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Abstract

Mutated in Colorectal Cancer (MCC) encodes a coiled-coil protein implicated, as its name
suggests, in the pathogenesis of hereditary human colon cancer. To date, however, the
contributions of MCC to intestinal homeostasis remain unclear. Here, we examine the
subcellular localization of MCC, both at the mRNA and protein levels, in the adult intestinal
epithelium. Our findings reveal that Mcc transcripts are restricted to proliferating crypt cells,
including Lgr5+ stem cells, and that Mcc protein is distinctly associated with the centrosome
in these cells. Upon intestinal cellular differentiation, Mcc is redeployed to the non-centrosomal
microtubule organizing center (ncMTOC) at the apical domain of villus cells. Using intestinal
organoids, we show that the shuttling of the Mcc protein depends on phosphorylation by
Casein Kinases 10/¢, which are critical modulators of WNT signaling. Together, our findings
support a putative role for MCC in establishing and maintaining the cellular architecture of the
intestinal epithelium as a component of both the centrosome and ncMTOC.

Introduction

Mutated in Colorectal Cancer (MCC) was identified through cytogenetic and linkage
studies as a culprit tumor suppressor gene for the autosomal dominant human hereditary
colon cancer syndrome Familial Adenomatous Polyposis (FAP) (Kinzler et al., 1991b; a). FAP
patients typically present hundreds to thousands of adenomas in the colon and rectum (Waller
et al., 2016). Later the same year, Adenomatous Polyposis Coli (APC), which is tightly linked
to MCC on human chromosome 5921, was correctly established as the gene responsible for
FAP (Groden et al., 1991; Kinzler et al., 1991a; Nishisho et al., 1991). Despite its historical
association with colorectal cancer (CRC), linkage to APC and strong evolutionary
conservation (Luongo et al., 1993), MCC transcript distribution, the subcellular localization of
the MCC protein and its precise function in the intestine have not been fully characterized.

The MCC gene encodes a large coiled-coil protein harboring a highly conserved,
extreme C-terminal type | (PSD-95/DIlg/Z0-1) PDZ binding motif (PBM) (Bourne, 1991; Arnaud
et al., 2009; Pangon et al., 2012). Depending on the cell line, tissue, reagent or assay used,
MCC has been found in several organelles (mitochondria and endoplasmic reticulum) and
cellular compartments (plasma membrane, cytoplasm and nucleus) (Arnaud et al., 2009;
Benthani et al., 2018; Fukuyama et al., 2008; Senda et al., 1997; Matsumine et al., 1996;
Pangon et al., 2010). These discrepant results have casted doubt about the precise role that
MCC serves within a cell. For example, MCC is known to be a phosphoprotein, with
phosphorylation at position -1 required for its interaction with the PDZ-domain protein
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SCRIBBLE at the active migratory edge of CRC cell lines (Pangon et al., 2012; Caria et al.,
2019). When overexpressed, MCC has been shown to bind B-catenin (CTNNB1) in the
nucleus to negatively regulate canonical WNT signaling in cancer cell lines and to inhibit cell
proliferation (Fukuyama et al., 2008; Pangon et al., 2015). In contrast, a recent report argues
that MCC is membrane associated and interacts with 3-catenin and E-cadherin to strengthen
cell adhesion in CRC cell lines (Benthani et al., 2018). These confounding results motivated
us to identify the MCC protein interactome in an effort to firmly define its subcellular localization
and function.

Here, we show for the first time that MCC associates with the protein interaction network
that surrounds the centrosome in proliferating cells, known as the major microtubule
organizing center (MTOC) (Brinkley, 1985; Muroyama and Lechler, 2017), both in assorted
cell lines and within mouse and human intestinal crypts. Upon exit from the cell cycle and
terminal differentiation, we find that centrosomal MCC protein redeploys from the MTOC to
the apical membrane of enterocytes, incorporating into the non-centrosomal microtubule
organizing center (ncMTOC) that anchors the minus end of microtubules and establishes
apicobasal polarity (Meads and Schroer, 1995; Goldspink et al., 2017b; Muroyama and
Lechler, 2017). Lastly, we provide evidence that the relocalization of the Mcc protein from the
MTOC to the ncMTOC is governed by Casein Kinase 18/e phosphorylation, whose interaction
with MCC was revealed by our proteomics studies and implicates WNT signaling in this crucial
process that sustains intestinal homeostasis.

Results
Mecc is specifically expressed in crypts of the intestinal epithelium.

The intestinal epithelium is a constantly renewing single cell layer organized into crypt
and villus units (Fig. 1A) (Gehart and Clevers, 2019). Finger-like villi harboring differentiated
epithelial cells project into the intestinal lumen to facilitate nutrient absorption. Each villus is
encircled by multiple contiguous, proliferative crypt compartments embedded within the
underlying submucosa that contain crypt base columnar (CBC) stem cells (Leushacke and
Barker, 2014; Barker, 2014; Clevers, 2013). We previously reported using an Mcc'a°Z reporter
allele that Mcc is expressed in the adult mouse intestine (Young et al., 2011). However, the
specific cell populations expressing Mcc in the crypt and villus were not fully characterized.
We therefore re-examined Mcc2Z expression by detection of B-Galactosidase (B-Gal) activity
using meticulously controlled  5-bromo-4-chloro-3-indolyl-B-d-galactopyranoside/ferri-
/ferrocyanide (X-Gal) histochemistry (Merkwitz et al., 2016). We found that B-Gal activity is
restricted to crypt units in both the small intestine (Fig. 7B, C) and colon (Fig. 1D). Co-staining
for B-Gal and Intestinal Alkaline Phosphatase (IAP), a marker for differentiated villus cells
(Sussman et al., 1989; Hinnebusch et al., 2004), in mechanically isolated crypt and villus
fractions revealed that 3-Gal-positive cells are distributed along the entire crypt, but not in the
villus (Supp. Fig. 1A-B). Significantly, no detection of B-Gal activity was observed in whole-
mount wild-type (WT) crypt fractions used as a negative control for our X-Gal histochemical
analysis (Supp. Fig. 1B).

Next, we performed high-resolution RNA section in situ hybridization (ISH) for
endogenous Mcc transcripts singly or in combination with Leucine-rich repeat containing G-
protein coupled receptor 5 (Lgr5), whose expression specifically labels CBC cells (Barker et
al., 2007) (Fig. 1A,E-G; Supp. Fig. 1C-D). Mcc and Lgr5 transcripts overlap in CBC cells at
the crypt base, while Mcc transcripts extend distally into the transit-amplifying (TA)
compartment (Fig. 1A,E-F). Similarly, Mcc expression is restricted to crypts of the colonic
epithelium (Fig. 1A, G). We further show that Mcc and Lgr5 are co-expressed in intestinal
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crypts using quantitative PCR (qPCR) (Fig. 1H). Taken together, our findings show that Mcc
expression is entirely absent in differentiated cells of the small intestine and colon epithelia.

Proteomics analyses reveal MCC as a centrosomal protein.

To provide insight into both MCC protein function and subcellular localization in the
intestine, we first chose to establish the MCC protein-protein interactome in HEK293 cells
which express MCC endogenously (Arnaud et al.,, 2009). To accomplish this, we
overexpressed FLAG-tagged human MCC followed by immunoprecipitation with anti-FLAG
agarose beads and mass spectrometry (MS) (Supp. Fig. 2A-D). Bioinformatic studies revealed
that MCC interacts with several centrosomal proteins such as CEP131, CEP170 and NDET1;
with the casein kinases CSNK1D (CK18) and CSNK1E (CK1g); and with the PDZ-domain
containing polarity proteins such as SCRIBBLE (SCRIB), SNX27 and NHERF1/2 (Fig. 2A).
We further confirmed that the interaction between MCC and either SCRIB or NHERF1 (Arnaud
et al., 2009; Pangon et al., 2012) was completely dependent on the PBM of MCC (Supp. Fig.
2E). Several proteins that regulate small GTPases were also recovered, including RASAL2,
IQGAP1 and RAB11FIP5 (also known as RIP11) (Fig. 2A). These interactions were
independently confirmed by immunoprecipitation of Myc-tagged MCC and Western blotting
for endogenous proteins, including NDE1, CEP131 and CEP170, SCRIB and CK1¢ (Fig. 2B).

A number of reports have described the subcellular localization of MCC, with often
conflicting results (Arnaud et al., 2009; Benthani et al., 2018; Fukuyama et al., 2008; Senda
et al.,, 1997; Matsumine et al., 1996; Pangon et al., 2010). Our interactome studies provided
the first indication that MCC might reside at the centrosome. To explore this possibility, we
generated an N-terminal EmGFP-Mcc expression construct and transfected it into HEK293
cells. We observed colocalization of GFP with endogenous PERICENTRIN (PCNT), a
component of the Pericentriolar Material (PCM) of the centrosomal complex (Doxsey et al.,
1994) (Fig. 2C). To further characterize MCC localization, we identified a commercially
available antibody that shows highly specific staining for endogenous MCC by
immunofluorescence (IF) (Table 01). We then performed IF for MCC and PCNT as well as a
second centrosomal protein, NINEIN (NIN) (Doxsey et al., 1994; Bouckson-Castaing et al.,
1996) in a variety of cell lines, including RPE-1, SW480, HEK293, and HTC116. Microscopy
analysis using both confocal and super resolution techniques such as Structured lllumination
Microscopy (SIM) (Heintzmann and Huser, 2017) confirmed MCC colocalization with either
PCNT or NIN (Fig. 2D, E; Supp. Fig. 3A). We also detected colocalization of MCC at the
centrosome with several of its interacting partners identified by MS, including CEP170, NDET1,
CEP131 and NHERF1 (Supp. Fig. 3B). Quantitative analysis of numerous IF images in RPE-
1 cells revealed that the colocalization of MCC with NIN, CEP170, NDE1, CEP131 and
NHERF1 shows a strong positive correlation (r) (Supp. Fig. 3C).

In summary, our study using a combination of MS, tagged protein overexpression and
extensive IF reveals that MCC is a protein associated with the centrosome. We attribute the
difference between our present results and earlier observations to technical factors involving
the antigenicity of centrosomal proteins, including the choice of fixation and permeabilization
regents, as previously discussed, as well as antibody selection (Hua and Ferland, 2017,
Goldspink et al., 2017a).

Mcc localizes to the centrosome in crypt cells and apical membrane of villus cells.

We next performed IF for Mcc in mouse and human intestinal sections. Confocal
microscopy confirmed that Mcc specifically localizes to the centrosome in proliferating crypt
cells of both the small intestine (Fig. 3A, B; Supp. Fig. 4A) and colon (Supp. Fig 4B). Strikingly,
however, we observed highly specific staining for Mcc at the apical membrane of differentiated
cells in the villus compartment (Fig. 3C, D; Supp. Fig. 4C) and surface of the colonic epithelium
(Supp. Fig 4B). No signal for Mcc was detected in crypt and villus sections of homozygous
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Mcc null mice that were used as a negative control for all IF analyses (Supp. Fig. 4D, E). We
additionally examined the presence of Mcc protein in lysates from purified crypt and villus
fractions by western blot. Consistent with our IF results, Mcc protein was detected in WT crypt
and villus fractions (Fig. 3E). Moreover, we observed colocalization of Mcc with Pcnt at the
centrosome in crypt cells and at the apical membrane in differentiated villus cells (Fig. 3F;
Supp. Fig. 4F). Further IF colocalization studies revealed that Mcc overlaps with B-catenin
specifically at the apico-lateral junction in both cycling and differentiated intestinal cells (Supp.
Fig. 4G, H). The interaction between MCC and (-catenin in vitro has been previously
described (Benthani et al., 2018). Collectively, our findings show that Mcc specifically localizes
to the centrosome (MTOC) in intestinal crypt cells and as cells undergo terminal differentiation,
Mcc is redeployed to the ncMTOC at the apical membrane of differentiated villus cells.

Phosphorylation by CK18/¢ triggers MCC redeployment to the ncMTOC at the apical
membrane of villus cells.

MCC is a phosphoprotein (Pangon et al., 2012; Caria et al., 2019; Arnaud et al., 2009).
Significantly, among the MCC-interacting proteins uncovered by our MS analysis are two
Casein Kinases 1 (CK13 and €) known to play both positive and negative roles in the WNT/(-
Catenin signaling pathway and regulatory functions at the centrosome (Peters et al., 1999;
Sakanaka et al., 1999; Gao et al., 2002; Cruciat, 2014; Greer et al., 2014). We therefore asked
whether MCC is a direct target of CK1d/e phosphorylation. Western blot analysis of SW480
cell lysates confirmed two closely migrating bands of endogenous MCC, one at 93 kDa, which
is consistent with the predicted molecular weight of the unmodified protein (Pangon et al.,
2010), and a second, higher molecular weight protein that was absent following treatment of
the cells with PF670462 (Fig. 4A), a highly specific inhibitor of CK18/e (Badura et al., 2007;
Keenan et al., 2018). This result indicates that MCC is a target of CK18/e phosphorylation. To
confirm this finding, we co-expressed Myc-MCC with either FLAG-CK1¢e or a catalytically
inactive form of CK1e (FLAG-CK1gP1284) in HEK293 cells. Only the active form of CK1e
induced an upward mobility shift of MCC (Fig. 4B). We additionally confirmed that
overexpression of Myc-MCC and FLAG-CK1¢ in the presence of PF670462 also abolishes
the higher molecular weight form of MCC, revealing that phosphorylation of MCC is triggered
by CK1e (Fig. 4C).

We predicted that phosphorylation of MCC by CK18/e decreases the affinity of MCC
to interacting partners at the centrosome, hence driving its relocalization to the apical ncMTOC
in intestinal cells. To test this hypothesis, we overexpressed Myc-MCC singly or in
combination with FLAG-CK1¢ in HEK293 cells and immunoblotted for the centrosomal protein
NDE1 along with the GTPase regulator protein RASAL2. We observed that in cells with CK1e-
induced MCC phosphorylation (+ Myc-MCC and + FLAG-CK1¢), the interaction with RASAL2
is stabilized, while binding to NDE1 is diminished, indicating a regulation of interactions
between MCC and centrosomal proteins upon phosphorylation (Fig. 4D).

We next generated small intestinal ex vivo organoids (Sato et al., 2009) and treated
them with 5 uM of the potent CK1&/e-inhibitor (PF670462) on days 3, 4 and 5 post seeding
(Fig. 4E,F). Mcc localization was analyzed by IF in sections of inhibitor treated and non-treated
control (NTC) organoids. Significantly, while Mcc signal was expectedly detected along the
apical membrane of NTC organoids (Fig. 4G), Mcc failed to relocalize to the ncMTOC upon
inhibition of CK1&/e phosphorylation (Fig. 4H). These results provide compelling evidence
supporting our hypothesis that MCC is a direct target of CK1e phosphorylation, which
decreases the binding of MCC to centrosomal proteins such as NDE1 and triggers the
relocalization of MCC to the apical membrane of differentiated intestinal cells (Fig. 4J, ).
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Discussion

In this study, we extend our prior findings by comprehensively characterizing Mcc
transcript expression and Mcc protein localization at the cellular level in the adult mouse small
intestine (SI) and colon (Young et al., 2011). Our findings show that Mcc is broadly expressed
in proliferating cells within intestinal crypts, extending distally from the CBC stem cells at the
crypt base into the transit amplifying compartment. Notably, no expression of Mcc mRNA was
observed in Sl villi. Earlier studies using immunohistochemistry and immunoelectron
microscopy described the presence of Mcc at the lateral membrane of murine Sl epithelial
cells and at the apical cytoplasm of colonic epithelial cells (Senda et al., 1999, 1997;
Matsumine et al., 1996). Our IF and confocal microscopy analysis provide incontrovertible
evidence that Mcc specifically localizes to the centrosome (MTOC) in crypt cells within the
mouse and human intestinal epithelium. In contrast to Mcc mRNA distribution, the Mcc protein
is additionally found in differentiated cells in the villus, explicitly localizing along the apical
membrane—to the ncMTOC.

During intestinal cell differentiation, MTOC function is reassigned to the apical
ncMTOC and is accompanied by the transcriptional downregulation of centrosomal genes and
redeployment of centrosomal proteins to the apical cell membrane (Sen et al., 2010; Ito and
Bettencourt-Dias, 2018; Muroyama and Lechler, 2017; Muroyama et al., 2018; Sanchez and
Feldman, 2017). The relocalization of Mcc follows the intracellular trajectory of cardinal
centrosomal proteins such as Ninein in intestinal cells (Goldspink et al., 2017b; Mogensen et
al., 2000), and Pericentrin, which colocalizes with Mcc at the centrosome in the crypt and at
the ncMTOC in the villus as shown in Fig. 3F and Supp. Fig. 4F. The shuttling of Ninein is
proposed to occur via CLIP-170 to ncMTOCs, where it is captured by IQGAP1, an MCC-
interacting protein (Fig. 2A) (Goldspink et al, 2017b). To date, however, the molecular
mechanisms orchestrating redeployment of centrosomal proteins remain poorly characterized
(Muroyama and Lechler, 2017; Sanchez and Feldman, 2017; Paz and Luders, 2018; Gillard
et al., 2021).

MCC is known a phosphoprotein, containing multiple potential serine and tyrosine
phosphorylation sites (Pangon et al., 2012; Caria et al., 2019; Arnaud et al., 2009). In
agreement with a large-scale protein—protein interaction screen in human cells, our
proteomics studies confirm that MCC interacts with the serine/threonine kinases CK1d/¢ in
HEK293 cells (Fig. 2A) (Ewing et al., 2007). Given the well-established role of casein kinases
as intracellular effectors of the WNT signaling pathway (Gao et al., 2002; Cruciat, 2014; Su et
al., 2018), we hypothesized that CK1 activation downstream of an unidentified WNT signal
(“X"in Fig. 4/) results in the phosphorylation of Mcc, triggering its relocalization to the ncMTOC
during intestinal cellular differentiation. In support of this hypothesis, we first provide in vitro
evidence that CK1¢ phosphorylates MCC (Fig. 4A-C). Second, in small intestinal organoids
treated with the potent and specific CK1d/¢ inhibitor (PF670462) (Fig. 4G, H), Mcc is no longer
found apically in differentiated cells, but is dispersed throughout the cytoplasm. The phenotype
observed in treated organoids (Fig. 4G) can be attributed to the inhibition of Ck1d/¢ activity,
as complete genetic loss of Ck18/¢ in mice results in intestinal stem cell elimination, epithelial
breakdown and rapid death (Morgenstern et al., 2017). These in vivo results guided both the
low concentration of PF670462 (5 uM) used and the treatment window of our assay (Fig. 4E-
H). Future analyses are warranted to investigate the signaling network by which CK1d/¢
activity triggers the release-shuttle-capture of centrosomal proteins like MCC to the ncMTOC
in differentiated intestinal cells.

Studies are additionally required to better establish the interactome of MCC in intestinal
epithelial cells. One limitation of our proteomic studies is the use of the heterologous aneuploid
HEK293 cell line, which is likely of adrenal origin (Lin et al., 2014). For example, such
additional studies are necessary to identify endogenous intestinal MCC-binding proteins not
recovered in HEK293 cells. One such protein is EZRIN, whose interaction with MCC and
NHERF1 was previously reported (Reczek et al., 1997; Morales et al., 2004, 2007; Arnaud et
al., 2009; Ewing et al., 2007). NHERF1 is a PDZ scaffold for the EZRIN-RADIXIN-MOESIN
(ERM) protein family in epithelial cells (Solinet et al., 2013; Reczek et al., 1997). EZRIN is the
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only ERM found in the intestinal epithelium (Berryman et al., 1993; Reczek et al., 1997). The
binding of EZRIN to NHERF1 via PDZ domains in intestinal cells is essential for the assembly
of apical protein complexes, their interaction with the cytoskeleton and the establishment of
cell polarity (Bretscher et al., 2002; Berryman et al., 1993; Garbett et al., 2010). B-catenin and
YAP are known interactors of NHERF1 (Shibata et al., 2003; Mohler et al., 1999). Thus, we
postulate that the PBM of MCC interacts with NHERF1-EZRIN at the apical membrane of
intestinal cells and is potentially involved in establishing cell polarity and intracellular
architecture (Fig 4G).

Homozygous Mcc null mutant mice were reported by us and others to be viable and
fertile with no ostensible phenotypes (Young et al., 2011; Currey et al., 2019). However, the
interactions of MCC and its cellular localization invite a more rigorous analysis of the intestinal
epithelium in Mcc-deficient animals. For example, both Nherf1- and Ezrin-deficient mice
present intestinal phenotypes, including polarity defects and epithelial cellular disorganization
(Casaletto et al., 2011; Garbett et al., 2010; Morales et al., 2004; Saotome et al., 2004). Like
Mcc, homozygous loss of Nherf1 does not trigger adenoma formation along the length of the
intestine (Young et al., 2011; Currey et al., 2019; Georgescu et al., 2016). However, in a recent
study using the sulindac injury model, Mcc deficiency was shown to drive inflammation-
associated colon cancer (Currey et al., 2019). Moreover, loss of Nherf1 in combination with
ApcM™* resulted in a significant increase in tumor burden, followed by high levels of
cytoplasmic B-catenin and nuclear YAP and upregulation of the WNT target gene CyclinD1
(Georgescu et al., 2016). Given the prominent protein-protein interaction between NHERF1
and MCC and the tight genetic linkage between APC and MCC (Luongo et al., 1993), which
is evolutionarily conserved suggesting that these two genes form a synexpression group
(Niehrs and Pollet, 1999), it would be interesting to introduce the Mcc null mutation onto the
sensitized, cancer-prone Apc"" genetic background (Luongo et al., 1993; Su et al., 1992).
The generation of such mice may reveal subtle, hitherto unappreciated contributions of Mcc
to intestinal tumor development.
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Figure 1. Mcc is specifically expressed in crypts of the intestinal epithelium. (A): Schematic
representation of small intestine (SI) and colon epithelia cellular organization. (B): Histochemical (HC)
staining for B-galactosidase (B-Gal) activity in whole-mount Mcc/a°?/2°Z S|, Black arrowheads indicate -
gal activity (blue) restricted to crypt units. Scale bar, 500 pm. (C-D): HC for 3-Gal activity on sections
of Mcc'a#"a¢Z | and colon tissues counter-stained with Nuclear Fast Red. Scale bars, 50 pm. (E-G):
Section in situ hybridization (ISH) on wild-type (WT) S| and colon tissues. (E) Endogenous Mcc
expression is specifically observed in crypts. (F): Mcc (blue) expression overlaps with Lgr5 (red) at the
crypt base but extends into the transit-amplifying compartment. (G): Endogenous Mcc expression on
WT colonic crypts. Scale bars, 50 um. Black-dashed squares in (C-G) highlight regions selected for
higher magnification. (H): gPCR analysis for Mcc and Lgr5 in purified crypt and villus fractions from WT
and Mcc/a°?'2°Z G|, Data were tested for significance by an unpaired two-tailed t-test. P-values of
statistical significance are represented as ***p < 0.001, **p < 0.01; n=3.
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Figure 2. Proteomics analyses reveal MCC as a centrosomal protein. (A): Immunoprecipitation (IP)
of FLAG-tagged human MCC in HEK293 cells followed by mass spectrometry identifies various MCC
interactors, including centrosomal proteins (yellow), cell polarity proteins (red), GTPase regulators
(orange), and kinases (CSNK1E/D) (green). (B): IP of Myc-tagged human MCC in HEK293 cells
followed by Western blotting for indicated interactions. WCL, whole cell lysate. &, pCMV empty vector
control. (C): HEK293 cells transfected with EmGFP-Mcc. Arrows indicate colocalization of EmGFP-Mcc
with the centrosomal protein PERICENTRIN (PCNT). Scale bar, 20 ym. (D): Immunofluorescence (IF)
for MCC and NINEIN or PCNT shows colocalization at the centrosome in human RPE-1 cells. (E): IF
3D widefield showing MCC colocalizing with PCNT and NINEIN. Super resolution Structured
lllumination Microscopy (SIM) showing spatial proximity between MCC and PCNT or NINEIN at the
centrosome in SW480 cells. Scale bars, 50 um.
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Figure 3
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Figure 3. Mcc localizes to the centrosome in crypt cells and apical membrane of villus cells. (A-
D): Immunofluorescence (IF) for Mcc in the mouse small intestine (SI). White-dashed squares highlight
regions selected for higher magnification (A and C, longitudinal and B and D, transverse sections). (A)
and (B): Punctate centrosomal staining for Mcc is observed in crypt cells. (C) and (D): IF for Mcc and
B-catenin in Sl villi. Mcc localizes to the apical membrane while B-catenin labels the lateral membrane
of villus cells. Scale bars, 20 um. (E): Western blot for Mcc in whole-cell lysates from purified crypt and
villus fractions of the mouse SI. (F): IF showing colocalization of Mcc with the centrosomal protein
Pericentrin (Pcnt) in the crypt and villus units of the mouse SI. White-dashed squares highlight regions
selected for higher magnification. Scale bar, 20 ym.
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Figure 4. Phosphorylation by CK15/¢ triggers MCC redeployment to the ncMTOC at the apical
membrane of villus cells. (A): Western blot for MCC in SW480 colon cancer cells. Treatment with
PF67046 (5 uM and 10 uM) eliminates the phosphorylated MCC (asterisk, higher-molecular weight in
the DMSO lane). (B): Co-expression of Myc-MCC and FLAG-CK1e in HEK293 cells results in the
phosphorylation of Myc-MCC (asterisk, lane 2). Phosphorylation of MCC is not observed with CK1¢-
D128A (catalytically inactive). @ = Empty. (C): Treatment with PF670462 eliminates the phosphorylated
form of Myc-MCC (upper band, asterisk) in HEK293 cells co-transfected with FLAG-CK1¢. (D): Co-
expression of Myc-MCC and FLAG-CK1¢ in HEK293 cells followed by immunoblotting (IB) analysis
reveal that the interaction of MCC with RASAL2 is stabilized upon MCC phosphorylation, while the
interaction with NDE1 is weakened. (E-F): Wholemount widefield images of mouse wild-type (WT)
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small-intestinal organoids and (F) WT organoids treated with 5 uM of PF670462. (G):
Immunofluorescence (IF) showing Mcc localization along the apical membrane of differentiated cells in
WT organoids. (H): Mcc localization at the apical membrane is disrupted upon treatment with 5 uM of
PF670462 in WT organoids. White-dashed squares highlight regions selected for higher magnification.
Scale bars, 50 ym. (I-J): Working model for MCC redeployment during intestinal cell differentiation. (/):
Phosphorylation of MCC by CK1d/e releases MCC from the MTOC by decreasing its affinity to
centrosomal proteins such as NDE1. (J): MCC relocalizes to the ncMTOC interacting with NHERF1 at
the apical membrane, and with SCRIB and -catenin at the apico-lateral junction.

Materials and Methods

Human tissues

Paraformaldehyde-Fixed Paraffin-Embedded (PFPE) human intestinal tissue sections were
provided by Assoc. Prof. Christopher S. Williams. Tissues were acquired following all ethical
regulations of the Department of Medicine and Cancer Biology at Vanderbilt University School
of Medicine - Nashville, TN - USA.

Animals

Mice used for this study were housed, bred and euthanised according to the Institutional
Animal Care and Use Committee (IACUC) of Singapore under the protocol number #A20027.
This study was performed following all ethical regulations of the Animal Research Facility
(ARF) from the Lee Kong Chian School of Medicine (LKCMedicine), Nanyang Technological
University (NTU). Experiments were conducted using animals with a minimum age of 90 days.
Mccae2 mutant mice were genotyped as previously described (Young et al., 2011).

Mouse small intestine villi and crypts isolation

Villus and crypt compartments from mouse duodenum were dissociated as previously
described (Sato et al., 2009; Goldspink et al., 2017). Briefly, duodenum (8 - 10 cm) segments
were washed with ice cold 1X PBS-0 (lacking Mg?+ and Ca?*). Specimens were cut open
longitudinally. Villus fractions were harvested and collected into 50 ml Falcon conical tubes
with ice-cold PBS-0. Crypt fractions were filtered through a 70 um cell strainer (Biosciences
#352350). Purified crypt and villus fractions were further processed either for RNA isolation,
protein extraction, immunohistochemistry or 3D organoid culture.

Intestinal organoid culture

About 50 isolated crypts/well were seeded in 50 ul of Matrigel (Corning #356231) and cultured
in 48-well plates (Corning cat# 3526) using Mouse IntestiCult™ Organoid Growth Medium
(Stemcell Technologies #06005) supplemented with 100 mg/ml ampicillin (Sigma #A0166)
and 100mg/mL Primocin (Invivogen #ANTPM1) following manufacturer's instructions. Only
primary cells from mice were used for organoid culture. For inhibition of phosphorylation, a
single dose (5 uM) of the Casein Kinase 1 &/¢ inhibitor PF670462 (Sigma #SML0795) was
added to the medium on days 3, 4 and 5 of culture post seeding. Treated and non-treated
control organoids were harvested on day 6 for histological analysis.

Cell culture

Retinal pigment epithelial (RPE-1) and human embryonic kidney (HEK-293) cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM) High glucose, (Gibco #11960-044)
supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (Sigma #F2442). Human colon
carcinoma HCT116 cells were cultured in McCoy's 5A Modified Medium (Gibco #16600-082)
supplemented with 10% (v/v) FBS. Human colon cancer SW480 cells were cultured in RPMI
medium supplemented with 10% (v/v) FBS, 2 mM L-glutamine (Gibco #25030-081), 1 mM
sodium pyruvate (Gibco #11360-070) and Penicillin-Streptomycin (Gibco #15140-122).
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Histology

The proximal portion of the small intestine (duodenum) and distal portion of the colon were
used for the histological analyses. Tissues were carefully flushed with ice-cold PBS, cut open
longitudinally, and fixed overnight at 4° C with 4% Paraformaldehyde (PFA) (EMS #15710).
Specimens (roughly 3-cm pieces) were later dehydrated and embedded in paraffin. For whole-
mount tissue analysis, samples were fixed overnight with 4% PFA and washed with PBS.
Staining for B-galactosidase activity was performed as described in Merkwitz et al (2016).
Alkaline Phosphatase staining was performed using the Vulcan Fast Red Chromogen kit
(Biocare Medical #FR805S). ISH was performed using RNAscope® 2.5 HD Reagent Kit-Brown
(#322300) and 2.5 HD Duplex Reagent Kit (#322430) from Advanced Cell Diagnostics (ACD).
The specificity of the MmMecc probe set (ACD #411961 and #411961-C2) was confirmed by
lack of signal in sections of Mcc’a?homozygous adult intestine. Other probes: Mm-Lgr5 (ACD
#312171 and #312171-C2) and Mm-Ppib (ACD #313911). For immunofluorescence, tissue
sections (7 pm) were deparaffinized and rehydrated. Antigen retrieval was performed with
0.5x Tris/Borate/EDTA buffer using a pressure cooker. Sections were then blocked with 5%
Bovine Serum Albumin (BSA) (Sigma #A3311) for 2 hours at room temperature (RT) and
stained overnight with primary antibodies (Table 01). Tissues were washed with PBS before
incubation with secondary antibodies for 1 hour at RT. Nuclei were stained with Hoechst 33342
(Thermo Fisher #62249). Slides were mounted with water-based mounting medium
Hydromount (EMS #17966). Representative images of 3 repeats were included in the
manuscript.

Immunofluorescence of cells

RPE-1, HCT116, HEK293 and SW480 cells were grown on glass coverslips and fixed in cold
100% methanol for 20 mins at -20° C. Cells were washed/permeabilized with 0.5% Triton-
X100 (Sigma #X100) in PBS and then blocked for 30 minutes with 5% BSA in 0.1% Triton-
X100 in PBS. Immunostaining with primary antibodies (Table 01) was performed over night at
RT followed by PBS washes. Incubation with secondary antibody (Table 02) was performed
for 2 hours at room temperature. Nuclei were stained using Hoechst 33342. Slides were
mounted with water-based mounting medium Hydromount. For Structured illumination
microscopy (SIM), cells were grown in 1.5H circular glass coverslip, stained, and mounted
with VECTASHIELD mounting medium (Vector Laboratories #H-1000).

Imaging

Confocal microscopy images were acquired either using Olympus FV1000 upright, Olympus
FV3000 laser scanning, or Zeiss LSM800 Airyscan microscopes. DeltaVision OMX 3D-SIM
Oxford Nanoimager microscope was used for SIM imaging. Conventional bright-field images
were taken using Zeiss Axiolmager Z1 upright (ZAZ1). Images were further processed using
Fidi (ImageJ). The instruments used are either from the A*STAR Microscopy Platform
(FV1000, FV3000, ZAZ1 and OMX) or from the LKCMedicine — NTU (LSM800).

RNA isolation and quantitative PCR (qPCR)

RNA extraction from tissues was performed using TRIzol (Invitrogen #15596026) and RNeasy
kit (Qiagen # 74004). High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems
#4368814) was used for cDNA synthesis. Quantification of gene expression by q-PCR was
performed using Power SYBR Green PCR Master Mix (Applied Biosystems #4309155).
Technical triplicates for a minimum of three biological replicates were used. Relative gene
expression was assessed using double CT method and data were normalized with B-actin.
Data were tested for significance by an unpaired two-tailed t-test. P-values of statistical
significance are represented as ***p < 0.001, **p < 0.01. The qPCR primers are listed in
Table 03.

12


https://doi.org/10.1101/2021.07.27.453941
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.27.453941; this version posted July 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Protein extraction and Western Blot

Tissue/cell lysates were prepared using RIPA (SIGMA #R0278) lysis buffer supplemented
with cOmplete-ULTRA protease inhibitor (Roche #05892970001). Tissue lysates were later
sonicated for two cycles at 4°C for complete lysis. Protein concentration was determined using
the Bradford assay. Samples were boiled at 95°C for 5 min. After electrophoresis, proteins
were transferred onto a PVDF membrane (Millipore #ISEQ20200) and incubated 1 hour at
room temperature with 2% milk powder in PBS, 0.2% TRITON 100 for blocking. Primary
antibodies were applied overnight at 4°C and secondary antibodies for 1 hour at room
temperature. Blots were revealed using SuperSignal (Thermo Scientific #34095). 3-actin was
routinely used as a loading control.

Constructs

Full length cDNA constructs of human MCC (P23508-1), NDE1 and RASAL2 were PCR-
cloned into pCMV2B (Flag) and pCMV3B (Myc) constructs (Stratagene). Expression
constructs for SCRIBBLE, NHERF1, and CK1E, were generated by Gateway Cloning into
pcDNA5 FRT-TO (83X FLAG N-terminus or EGFP N-terminus) vectors (Invitrogen). Point
mutations and truncations were generated by site-directed mutagenesis using the
QuikChange Il Site-Directed mutagenesis kit (Agilent #200524) and verified by sequencing.
The pCS2+_EmGFP-Mcc (G3UWA40) was previously described in Young et al., 2014. This
plasmid robustly produces an N-terminal EmGFP-Mcc fusion protein in heterologous cells.
(Plasmid inventory #525, Dunn lab). HEK293 cells were transfected with a minimum amount
of EmGFP-Mcc yielding a mosaic EmGFP-Mcc signal in Figure 2C.

Immunoprecipitation and Mass-spectrometry

For immunoprecipitation, cells were lysed in buffer containing 50 mM HEPES (pH 7.5), 150
mM NaCl, 1% Triton X-100, 10% glycerol, and 1 mM EDTA. Lysates, precleared with protein
G-Sepharose 4 beads (GE Healthcare #17-0618-0), were incubated with an anti-Flag
monoclonal antibody or anti-GFP polyclonal for 1 hr, followed by incubation with protein G-
Sepharose beads for 1 hr. The beads were subsequently washed three times in the lysis
buffer. MCC interaction partners were captured using two approaches (Gel-free and Gel-
digest). In both, N-terminal FLAG-tagged human MCC (P23508-1) constructs (pCMV2B
vector) were transfected into HEK293 cells and selected with G418 (Gibco #10131035). G418-
resistant cells were grown, lysed and immunoprecipitated using anti-FLAG agarose beads.
Cells stably expressing an empty vector were used as control. To capture interactions,
samples were run either on an SDS-Page gel (Gel-digested approach) or eluted using 200
mM glycine pH 2.5 (Gel-free approach). Samples eluted with glycine were subjected to
separation with SCX (strong-cation exchange) column (Sepax Tech #Z777148) followed by
digestion with trypsin (Gibco #R001100). SDS-Page gel samples were run against an empty
vector control (pCMV empty) and bands present in the FLAG-MCC lane were extracted and
digested. Samples from both approaches were subjected to mass spectrometry (OrbiTrap
Elite) and analysed using Mascot (Matrix Science) and ProHITS (Samuel Lunenfeld Research
Institute, Mount Sinai Hospital, ON, Canada) for protein identification and quantification. The
Human NCBI Reference Sequence (RefSeq NCBI) database was searched by Mascot with
the following parameters: mass tolerance: 7 ppm on MS and 0.5 Daltons on MS/MS; maximum
missed cleavages: 2; fixed modification: carbamidomethyl (C); variable modification:oxidation
(M), phospho (ST) and phospho (Y). ProHITS was utilized to filter out common contaminant
interactions from FLAG-tag affinity based on cRAP (common Repository of Adventitious
Proteins) database.

13


https://doi.org/10.1101/2021.07.27.453941
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.27.453941; this version posted July 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY 4.0 International license.

Table 01 - Primary Antibodies.

Antibody Species Catalog # Brand Application
B-actin Rabbit AB8227 Abcam WB, IF, IP
B-catenin Rabbit AB32572 Abcam WB, IF
B-tubulin Mouse 18328 Sigma WB, IF, IP
Csnkie Mouse (AB) SC-374069 Santa Cruz WB, IP
Cep131 Rabbit PA5-54953 Invitrogen WB, IF, IP
Cep170 Rabbit AB72505 Abcam WB, IF, IP
Ep-CAM Rabbit AB71916 Abcam IF
E-cadherin Rabbit AB15148 Abcam IF
lggap Mouse (C9) SC-376021 Santa Cruz P
Mcc Mouse SC-135982 Santa Cruz WB, IF, IP
Nde1 Rabbit PAb5-87297 Invitrogen WB, IF, IP
Ninein Mouse 637327 Merck IF
Ninein Rabbit AB4447 Abcam IF
Nherf1 Rabbit SC-271552 Santa Cruz WB, IF, IP
Pericentrin Rabbit AB4448 Abcam IF
Rasal2 Rabbit A302-109A Bethyl Lab WB, IF
Scribble (H300) Rabbit SC-28737 Santa Cruz WB, IF, IHC

Table 02 - Secondary Antibodies
Antibody Species  Catalog # Brand Application
Alexa Fluor 488 Anti-Mouse Donkey A21202 Invitrogen IF
Alexa Fluor 488 Anti-Rabbit Donkey A21206 Invitrogen IF
Alexa Fluor 594 Anti-Mouse Donkey A21203 Invitrogen IF
Alexa Fluor 594 Anti-Rabbit Donkey A21207 Invitrogen IF
Alexa Fluor 488 Anti-Mouse Goat A28175 Invitrogen IF
Table 02 - gPCR Primers.

Gene - Target 5> 3’ Sequence ™
Mcc Exon 17 FWD ACTTGCCGAACTAAGGACGA 52.2
Mcc Exon 18 REV CTGGTGTCTGATTTCACTGC 53.9
Lgrd REV CCACAGCAACAACATCAGGT 55.9
Lgrd FWD AACAAATTGGATGGGGTTGT 55.8
B-Actin FWD CTTCTTTGCAGCTCCTTCGTTG 56.3
B-Actin REV CGCAGCGATATCGTCATCCA 58.4
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Figure 1. Mcc is specifically expressed in crypts of the intestinal epithelium. (A): Schematic
representation of small intestine (SI) and colon epithelia cellular organization. (B): Histochemical (HC)
staining for B-galactosidase (B-Gal) activity in whole-mount Mcc/a°?/2°Z S|, Black arrowheads indicate -
gal activity (blue) restricted to crypt units. Scale bar, 500 pm. (C-D): HC for 3-Gal activity on sections
of Mcc'a#"a¢Z | and colon tissues counter-stained with Nuclear Fast Red. Scale bars, 50 pm. (E-G):
Section in situ hybridization (ISH) on wild-type (WT) S| and colon tissues. (E) Endogenous Mcc
expression is specifically observed in crypts. (F): Mcc (blue) expression overlaps with Lgr5 (red) at the
crypt base but extends into the transit-amplifying compartment. (G): Endogenous Mcc expression on
WT colonic crypts. Scale bars, 50 um. Black-dashed squares in (C-G) highlight regions selected for
higher magnification. (H): gPCR analysis for Mcc and Lgr5 in purified crypt and villus fractions from WT
and Mcc/a°?'2°Z G|, Data were tested for significance by an unpaired two-tailed t-test. P-values of
statistical significance are represented as ***p < 0.001, **p < 0.01; n=3.
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Figure 2. Proteomics analyses reveal MCC as a centrosomal protein. (A): Immunoprecipitation (IP)
of FLAG-tagged human MCC in HEK293 cells followed by mass spectrometry identifies various MCC
interactors, including centrosomal proteins (yellow), cell polarity proteins (red), GTPase regulators
(orange), and kinases (CSNK1E/D) (green). (B): IP of Myc-tagged human MCC in HEK293 cells
followed by Western blotting for indicated interactions. WCL, whole cell lysate. &, pCMV empty vector
control. (C): HEK293 cells transfected with EmGFP-Mcc. Arrows indicate colocalization of EmGFP-Mcc
with the centrosomal protein PERICENTRIN (PCNT). Scale bar, 20 ym. (D): Immunofluorescence (IF)
for MCC and NINEIN or PCNT shows colocalization at the centrosome in human RPE-1 cells. (E): IF
3D widefield showing MCC colocalizing with PCNT and NINEIN. Super resolution Structured
lllumination Microscopy (SIM) showing spatial proximity between MCC and PCNT or NINEIN at the
centrosome in SW480 cells. Scale bars, 50 um.
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Figure 3. Mcc localizes to the centrosome in crypt cells and apical membrane of villus cells. (A-
D): Immunofluorescence (IF) for Mcc in the mouse small intestine (SI). White-dashed squares highlight
regions selected for higher magnification (A and C, longitudinal and B and D, transverse sections). (A)
and (B): Punctate centrosomal staining for Mcc is observed in crypt cells. (C) and (D): IF for Mcc and
B-catenin in Sl villi. Mcc localizes to the apical membrane while B-catenin labels the lateral membrane
of villus cells. Scale bars, 20 um. (E): Western blot for Mcc in whole-cell lysates from purified crypt and
villus fractions of the mouse SI. (F): IF showing colocalization of Mcc with the centrosomal protein
Pericentrin (Pcnt) in the crypt and villus units of the mouse SI. White-dashed squares highlight regions
selected for higher magnification. Scale bar, 20 ym.
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Figure 4. Phosphorylation by CK15/¢ triggers MCC redeployment to the ncMTOC at the apical
membrane of villus cells. (A): Western blot for MCC in SW480 colon cancer cells. Treatment with
PF67046 (5 uM and 10 uM) eliminates the phosphorylated MCC (asterisk, higher-molecular weight in
the DMSO lane). (B): Co-expression of Myc-MCC and FLAG-CK1e in HEK293 cells results in the
phosphorylation of Myc-MCC (asterisk, lane 2). Phosphorylation of MCC is not observed with CK1¢-
D128A (catalytically inactive). @ = Empty. (C): Treatment with PF670462 eliminates the phosphorylated
form of Myc-MCC (upper band, asterisk) in HEK293 cells co-transfected with FLAG-CK1¢. (D): Co-
expression of Myc-MCC and FLAG-CK1¢ in HEK293 cells followed by immunoblotting (IB) analysis
reveal that the interaction of MCC with RASAL?2 is stabilized upon MCC phosphorylation, while the
interaction with NDE1 is weakened. (E-F): Wholemount widefield images of mouse wild-type (WT)
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small-intestinal organoids and (F) WT organoids treated with 5 uM of PF670462. (G):
Immunofluorescence (IF) showing Mcc localization along the apical membrane of differentiated cells in
WT organoids. (H): Mcc localization at the apical membrane is disrupted upon treatment with 5 uM of
PF670462 in WT organoids. White-dashed squares highlight regions selected for higher magnification.
Scale bars, 50 ym. (I-J): Working model for MCC redeployment during intestinal cell differentiation. (/):
Phosphorylation of MCC by CK1d/e releases MCC from the MTOC by decreasing its affinity to
centrosomal proteins such as NDE1. (J): MCC relocalizes to the ncMTOC interacting with NHERF1 at
the apical membrane, and with SCRIB and -catenin at the apico-lateral junction.
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