (1).

CCIC can divide symmetrically to generate two CCIC daughters or asymmetrically to
generate a CCIC daughter and a more differentiated daughter cell (8, 17). Disruption of
asymmetric division can alter the balance between self-renewal and differentiation in CCIC
and consequently, impact tumor growth. Similar observations have been reported in other
types of cancer stem cells (18, 19). Importantly, NOTCH signaling, which is well
documented to be necessary for both stem cell proliferation as well as lineage allocation in
the intestinal mucosa, may be an important determinant that drives asymmetric CCIC
daughter fate (17). In mouse models of CRC, Notch signaling is elevated in tumorigenesis
(20). Furthermore, suppression of NOTCH signaling induces differentiation of adenoma
cells into goblet cells, and targeted deletion of the Notch ligand JAG-1 decreases intestinal
tumor volumes in APCMI* mice (21, 22). Also consistent with the pro-tumorigenic
potential of NOTCH signaling is the high expression of the downstream effectors of
NOTCH in human adenomas and early stage tumors compared to late stage
adenocarcinomas (20, 23). Furthermore, NOTCH also promotes CRC chemoresistance (24)
and metastasis (25).

Here, we demonstrate co-existence of fast- and slow-cycling CCIC populations in the same
tumors with fast-cycling cells expressing LGR5, CD133, and CD44, and slow-cycling
CCICs expressing BMI1, hTERT, and HOPX. The two populations can directly interconvert
via asymmetric division, which simultaneously generates a fast-cycling daughter cell and a
slow-cycling daughter cell. Fast-cycling CCICs depend on MYC for proliferation, but slow-
cycling CCICs are less dependent on MYC. NOTCH signaling promotes such asymmetric
cell fate and regulates the balance between the two CCIC populations. Maintaining both
fast- and slow-cycling stem cells may provide a growth and survival strategy for neoplastic
tissue.

METHODS

Antibodies

Frozen human normal colonic and CRC tissues were stained with anti-a-TUBULIN
(ab6160), anti-BMI1 (ab14389), anti-LGR5 (ab75732), anti-Ki67 (ab15580), anti-NOTCH1
(ab44986) antibodies purchased from Abcam, anti-NUMB (2756) purchased from Cell
Signaling, anti-MYC (sc-40) anti-PARD3A (sc-79577) purchased from SCBT. Antibody
concentrations and standard immunofluorescence procedures (IF) are described in
Supplemental Methods.
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Frozen sections of normal human colonic tissue or tissue from various stages of colon cancer
(Normal colon: n=20, CRC: n=20 (=5 per CRC stage)) embedded in O.C.T were
stained for Hematoxylin and Eosin (H&E) and IF. The fraction of dividing BMI1+/LGR5+/
a-TUBULIN+ asymmetric pairs was quantified in 500 a-TUBULIN+ dividing pairs per
specimen. Images were acquired on a Zeiss LSM 510 confocal microscope using an Apo
63x 1.40 oil objective and analyzed with ZEN confocal software.

CCIC Isolation and Culture

CCIC lines (CCIC-1, CCIC-2) were derived from patients (ages 51 or 57 years) with early
stage (Stage I-11), well-differentiated CRC resections lacking p53 and KRAS mutations and
cultured as described in 2013 (17) under protocols approved by Weill Cornell Medical
College. CRC tumors were washed in PBS, minced into 1-2 mm fragments, incubated in
collagenase at 37°C for 45 minutes, and strained through a 40um filter to isolate single cells
for CCIC culture. CCIC lines have been tested in sphere propagation and serial dilution
assays and were last authenticated in late 2015. Exome sequencing data was collected for
these lines and analyzed in 2015 (26). CCICs were cultured in ultra low-attachment flasks in
serum free DMEM:F12 medium (Invitrogen) supplemented with minimal nonessential
amino acids (Thermo Fisher), sodium pyruvate (Thermo Fisher), N2 supplement
(Invitrogen), B27 supplement (Invitrogen), 4 pg/ml heparin (Sigma), antibiotic-antimycotic
(Invitrogen), 20 ng/ml basic fibroblast growth factor (R&D Systems) and 40 ng/ml
epidermal growth factor (R&D Systems) at 37°C and 5% CO,. In order to passage CCICs,
cell suspension was gently centrifuged, suspended in 1X Trypsin-EDTA (Invitrogen) for 5
minutes at 37°C, and mechanically dissociated into single cells before final resuspension in
culture medium.

CCIC Studies

Single cells from CCIC-1 and CCIC-2 lines were plated in collagen-coated chamber slides
in serum free culture medium for pair-cell assays (17). Live cell imaging was performed
using a Nikon BioStation CT at a 40X objective for 48 hours to track single cell divisions.
Slides were incubated at 37°C and 5% CO» for 24-48 hours followed by IF. For pair-cell
assays, CCIC were treated with one of the following conditions: DMSO or DAPT (Sigma) in
culture medium. Lentiviral constructs containing NUMB-shRNA (Sigma), NUMB-SYM
(gift from Zhong labatory), JAG-1 shRNA (Sigma), NICD-OE (Cell Biolab), or TCF-EGFP
reporter (Addgene) were used to infect CCIC to assay asymmetric cell pairs. CCICs were
also transduced with lentivirus containing a BMI promoter-mCherry construct
(GeneCopoeia) with a puromycin selection marker in order to isolate BMI1+ and LGR5+
cells using FACS. The procedure for lentiviral transduction is described in Supplemental
Methods. BrdU incorporation was performed as previously described (17) where single
CCICs were plated and grown for 16 hours. Following this division, cells were treated for 3
hours with 10mM BrdU (Sigma), fixed in cold 70% ethanol, followed by incubation for 1
hour in 2M HCI. Cells were washed in PBS, incubated for with 200mM Na,B407 for two
minutes and stained using standard IF protocol. Primers and antibodies for RT-PCR and
Western blotting are described in Supplemental Methods.
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Xenograft Assays

1 x 108 unsorted, LGR5+ and BMI1+ CCICs transduced with MYC-shRNA or scrambled
shRNA were injected s.c into 8-week-old NOD/SCID mice (n7=5 mice/condition) in a 200ul
volume containing 1:1 culture medium: Matrigel mixture. Tumors were propagated for 4
weeks. Additionally, 1 x 10% unsorted CCICs also were also injected s.c into NOD/SCID
mice (/7= 6) to form tumors after 4 weeks; tumors were directly injected over 3 days with
DMSO or DAPT delivered at a dose of 200 mg/kg every 12 hours (27). Tumor dimensions
were measured using a caliper. Tumors were minced into 1-2 mm fragments and incubated
in Accumax/EDTA solution (Millipore) for 30 minutes at room temperature while shaking to
obtain a single cell suspension for FACS. FlowJo software was used to gate populations
according to 7-AAD (Molecular Probes) viability, and forward and side scattering. Cutoff
thresholds were provided by unstained cells as a negative control.

Statistical Analysis

The data displayed are represented as mean + SD. Statistical comparisons between two
groups was made using Student t-test or one-way ANOVA for multiple groups. < 0.05 was
used to establish statistical significance.

RESULTS
Asymmetric BMI1+/LGR5+ cell pairs in CRC

Histopathological review of stage I through IV primary CRC tumors consistently identified a
distinctive paired cell morphology: a cell with a long, slender nucleus situated adjacent to a
cell with a smaller, rounded nucleus (Fig. 1a). This paired cell morphology was probed by
immunofluorescence (IF) in patient normal colon and CRC specimens using antibodies
against human LGRS and BMI1 (see Methods) (28—30). This revealed co-localization of a
larger BMI1+ cell with a slender nucleus adjacent to a smaller, rounder LGR5+ cell.
Multiple such BMI1+/LGR5+ pairs could be detected in the same magnification field of
CRC tumors (Fig. 1b). Whether the paired BMI1/LGR5+ cells in these structures were
generated by cell division was examined using a-TUBULIN staining for mitotic spindle
labeling and Ki67 staining as a proliferation marker. Analysis of primary CRC tissue showed
that approximately 3.5% of BMI1+ cells or 5.4% of LGR5+ cells were associated as
asymmetrically dividing BMI1/LGR5 pairs (Fig. 1c; p = 0.01; Student t-test). In multiple
BMI1+/LGR5+ pairs in primary CRC tissue, a-TUBULIN staining is consistent with the
configuration of microtubules in telophase, the final mitotic phase, in which the midbody is
at the division plane during cytokinesis and asters are at the poles. Ki67 expression was also
detected, confirming that these pairs arose from cell division. Quantitative analysis revealed
that the frequency of dividing BMI1+/LGR5+ cell pairs increased in neoplastic tissue
compared to normal colon tissue from the same patient (Fig. 1d; p = 0.001; Student t-test).
Additionally, we examined CRC tissue for classical markers of asymmetric division,
including cell fate determinant NUMB and polarity protein PARD3A. Consistently, NUMB
localized to the LGR5+ cell and PARD3A localized to the BMI1+ daughter in dividing
BMI1/LGRS5 pairs (Fig. 1d; p = 0.01; Student t-test). These data suggest that BMI1+/LGR5+
pairs could result from asymmetric cell division and are associated with CRC.
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Asymmetric BMI1+/LGR5+ CCIC daughter pairs

To understand the lineage relationship between BMI1+ and LGR5+ cells in asymmetric
pairs, we derived and characterized CCIC lines (CCIC-1 and CCIC-2) from two CRC
patients as previously described (4, 26) and performed a pair-cell assay (17, 31). Single
CCICs were monitored through approximately 36 hours followed by IF of cell pairs
(Supplementary Fig. 1A) for markers, including BMI1, LGR5, NOTCH1 and others. Co-1F
for LGR5 and BMI1 confirmed that CCICs could divide into asymmetric BMI1+/LGR5+
daughter cell pairs; additionally, a notable difference was observed in the longest nuclear
diameters of the BMI1+ CCIC and its LGR5+ counterpart (Supplementary Fig. 1B). The
presence of these BMI1+/LGR5+ asymmetric cell pairs in CCIC is consistent with what we
observed in primary CRCs. In approximately 5% of newly divided pairs, asymmetric
division was identified producing daughter cell pairs that exhibited the specific cellular and
nuclear morphology of a crescent-shaped CCIC enveloping another CCIC (Supplementary
Fig. 1C). Using co-IF for PARD3A (a polarity cell fate marker for asymmetric division) and
LGRS expression, we confirmed a similar 4.5% frequency of asymmetric cell division in
CCICs (Supplementary Fig. 1D). In contrast, HCT116 cells, a CRC line that does not have
CCIC, showed no evidence of asymmetric division as determined by specific nuclear
morphology and PARD3A/LGR5 expression (Supplementary Fig. 1D).

Next, asymmetric CCIC daughter cell pairs were characterized based on expression of stem
cell markers and signaling pathway components (Supplementary Figs. 1E-1G). These
studies revealed that the BMI1+ CCIC also expressed high levels of NOTCH1 receptor
(NOTCH1), HES5 (a downstream marker of active NOTCH signaling), hTERT, and the
TGF-B pathway markers nuclear phospho-SMAD1/5 (32). In asymmetric cell pairs, the
partnered LGR5+ daughter also expressed the WNT marker nuclear B-CATENIN, NOTCH
ligand DLL4, and the stem cell markers CD44, ALDH1, and CD133 (5, 32—34). Quantitative
analysis showed that ALDH1 and CD133 labeled LGR5+ daughters in over 95% of BMI1/
LGR5 asymmetric pairs (Supplementary Fig. 1F; p = 0.01; Student t-test). Several intestinal
stem cell markers (10) were also informative in asymmetric cell pairs;: BMI1+ daughters
were HOPX+ and hTERT+ while LGR5+ daughters were OLFM4+ and ASCL2+
(Supplementary Fig. 1G; p = 0.01; Student t-test).

We then investigated which type of CCIC (BMI1+ or LGR5+) gives rise to the BMI1+/
LGR5+ pair. Because BMI1 is an intracellular protein, the cell surface NOTCH1 receptor
was used as a surrogate membrane marker based on the observation above that BMI1+ CCIC
is NOTCH1+ and LGR5+ CCIC is NOTCH1-. Time-lapse imaging of NOTCH1/LGR5
double sorted cells was recorded over 48 hours followed by fixation and IF (Fig. 2a). A
round, NOTCH1-/LGR5+ CCIC produced an elongated, BMI1+ daughter cell in ~7.2% of
cell divisions (p = 0.01; Student t-test). Reciprocally, a crescent-shaped, NOTCH1+/LGR5-
CCIC generated a rounder daughter cell, which further divided into two smaller, rounder
LGR5+ daughter cells in 4.1% of cell divisions (Fig. 2a; p = 0.01; Student t-test). Next,
CCIC were lentivirally transduced with a BMI1-mCherry promoter reporter construct and
sorted to directly isolate BMI1+ (~6.2% of CCIC) and LGR5+ (~9.5% of CCIC) populations
(Fig. 2b; p = 0.01; Student t-test). RT-PCR analysis of BMI1+ CCIC showed enrichment of
HOPX, NOTCH1, and hTERT gene expression while LGR5+ CCIC had elevated ALDH1,
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ASCL2, CD44, CD133, and OLFM4 gene expression, consistent with our earlier findings
(Supplementary Fig. 1H; p = 0.01; Student t-test). Similarly, time-lapse imaging of single
BMI1+ or LGR5+ CCIC followed by IF demonstrated both were capable of asymmetric
division to produce BMI1+/LGR5+ pairs with a frequency of 4.2% or 7.5%, respectively
(Fig. 2c; p = 0.01; Student t-test). Therefore, both LGR5+ and BMI1+ CCICs generated
asymmetric BMI1+/LGR5+ pairs through division.

BMI1 and LGR5 CCICs were capable of both symmetric and asymmetric divisions
(Supplementary Fig. 2A). For asymmetric division, PARD3A polarizes to the side of the
BMI1 daughter compartment during cytokinesis, as confirmed by a-TUBULIN staining of
midbody at the division plane, supporting intrinsic asymmetric division of CCICs to
generate BMI1+ and LGR5+ daughters (Supplementary Fig. 2B). Further quantification in
BMI1+/LGR5+ CCIC pairs showed that PARD3A labeled BMI1+ daughters in ~97% of
pairs, while NUMB localized to the LGR5+ daughter in over 98% of pairs (Fig. 2d,
Supplementary Fig. 2C; p=0.01; Student t-test). The three-dimensional morphology of cell
fate asymmetry was analyzed using confocal imaging and z-stack acquisition, revealing that
BMI1+(PARD3A+) CCIC physically surrounds the smaller LGR5+(NUMB+) CCIC
daughter cell in 3 dimensions (Supplementary Movie 1).

The WNT activity status of BMI1+(NOTCH1+)/LGR5+ cell pairs was evaluated by
infecting CCICs with a lentiviral TCF-GFP reporter construct and treatment with WNT3A
ligand. This revealed that the LGR5+ CCIC daughter displayed active WNT signaling
(Supplementary Fig. 2D). Furthermore, based on FACS analysis, TCF-GFP reporter and
CD133 expression overlapped primarily with the LGR5+/BMI1- CCIC population
(Supplementary Fig. 2E).

LGR5+ CCIC daughter is faster-cycling than BMI1+ daughter

The proliferative capacity of the LGR5+ and BMI1+ daughter cells in asymmetric pairs was
analyzed by BrdU incorporation in the pair-cell assay. Single cells were plated and allowed
to divide once in proliferative medium for 24 hours (1%t division) before treatment of BrdU
for 3 hours to label cells entering the 2nd division (18). Co-IF showed that the smaller,
rounder LGR5+ daughter was positive for BrdU (Fig. 2e). Quantitative analysis in BMI1+/
LGR5+ asymmetric pairs showed that BrdU incorporation occurred most frequently in
LGR5+ daughters (p = 0.004, one-way ANOVA), consistent with faster-cycling LGR5+
CCIC vs. slower-cycling BMI1+ CCIC.

Because LGR5+ daughters have higher WNT signaling levels than BMI1+ daughters
(Supplementary Figs. 1E, 2D, 2E), and WNT upregulates MYC, a transcription factor that
promotes proliferation and growth (35), we examined the potential role of MYC in
promoting differential proliferative capacity by establishing a knockdown model using

MY C-shRNA lentiviral transduction. Efficient MYC knockdown was confirmed by Western
blot analysis (Supplementary Fig. 3A), but did not alter Notch signaling. NICD expression
(Supplementary Fig. 3A) and RT-PCR for NOTCH effectors Hes1 and Hes5 (Supplementary
Fig. 3B) showed that CCIC with MY C knockdown maintained similar levels of NOTCH
signaling activity compared to control (scrambled shRNA-transduced CCICs). Furthermore,
decreased expression of the MYC target genes Cyclin D2 and Ornithine Decarboxylase
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(ODC), and increased expression of p21 in MY C-shRNA treated CCICs was observed,
consistent with the anti-proliferative effect of MYC knockdown (Supplementary Fig. 3B).
While overall CCIC proliferation was suppressed by MY C knockdown, co-IF for BMI1,
LGR5 and a-TUBULIN expression showed that division of LGR5+ cells was
disproportionally affected (Fig. 3a; **, p =0.01; ***, p=0.001; Student t-test). MYC shRNA
knockdown also switched BrdU incorporation from the LGR5+ daughter cell to the BMI1+
daughter in asymmetric CCIC pairs (Fig. 3b). Furthermore, quantitative analysis of
asymmetric BMI1+/LGR5+ pairs showed that, while overall BrdU incorporation was
significantly reduced by MY C knockdown, BrdU incorporation then occurred most
frequently in BMI1+ daughters (p = 0.005, one-way ANOVA) (Fig. 3b). This reversal of
relative proliferation between BMI1+ and LGR5+ daughter CCICs suggests that LGR5+
CCIC proliferation shows a greater dependence on MYC. We then analyzed how MYC
knockdown affects the timing of division in BMI1+ vs. LGR5+ CCIC populations following
BrdU incorporation. This showed that the absolute number of proliferating LGR5+ CCIC
decreased substantially (p = .002, Student t-test) while the number of dividing BMI1+
CCICs was similar to the control (Supplementary Fig. 3C). FACS analysis confirmed that
MY C-shRNA resulted in a smaller population of Ki67+ dividing CCICs compared to the
control, and this gated population showed a greater percentage of BMI1+ vs. LGR5+ CCICs
(Fig. 3c). LGR5-FITC+ CCIC and CCIC expressing a BMI1-mCherry promoter reporter
were infected with scrambled (Sc.) sShRNA or MYC-shRNA. Consistent with our earlier
observations, asymmetric proliferation and the number of LGR5+ daughters produced was
significantly reduced in MYC-shRNA CCIC compared to the control (Supplementary Fig.
3D; p=0.01; Student t-test). Overall, these experiments were consistent with MYC as a
determining factor in the differential asymmetric proliferation potential between LGR5+ and
BMI1+ CCICs.

NOTCH regulates asymmetric BMI1+/LGR5+ CCIC fate in vitro

The role of NOTCH in modulating asymmetric CCIC daughter fate /n vitro (Fig. 4a) was
studied using the pair-cell assay in which CCICs were treated with DMSO or increasing
concentrations of DAPT. Co-IF of DMSO-treated CCICs showed the presence of
asymmetric BMI1+(NOTCH1+)/LGR5+ cell pairs. Next, RT-PCR for Hes1 and Hes5
confirmed DAPT suppression of NOTCH activity. Increasing concentrations of DAPT
reduced CCIC BMI1+/LGR5+ cell pairs compared to the control (p = 0.01; Student t-test).
Additionally, asymmetric pairs as determined by nuclear morphology and BMI1/LGR5
expression was not detected in HCT116 or RKO cells under any condition (Supplementary
Fig. 4A). In order to confirm that NOTCH affects cell fate determination, we performed
NOTCHL1, LGR5, and a-TUBULIN co-staining of CCIC pairs just before completion of cell
division in DMSO- and DAPT-treated cells (Supplementary Fig. 4B). Asymmetric
distribution of NOTCH1 and LGR5 was observed in the control group compared to
symmetric expression of both markers with DAPT treatment, suggesting that higher NOTCH
signaling promotes asymmetric BMI1/LGRS5 daughter cell fates. FACS analysis following a
short, 24-hour DAPT treatment also showed that NOTCH suppression decreased the BMI1+/
LGR5+ double positive population containing the asymmetric pairs and reduced the ratio of
BMI1+ vs. LGR5+ CCIC populations (Supplementary Fig. 4C). Finally, LGR5-FITC+
CCIC and CCIC expressing a BMI1-mCherry promoter reporter were treated with DMSO or
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DAPT. Consistent with our earlier observations, asymmetric proliferation and the number of
BMI1+ daughters produced was significantly reduced in DAPT-treated CCIC compared to
the control (Supplementary Fig. 4D; p=0.01; Student t-test).

Next, the NOTCH ligand JAG-1 was targeted for knockdown. CCICs were infected with
JAG-1 shRNA or with scrambled shRNA (control) lentiviral particles prior to performing the
pair cell assay (Fig. 4b). IF, Western blot (Supplementary Fig. 4E), and gene expression
analysis for NOTCH effectors Hes1 and Hes5 confirmed the knockdown efficiency for
JAG-1. JAG-1 shRNA significantly decreased asymmetric BMI1+/LGR5+ daughter cell
pairs to less than 1% (p = 0.0028; Student t-test) compared to the control group (~5%).
Finally, LGR5-FITC+ CCIC and CCIC expressing a BMI1-mCherry promoter reporter were
also infected with scrambled shRNA or JAG-1 shRNA. We observed asymmetric
proliferation and the number of BMI1+ daughters produced decreased in JAG-1 shRNA
CCIC compared to the control (Supplementary Fig. 4E; p=0.01; Student t-test).

In other cases of NOTCH mediated asymmetric cell fate determination, NUMB, an inhibitor
of NOTCH, localizes to one side of the dividing cell and causes degradation of membrane-
bound NOTCH receptors and NICD (36), which creates differential NOTCH signaling levels
in daughter cells (37). We tested a mutant NUMB (NUMB-SY M), which suppresses
NOTCH signaling but does not partition differentially among daughters (38). Lentiviral
expression of NUMB-SYM and subsequent pair cell assay analysis using IF for NUMB
localization confirmed overexpression of NUMB segregation in both symmetric and
asymmetric NUMB-SYM expressing CCIC daughter pairs compared to the control group
(Fig. 4c). Western blotting confirmed an increase of NUMB protein (Supplementary Fig. 4F)
and RTPCR analysis of Hes1 and Hes5 validated decreased expression from the NUMB-
SYM expressing CCICs vs. empty vector-transduced (control) CCICs. Similar to NOTCH
inhibition, NUMB-SYM led to a decrease in the number of BMI1+/LGR5+ cell pairs from
approximately 4.5% (control) to 2% (p = 0.0022; Student t-test). LGR5-FITC+ CCIC and
CCIC expressing a BMI1-mCherry promoter reporter were also transduced with an empty
vector control or NUMB-SY M. We observed asymmetric proliferation and the number of
BMI1+ daughters produced decreased in NUMB-SYM CCIC compared to the control
(Supplementary Fig. 4F; p=0.01; Student t-test). The suppression of NOTCH signaling by
NUMB-SYM is consistent with higher NOTCH activity promoting asymmetric CCIC
daughter fates.

The effect of NUMB knockdown on asymmetric BMI1+/LGR5+ CCIC pairs was also
examined (Fig. 5a). CCICs were infected with lentivirus to stably express NUMB shRNA or
scrambled shRNAs (control). Consistent with NUMB knockdown, IF microscopy showed
diminished NUMB expression, western blotting confirmed reduced NUMB protein levels
(Supplementary Fig. 5A), and qPCR analysis of NOTCH signaling targets showed increased
Hes1 and Hes5 expression. Targeted knockdown of NUMB increased the number of
asymmetric BMI1+/LGR5+ cell pairs from 5% (control) to 9.5% (p = 0.008; Student t-test).
LGR5-FITC+ CCIC and CCIC expressing a BMI1-mCherry promoter reporter were also
infected with scrambled shRNA or NUMB shRNA. We observed asymmetric proliferation
and the number of BMI1+ daughters produced increased in NUMB shRNA CCIC compared
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to the control (Supplementary Fig. 5A; p=0.01; Student t-test). Thus, NUMB is not required
for CCIC asymmetric cell fate determination to generate BMI1+ and LGR5+ daughter pairs.

Finally, the NOTCH intracellular domain (NICD), which can translocate to the nucleus to
activate expression of NOTCH effector genes in CCICs, was overexpressed (Fig. 5b).
Following NICD-OE, co-IF of BMI1/LGR5+ CCIC pairs showed differential NOTCH1
expression levels in which the BMI1+ daughter was NOTCH1-high compared to the LGR5+
(NOTCH1-low) daughter. CCICs that incorporated the NICD-OE construct showed
correspondingly increased NICD as well as HES1 and HES5 through Western blotting
(Supplementary Fig. 5B) and RTPCR analyses. NICD overexpression increased asymmetric
BMI1+/LGR5+ cell pairs to approximately 10% compared to 4.5% in the empty vector-
transduced (control) group (p = 0.0029; Student t-test). Next, LGR5-FITC+ CCIC and CCIC
expressing a BMI1-mCherry promoter reporter were also transduced with an empty vector
control or NICD-OE. We observed asymmetric proliferation and the number of BMI1+
daughters produced increased in NICD-OE CCIC compared to the control (Supplementary
Fig. 5B; p=0.01; Student t-test). BMI1 expression was elevated in NICD-CCICs
(Supplementary Fig. 5C), consistent with previous reports showing BMI1 as a downstream
target of NOTCH in T cells (39) and murine intestinal cells (40). NOTCH1, LGR5, and a-
TUBULIN co-staining of NICD-OE CCIC pairs showed that differential asymmetric
distribution of NOTCHZ1 preceded the end of cell division (Supplementary Fig. 5D). These
data suggest a mechanistic role for NOTCH signaling in driving generation of BMI1+/
LGR5+ CCIC asymmetric daughter cell pairs.

BMI1+ and LGR5+ CCICs interconvert in xenograft tumors

We then examined the functional role of BMI1+ and LGR5+ CCICs in xenograft tumors.
Using the model we established earlier, LGR5-FITC+ CCIC and CCIC expressing a BMI1-
mCherry promoter reporter were infected with scrambled (Sc.) sShRNA or MY C-shRNA.
Subsequently, 1x108 unsorted, BMI1+, or LGR5+ single CCICs expressing Sc. shRNA or
MY C-shRNA were injected subcutaneously (s.c.) into NOD/SCID mice to form tumors,
which were evaluated after 4 weeks (Fig. 6a; Supplementary Fig. 6A). FACS analysis
revealed that tumors derived from BMI1+ or LGR5+ CCICs infected with the Sc. control
contained both BMI1+ and LGR5+ subfractions with similar ratios. Conversely, MYC
knockdown disproportionately decreased tumor incidence and tumor size derived from
LGR5+ CCIC compared to the Sc. shRNA control (Fig. 6a; ***, p =0.0004; **, p=0.01;
one-way ANOVA). FACS analysis of dissociated tumors similarly showed that the
percentage of LGR5+ cells (~13.1%) in LGR5+ CCIC-Sc. shRNA tumors was significantly
reduced to ~1.5% in MYC-shRNA tumors. Likewise, asymmetric proliferation potential to
produce BMI1+ cells from LGR5+ CCIC tumors decreased with MYC knockdown
compared to the control (**, p=0.01; *, p=0.02; one-way ANOVA). Testing another primary
CCIC line (CCIC-2) by the same FACS and xenograft assays (Supplementary Fig. 6B) was
consistent with these data, suggesting that BMI1+ CCICs and LGR5+ CCICs co-exist, are
approximately balanced within a tumor, and can generate each other potentially through
asymmetric division. Overall, these findings show MY C-dependent LGR5+ proliferation in
CCIC.
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NOTCH signaling balances BMI1+ and LGR5+ CCICs in vivo

NOTCH levels are higher in the slow-cycling (BMI1+) daughter than in the fast-cycling
(LGR5+) daughter, raising the possibility that NOTCH signaling may play a role in
regulating asymmetric BMI1+/LGR5+ cell fate. We first studied the effect of NOTCH
suppression on generating BMI1+/LGR5+ asymmetric daughters in xenograft tumors. 1 x
108 unsorted CCICs were injected s.c. into NOD/SCID mice to form tumors; after 4 weeks,
tumors were directly injected with DMSO or NOTCH inhibitor DAPT over 72 hours before
being harvested and assayed. The short treatment duration was chosen to evaluate effects on
cell fate determination while avoiding potential longer term effects on senescence or
apoptosis. Western blot analysis confirmed NICD suppression and RT-PCR data showed
decreased expression of NOTCH downstream targets Hes1 and Hes5 upon DAPT treatment
(Supplementary Fig. 6C). Co-IF for BMI1, LGR5, and a-TUBULIN as well as Ki67
staining confirmed the existence of asymmetric BMI1+/LGR5+ dividing pairs in tumor
sections. DAPT treatment reduced the frequency of BMI1+/LGR5+ pairs to 0.6% compared
to 5.2% in DMSO-treated tumors (p = 0.003; Student t-test) (Fig. 6b). FACS analysis of
dissociated xenograft tumors showed that DAPT treatment also reduced the ratio of BMI1+
vs. LGR5+ CCIC populations (p =0.0002; Student t-test) within 72 hours (Fig. 6¢). These
results indicate NOTCH signaling promotes asymmetric CCIC daughter fate and balances
BMI1+ and LGR5+ populations.

DISCUSSION

CCICs from the same tumor are often treated as a homogenous population. Here we
demonstrate that fast- and slow-cycling subfractions can co-exist and CCICs can
asymmetrically divide to generate both types in a tumor, expanding our understanding of
CCICs. Specifically, we show that NOTCH and MY C are important mechanisms in
regulating the balance between the two cell populations, although other signaling pathways
may additionally impact slow- and fast-cycling stem cell pools (41, 42). NOTCH-dependent
asymmetric cell fate determination may help to establish CCIC diversity by maintaining
both slow-cycling, MY C-independent BMI1+ CCICs and fast-cycling, MY C-dependent
LGR5+ CCICs.

Despite their relatively low frequency, slow-cycling cells may still serve an important role as
reserve stem cells. In the context of CRC, CCICs may leverage this mechanism to generate a
slow-cycling, long-lasting, more chemo-resistant reserve population, establishing an
important link to tumor growth and repopulation. Promotion of slow-cycling BMI1+ CCICs
by NOTCH signaling may support chemoresistance (43), although their exact role in CRC
remains unknown. The ability of both BMI1+ and LGR5+ CCICs to undergo asymmetric
division in order to generate each other highlights plasticity among CCICs, suggesting also
that these lineages may be somewhat unique in cancer. This direct interconversion process
may provide CRCs with a growth and survival strategy to promote self-renewal,
tumorigenicity, and chemoresistance. Chemotherapies that focus on targeting fast-
proliferating cells and shrinking tumor volume may inadvertently enrich the slow-cycling
CCIC population, giving rise to recurrence and chemoresistance.
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Figure 1. Primary CRC tumors contain BM|1+/L GR5+ cell pairs
(a) H&E images of human Colorectal Cancer (CRC) Stage | (top row) and Stage 1V (bottom

row) at low (left) and high (right) magnifications. Scale bar: 50 um (left), 25 um (right). (b)
Representative co-IF from CRC stage 1V showing BMI1+(red)/LGR5 (green) asymmetric
CCIC pairs. DAPI (blue) labels nuclei; scale bar: 25um. (c) Percent of BMI1+ or LGR5+
cells associated as single cells, symmetrically dividing (a-TUBULIN+) pairs, or BMI1+/
LGR5+ asymmetrically dividing cell pairs in CRC tumor tissue based on co-IF. Data
represents mean = SD of 7= 20 tumors from 500 cells/specimen (**, p = 0.01; Student t-
test). (d) Left: Representative co-IF of CRC specimen showing LGR5 (green), BMI1 (red),
and a-TUBULIN (purple) expression. Also shown is NUMB (green) and PARD3A (red)
expression. Ki67 staining (green); DAPI (blue); scale bar: 25 um. Middle: Frequency of
dividing (a-TUBULIN+) BMI1+/LGR5+ asymmetric cell pairs in normal colon vs. CRC
tumor tissue based on co-IF. Data represents mean = SD of 7= 20 normal or CRC
specimens from 500 TUBULIN+ pairs/specimen(***, p = 0.001; Student t-test). Right:
Percent of BMI1+ or LGR5+ cells expressing NUMB or PARD3A in asymmetric BMI1+/
LGR5+ pairs. The data represents the mean + SD from 7= 20 tumors (**, p = 0.01; Student
t-test).
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Figure 2. Asymmetric BM11+/L GR5+ CCIC-1 daughter pairs
(a) Left: Time-lapse series of single NOTCH1-/LGR5+ CCIC (top panel) and NOTCH1+/

LGR5- CCIC (bottom panel) undergoing asymmetric division over 48 hours. Co-IF after
fixation at 48 hours: LGRS5 (green), BMI1 (red), DAPI (blue); scale bar: 10um. Right:
Frequency of asymmetric BMI1+/LGR5+ (blue), symmetric BMI1+/BMI1+ (grey), or
symmetric LGR5+/LGR5+ (white) cell pairs in sorted NOTCH1/LGR5 CCIC. Data
represents the mean £ SD from 3 independent experiments with 7= 100 LGR5+ cells/
replicate or 7= 1000 NOTCH1+(BMI1+) cells/replicate (**, p = 0.01; Student t-test). (b)
CCICs were lentivirally transduced with a BMI1-mCherry promoter reporter construct. Left:
FACS plot (left) and the percent of BMI1+ and LGR5+ CCIC determined by FACS (right).
Data represents mean £+ SD from 3 independent experiments. (**, p =0.01; Student t-test).
(c) Left: Time-lapse series of single BMI1+ CCIC (top panel) and LGR5+ CCIC (bottom
panel) undergoing asymmetric division over 24 hours. BF: BMI1-mCherry (red). Co-IF
antibody staining at 24 hours: BMI1 (red); LGR5 (green); DAPI (blue); scale bar: 10um.
Right: Frequency of asymmetric BMI1+/LGR5+ (blue) or symmetric (black) cell pairs in
sorted BMI1+ or LGR5+ CCIC. The data represents the mean + SD from 3 independent
experiments with 7= 100 LGR5+ cells/replicate or 7 =1000 BMI1+ cells/replicate (**, p =
0.01; Student t-test). (d) Quantitative analysis of the percent of BMI1+ or LGR5+ daughters
expressing NUMB or PARD3A in asymmetric BMI1+/LGR5+ CCIC pairs. The data
represents mean + SD from 3 independent experiments with /=500 pairs/replicate (**, p =
0.01; Student t-test). (e) BrdU incorporation following division of CCIC. Left: LGR5
(green), BMI1 (red), and BrdU (purple) staining. DAPI (blue); scale bar: 10um. Right:
Quantitative analysis in asymmetric BMI1+/LGR5+ pairs with percentage of BrdU
incorporation in LGR5+ CCIC, BMI1+ CCIC or both LGR5+ and BMI1+ CCIC daughters
indicated (**, p = 0.004, one-way ANOVA). The data represents mean + SD of 3
independent experiments with /7= 500 cell pairs/replicate.
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Figure 3. MY C knockdown in BM11+/L GR5+ CCI C-1 daughter pairs
(a) Single CCIC were lentivirally transduced with scrambled shRNA (Sc. shRNA) or MY C-

shRNA. Left: CCIC daughter pairs undergoing BMI1+/LGR5+ asymmetric, LGR5+
symmetric, or BMI1+ symmetric division. LGRS (green), BMI1 (red), a-TUBULIN
(purple), DAPI (blue), scale bar: 10um. Right: Percentage of BMI1+/LGR5+ asymmetric
(blue), BMI1+/BMI1+ symmetric (grey), or LGR5+/LGR5+ symmetric (white) CCIC pairs
determined by co-IF for LGR5, BMI1, and a-TUBULIN expression. The data represents
mean + SD from three independent experiments with 7= 500 TUBULIN+ pairs/replicate
(**, p = 0.0033, one-way ANOVA). (b) BrdU incorporation following division of a single
CCIC transduced with MYC-shRNA. Left: co-IF: LGR5 (green), BMI1 (red), BrdU
(purple), DAPI (blue); scale bar: 10um. Right: Quantitative analysis in asymmetric BMI1+/
LGR5+ pairs with percentage of BrdU incorporation in LGR5+ CCIC, BMI1+ CCIC, both
LGR5+ and BMI1+ CCICs, or neither indicated (**, p = 0.005, one-way ANOVA). The data
represents mean = SD of 3 independent experiments with /7= 500 cells/replicate. (c) FACS
analysis of CCIC transduced with scrambled shRNA (left) or MY C-shRNA (right) showing
expression of LGR5 and BMI1 within the gated Ki67+ population.
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Figure 4. NOTCH suppression decreases BM11+/L GR5+ CCI C-1 daughter pairs
(@) Pair-cell assay of CCIC treated with DMSO vs. DAPT. Left: NOTCH1 (purple)

expression in BMI1+(red)/LGR5+(green) pair. DAPI labels nuclei; scale bar: 10um. Middle:
RT-qPCR measurements of Hes1 and Hes5 expression. Right: Fraction of BMI1+/LGR5+
asymmetric (blue), BMI1+/BMI1+ symmetric (grey) and LGR5+/LGR5+ symmetric (white)
cell pairs for each treatment condition (**, p = 0.01; one-way ANOVA). (b) Left: JAG-1
(red) staining of CCIC daughter pairs infected with scrambled shRNA (control) or JAG-1
shRNA. Scale bar: 10pm. Middle: JAG-1 knockdown decreased Hesl and Hes5. Right:
JAG-1 shRNA reduced the frequency of asymmetric BMI1+/LGR5+ pairs (blue) in CCICs
(**, p = 0.0028; Student t-test). (c) Left: NUMB (green) staining in empty vector (EV) or
NUMB-SYM-transduced CCIC. Scale bar: 10um. Middle: Hes1 and Hes5 expression
measured by RT-gPCR. Right: Fraction of asymmetric BMI1+/LGR5+ cell pairs (blue)
decreased in NUMB-SYM expressing CCICs (**, p = 0.0022; Student t-test). In all panels,
RT-PCR was performed in triplicate and is presented as mean + SD; data from cell pair
assays represents mean + SD from three independent experiments with 7= 500 TUBULIN+
pairs/replicate.
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Figure5. NOTCH signaling promotes BM11+/L GR5+ CCIC-1 daughter pairs
(a) Left: NUMB (green) staining of CCIC daughter pairs infected with scrambled shRNA

(control) or NUMB-shRNA. Scale bar: 10um. Middle: NUMB knockdown increased Hes1
and Hes5 expression. Right: Frequency of asymmetric BMI1+/LGR5+ pairs (blue) increased
upon NUMB knockdown (**, p = 0.008; Student t-test). (b) CCICs were infected with an
ectopic NICD expression (NICD-OE) construct. Left: Co-IF of NICD-OE BMI1+(red)/
LGR5+(green) CCIC pair, indicating differential asymmetric NOTCH1 (purple) expression.
Middle: Hes1 and Hes5 levels measured by RT-gPCR. Right: NICD-OE increased the
frequency of asymmetric BMI1+/LGR5+ pairs (blue) (**, p = 0.0019; Student t-test). In all
panels, RT-PCR was performed in triplicate and is presented as mean + SD; data from cell
pair assays represents mean + SD from three independent experiments with /7= 500
TUBULIN+ pairs/replicate.
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Figure 6. Xenograft tumorsderived from CCIC-1line
(a) CCIC-1 cells expressing a BMI1-mcherry promoter reporter were lentivirally transduced

with scrambled shRNA (Sc. shRNA) or MY C-shRNA. 1x10° unsorted, BMI1+, or LGR5+
sorted CCICs were injected s.c. into NOD/SCID mice (n =5) to develop tumors for 4 weeks.
Tumor incidence (left), tumor volume (middle), and the percentage of BMI1+ or LGR5+
CCIC from tumors (right) are indicated. The data represents mean £ SD. (***, p =0.0004;
** n=0.01; *, p=0.02; one-way ANOVA). (b) 1x10° unsorted CCICs were injected s.c. into
NOD/SCID mice (7= 6) to develop tumors for 4 weeks; tumors were then injected with
DMSO or DAPT over 72 hours. Left: Tumor co-IF: BMI1+(red), LGR5+(green), a-
TUBULIN (purple), Ki67 (green), DAPI (blue); scale bar: 25 pm. Right: Frequency of
BMI1+/LGR5+ asymmetric (blue), BMI1+/BMI1+ symmetric (grey), or LGR5+/LGR5+
symmetric (white) cell pairs in xenograft tumors determined by co-IF for LGR5, BMI1, and
a-TUBULIN. The data represent mean £+ SD of 7= 500 TUBULIN+ dividing pairs/mouse
(**, p = 0.003, Student t-test). (c) RepresentativeFACS plots (left) and the ratio of BMI1+/
LGR5+ cells determined by FACS (right) from tumors described in (f). Data represents
mean + SD of 7= 3 mice/condition. (***, p =0.0002; Student t-test).
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