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phenomic abnormalities. This complexity is driven by oncogenic perturbation of tightly coordinated
spatiotemporal signaling to disrupt multiple scales of tissue organization. This review clarifies
molecular and cellular mechanisms underlying common CRC histologic features and helps understand
how the CRC genome controls core aspects of tumor aggressiveness. It further explores a spatiotemporal
framework for CRC phenomics based on regulation of living cells in fundamental and organotypic model
systems. The review also discusses tissue homeostasis, considers distinct classes of oncogenic
perturbations, and evolution of cellular or multicellular cancer phenotypes. It further explores the
molecular controls of cribriform, micropapillary, and high-grade CRC morphology in organotypic culture
models and assesses relevant translational studies. In addition, the review delves into complexities of
morphologic plasticity whereby a single molecular signature generates heterogeneous cancer pheno-
types, and, conversely, morphologically homogeneous tumors show substantive molecular diversity.
Principles outlined may aid mechanistic interpretation of omics data in a setting of cancer pathology,
provide insight into CRC consensus molecular subtypes, and better define principles for CRC prognostic

stratification. (Am J Pathol 2018, 188: 1936—1948; https://doi.org/10.1016/j.ajpath.2018.05.021)

Understanding oncogenic processes that shape cancer
histology is a longstanding objective in pathology.' Seminal
studies have identified molecular signatures of cancer initi-
ation or progression” and have shown associations with
multiple histologic features in tissue sections. However, the
utility of genomic data sets in cancer pathology is limited by
incomplete understanding of the spatiotemporal dimension
of the cancer genome.” How oncogenic processes shape
cancer morphology by disruption of signaling pathways that
are tightly coordinated in time and space remains poorly
understood.’

In this review, the complexity of the colorectal cancer
(CRC) phenome, that is, the histologic traits driven by
oncogenic perturbation of colorectal homeostasis, has
been addressed. The genotype—phenotype relationships in
biological model systems that have the spatiotemporal

resolution to uncover molecular regulation of shape,
movements, and three-dimensional (3D) rearrangements of
growing cancer cells have been explored. Because the CRC
genome is strongly influenced by the preexisting molecular
profile of the epithelial cell of origin," controls of epithelial
homeostasis have been reviewed.” ' Against this back-
ground, we consider oncogenic perturbations,” ' evolution
of specific CRC morphology phenotypes in culture model
systems,()*ll and associated translational studies.'®'!
Signaling nodes converge diverse molecular inputs to
yield morphologically homogeneous changes'> or,
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A Molecular Basis for Cancer Phenomics

conversely, drive morphologic heterogeneity.' Principles
outlined may provide insight into CRC molecular subtype
biology,'” guide tumor organoid studies,'” and aid next-
generation multiplexed imaging of tumor sections.'”

The Colorectal Cancer Phenome

The phenome of any tumor represents the entirety of its
observable traits. In CRC, these have been intuitively
categorized according to apparent biological perturbations
and include the following (Figure 1): i) cell cycle pheno-
types such as mitotic indices and aberrant mitotic figures'®;
ii) nuclear configurations, including size, shape, and pleo-
morphism'’; iii) cell death indices, including apoptosis,
necrosis, or necroptosis; iv) functional specialization,
including expression of metalloproteinases or other secreted
proteins'®; v) cell membrane perturbations such as exten-
sions into the stroma known as podia,'® intracellular apical
membrane (AM) vacuoles in signet-ring cancers,”’ and
reversed membrane polarity”’'; vi) multicellular arrange-
ments, including cribriform,'® micropapillary”' or high-
grade CRC morphology,''** tumor budding and poorly
differentiated clusters of cancer cells out with glandular
structures”” ; and vii) invasion patterns described as infil-
trative or expansive.””

For more than a century, these variables have been
assessed for cancer diagnosis and also enable prognostic
stratification or prediction of metastatic behavior. For
example, both signet-ring and micropapillary CRC
morphologies are associated with transcelomic metastatic
dissemination and poor clinical outlook.”* Co-dependencies
among histopathologic phenotypes contribute to morpho-
logic complexity. For instance, breakdown of CRC gland
morphology associates with escape of cancer cells or
clusters,” micropapillary morphology associates with
reversed membrane polarity,”’ and podia formation associ-
ates with tumor budding'® and infiltrative invasion
patterns.'” Despite the system noise due to complexity and
inter- and intra-observer variation, histologic grading based
on expert assessment of collective phenotype patterns pro-
vides a well-established means of prognostic stratification.””

Lessons from Tissue Homeostasis

To understand cancer phenotype evolution, it is necessary to
unravel the molecular framework of normal tissue homeo-
stasis. Core processes of physiological tissue assembly
include establishment of cell shape, symmetric or asym-
metric division,>’ junction formation,’® stem cell or lineage
commitment,27 and formation of simple multicellular
patterns.” Subsequent sculpting by epithelial folding™ or
movements induce more complex tissue architecture.
Studies in biological model systems have revealed func-
tional interdependence of these processes®”*” > and pro-
vide insight into evolutionary histories of common cancers.
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Here, we briefly review integrated processes of tissue for-
mation, whereas accompanying references provide more in-
depth mechanistic detail.

To Begin at the Beginning—Spatial Organization of the
First Cell

Transition of a single cell to a cooperative complex of
multicellular organs is the basis of all higher life.”’ An
essential milestone in this process is the internal

Figure 1  Phenotypes within the colorectal cancer (CRC) phenome
(arrows). A: A multipolar mitotic figure. B: Increased mitotic figure
frequency. C: Nuclear pleomorphism. D: Invadopodia. E: Infiltrative inva-
sion patterns showing cords of tumor cells. F: Expansive invasion along a
broad front. G: Cribriform morphology comprising multiple back to back
lumens (solid arrows) surrounded by stratified epithelium (dotted arrows).
H: Micropapillary morphology showing cohesive groups of tumor cells
surrounded by lacunar spaces. All stains by hematoxylin and eosin. Original
magnification: x40 (A—D); x5 (E and F), x10 (G and H).
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reorganization of subcellular components that precedes the
first division of the first cell (the fertilized oocyte or zygote).
Conserved complexes of mutually antagonistic anterior and
posterior polarity determinants, including protein kinase C
(PRKCY), partitioning defective (PARD)3, PARDG6 (ante-
rior), and PARD1 and PARD2 (posterior) become redis-
tributed to distinct regions or poles within the cell cortex
(periphery)™* (Figure 2, A and B). Such spatial separa-
tion of polarity determinants is mediated by actomyosin
and other motor protein activity,” activated by the Rho
GTPase family’' and driven by GTP-based energy
sources.”” Spatial ~organization machinery, including
antagonistic polarity complexes,” cortical flow,”” and Rho
GTPase signaling,”' is conserved with some important

modifications in cells of all tissues with the capacity for self-
renewal (renewal tissues).

Foundations of Tissue-Specific Architecture

Fundamental processes for sharing genetic material between
daughter cells, determination of cell fate, and assembly of
distinct functional cell lineages into specific tissues and
organs are controlled by transitions between asymmetric and
symmetric cell division."” This remarkable plasticity is
regulated by cortical PARD proteins,”* microtubule (MT),
and actin cytoskeleton dynamics.*” This crosstalk provides a
framework for sequential processes of internal cell reorga-
nization, mitotic spindle construction and orientation,
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Figure 2  Transition to multicellularity. A and B: In the one-cell zygote, fertilization triggered asymmetric redistribution of anterior [partitioning defective
(PARD3; alias PAR-3)] and posterior (PARD2; alias PAR-2) polarity determinants within the cortex.’* A: Schematic showing cortical localization of anterior
(PARD3) and posterior (PARD2) polarity determinants. B: Caenorhabditis elegans zygote, stained for PAR-3 (PARD3; red) and PAR-2 (PARD2; green). Other
polarity determinants are not shown. C and D: Conserved polarization processes enabled bipolar mitotic spindle assembly, positioning of the cleavage furrow,
and cell membrane expansion in epithelial cells. C: Schematic shows that chromosomal DNA is linked by microtubules to spindle pole centrosomes that are
anchored to the cell cortex by astral microtubules.>® Motor proteins drive equal genome segregation.®’ Via microtubules, the spindle directed transport of
lipid-containing vesicles (orange circles) to membrane growth regions.*® The actomyosin ring (light blue) provided the contractile force for cell cleavage®
(blue arrow), set perpendicular to the spindle plane.® D: Advanced cytokinesis in an epithelial cell. Blue and red arrows indicate spindle poles and the
cleavage furrows, respectively. Chromosomal DNA (purple). E and F: After completion of cytokinesis, the new cell doublet engaged extracellular matrix (ECM)
via cell membrane integrin receptors. This process promoted transcytosis of membrane components from the basal domain to the cell—cell contact region that
becomes the apical membrane initiation site (AMIS). E: Schematic shows integrin/ECM-mediated trancytosis of membrane components with apical charac-
teristics (red circles) from basolateral domains to the AMIS (red oval). F: Early epithelial cell doublet stained for Podxl (apical marker) and B-integrin green
fluorescent protein (GFP). Podxl was expressed at the ECM-facing basolateral membrane and underwent directed vesicular transport to the nascent AMIS.
Boxed area was selected for high power (HP) magnification in original study (not shown).? G and H: From the two-cell stage, the mitotic spindle controlled the
alignment of apical membrane components. G: Schematic shows developing AMIS at contact site between resting and dividing cells of the doublet. H: Caco-2
doublet containing resting and dividing cells stained for DNA (blue), tubulin (green), and filamentous actin (red). I and J: In subsequent divisions, the spindle
was oriented to maintain apical membrane position in the center of developing glands, surrounded by an epithelial monolayer. I: Schematic showing
orientation of a cell monolayer around central lumen. J: Developing Caco-2 glandular structure (gland) containing resting cells and one dividing cell, stained
for DNA (blue), tubulin (green), and filamentous actin (red). Scale bars: 5 um (B); 10 um (D); 20 um (F). Reprinted from Nance and Zallen®® with permission
from Development (B); from Spira et al*® with permission from eLife (D); from Bryant et al’ with permission from Elsevier (F); and from Jaffe et al® with
permission from the Journal of Cell Biology (H and J).
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segregation of the genome and cell fate determinants,
positioning of intercellular junctions, specialized cell
membranes, polarized cell topology, and multicellular
patterning during tissue assembly.

Internal Cell Reorganization

Like the zygote, adult cells remodel their actin and MT
cytoskeletons in preparation for mitosis. Actin-dependent
mechanisms generate the forces required for cell stiffening
and rounding, movement of proteins within the cortex,*©
and positioning of cues for astral MT binding and centro-
some stabilization.'""” These processes can also promote
clustering of extra centrosomes''*’ that are common in
cancer cells."®

Assembly and Orientation of the Mitotic Spindle

Transmission of the genome to daughter cells involves as-
sembly of a bipolar mitotic spindle from two centrosomes,
MTs, DNA linkages, appropriately positioned motor pro-
teins, and connections to the cell cortex’® (Figure 2, C and
D). Binding of astral MTs to localized cues within the cortex
anchors centrosomes during mitotic spindle formation. Once
fully assembled, the mitotic spindle is orientated by an
equilibrium maintained between functionally antagonistic
polarity regulators.”” Antagonism between PRKCY and
PARDI regulates localization of PARD3?’ that controls the
spindle orientation protein, G protein signaling modulator 2
(also known as LGN for leu-gly-asn).”’ These mechanisms
control MT-mediated pulling forces for appropriate spindle
alignment.”” Spindle orientation provides spatial directives
for cell cleavage,” positioning of specialized membrane
domains,® and multicellular assembly.5 0

Genome Segregation

During mitosis, the DNA condenses into chromosomes that
each constitute twin sister chromatids. MTs become
anchored by their plus ends to kinetochores on sister
chromatids and by their minus ends to centrosomes at
spindle poles, through evolutionarily conserved proteins.
Motor proteins produce forces that separate and deliver
sister chromatids to opposite poles to ensure equal genome
partitioning®’ (Figure 2, C and D).

Segregation of Cell Fate Determinants

Generation of cell diversity required for organ function is
accomplished by differential segregation of unique fate
determinants to daughter cells during asymmetric division.
Distinct sets of fate determinants localize to specific
cytoplasmic domains and are differentially allocated to
daughter cells by positioning of the cleavage furrow.
Spatial controls of cell fate involve precise coupling of the
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cell polarity axis, mitotic spindle machinery, and cleavage
furrow ingression.””'

Assembly of Specialized Cell Membrane Domains

Specialized membrane interfaces enable directional secre-
tion,° absorption, and exchange of nutrients or waste.
Membrane biogenesis is fueled by targeted lipid transport
from intracellular membrane pools38 (Figure 2C). Formation
of new AM after the first cell division is activated by
extracellular matrix (ECM) signaling,” guided by the MT
cytoskeleton™® and polarity complexes.”” After cell division,
integrin engagement with ECM activates PRKCBII-
dependent transport of specialized lipids and proteins to
the AM initiation site at the contact region between two
developing daughter cells” (Figure 2, E and F). In subse-
quent divisions, vesicular transport of AM determinants
along the MT cytoskeleton® is guided by the orientation of
the mitotic spindle® (Figure 2, G and H). Once formed, the
AM becomes limited by nascent cell—cell junctions that
separate apical from basolateral domains.”” Transapical
secretion mediated by Na'/K"-ATPase—dependent ion
channels promote nascent lumen expansion within an
enlarging glandular structure® (Fi gure 2, [ and J). Adaptation
of plasma membrane surface area, specialized trans-
membrane protein expression, extension, invagination,
scission, or fusion are also central to physiological tissue
responses.

Formation of Cell—Cell Junctions

Assembly of a colorectal epithelial barrier against a noxious
luminal environment and vigorous peristaltic forces requires
strong adhesive connections between adjacent cells.””
Multiple junctional complexes, including adherens junc-
tions (AJs), tight junctions (TJs), gap junctions, and
desmosomes, connect adjacent cells.’® AJs mediate
cadherin-dependent cell—cell adhesion, whereas TJs restrict
paracellular transport and also function as boundaries by
restricting distribution of lipids within the plasma mem-
brane.”® Under the control of the GTPase cell division cycle
(CDC)42, cells extend actin-rich membrane protrusions
toward neighboring cells and binding of membrane nectins
enables formation of a transient intercellular association to
initiate adhesive structure formation.”” Extracellular cad-
herin domains then dimerize across the paracellular space,
their cytoplasmic domains recruit catenins and
cadherin—catenin clusters accumulate at contact sites. Thus
formed, nascent AJs are stabilized by a-catenin binding to
cortical actin and by pl20 catenin binding to the MT
cytoskeleton. As AJs mature, TJs form by binding between
zonula occludens-1 and occludin.’® However, cell—cell
junctions retain the plasticity for homeostatic cell move-
ments and regenerative mucosal healing.™
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Apicobasal Polarization

Polarized arrangements of intercellular junctions, intracel-
lular organelles, and specialized membrane regions are
essential for epithelial function. Feedback signaling between
apical and basolateral polarity regulators control the position
of apical junctions and thus determine the relative sizes of
apical and basolateral domains.””> Apical polarity regula-
tors include the tumor suppressors phosphatase and tensin
homolog (PTEN) and CRB1 (Crumbs), the PARD3/
PARDG6/PRKCY complex, and CDC42, whereas basolateral
regulators include PARDI1, PARD2, scribbled planar
polarity protein, and discs large homolog 3.”® PRKCZ and

antagonized by PARDI signaling. These phenomena
cooperatively regulate AM size’” and have an important role
in spindle orientation®* as well as folding of the epithelial
sheet.”® Hence, apicobasal polarization is regulated by a
delicate equilibrium of antagonistic protein complexes and
integrates numerous processes of tissue assembly.

Multicellular Patterning

One of the longstanding puzzles of cancer pathology is how
epithelial self-organizing processes become reprogrammed
to drive varied and incoherent multicellular tumor
morphology. Basic multicellular patterns of tissue homeo-

CRB1 promote basal displacement of PARD3*’"” that is stasis are set by integrated processes of cell division,

A

Figure 3  Multicellular patterning. A: Schematic shows that mitotic spindle plane (double-headed yellow arrow in A, C, and E) determined the axis of cell
division (dashed double-headed arrow in A, C, and E). Double-headed blue arrow indicates genomic DNA (A and C). Spindle alignment at 70- to 90-degree
angles in relation to the cell long axis generated columnar daughter cells. B: Colonic crypt showing mitotic figure (black circle) aligned at approximately 70
degrees (double headed yellow arrow) toward cell long axis (hematoxylin and eosin staining). C: Schematic shows that spindle alignment parallel to cell long
axis generated layered, stratified epithelium.” D: Section of esophageal mucosa with mitotic figure (circle), spindle alignment parallel to cell long axis and
stratified epithelium. (Hematoxylin and eosin staining). E: Schematic shows that appropriately oriented mitotic spindle promoted a rounded configuration of a
columnar epithelial monolayer with a uniform apical membrane that encircled a single central lumen. Cleavage furrow ingression shown at spindle midpoint.
Transapical secretion promoted lumen expansion.® F: Organotypic Caco-2 culture stained for the apical membrane marker protein kinase C ¢ (PKCZ; red),
a-tubulin for spindle microtubules, and DAPI for DNA. Mitotic spindle plane indicated by double-headed yellow arrow. These features resembled normal
colonic glandular architecture in cross section. G: Staining hematoxylin and eosin. Original magnification: x20 (B and G); x40 (D). Reprinted from Deevi
et al'® with permission from Oncotarget (F).
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polarization, directional secretion, and intercellular adhe-
sion. Once established, these basic patterns can be refined
by cell movements and epithelial folding to generate mature
tissue form and function.”’

Basic Multicellular Patterns

Many mature tissues are made up of linked epithelial tubes
or spheres, arranged within supporting connective tissue.’
Assembly of these fundamental structures is guided by the
mitotic spindle that controls the axis of cell division and
positioning of specialized cell membrane domains. When
the mitotic spindle plane is set approximately perpendicular
to the cell long axis, cell division generates simple columnar
epithelium that contain a specialized AM (Figure 3, A and
B). In contrast, orientation of the spindle to lie parallel to the
cell long axis promotes formation of a layered, stratified
epithelium that has a more protective role” (Figure 3, C and
D). In cells suspended in 3D cultures of basement mem-
brane extract (Matrigel), spindle orientation at angles of 70
to 90 degrees to the cell long axis promotes ingrowth of the
cleavage furrow at the spindle midpoint, generation of a
columnar epithelial monolayer within a spherical configu-
ration, containing a single central lumen and uniform AM.
Transapical secretion promotes lumen expansion®"’
(Figure 3, E and F). The resulting multicellular architec-
ture is highly evocative of normal colonic glandular
morphology (Figure 3G). Formation of an epithelial sphere
typically precedes development of tubular extensions.’
These processes in 3D culture models recapitulate in vivo
findings. For example, regenerating intestinal progenitor
epithelium forms spheres that develop tubular extensions
that subsequently mature into functional crypts.”’>*

Pattern Refinement

Specific movements of individual epithelial cells or cell
groups, including migration, extrusion, intercalation, or
folding of epithelial sheets, can modify basic multicellular
patterns to establish tissue-specific morphology.

Single and Collective Cell Migration

Collective cell movements, penetration across tissue
boundaries, and clonal detachment of collective cell groups
occur in the normal colon. During crypt fission, a founder
crypt divides to yield two or more new crypts. This
phenomenon involves coordinated migration of multicel-
lular epithelial extensions from the founder crypt base into
the ECM, to form nascent daughter crypts.”*”* The devel-
oping daughter crypts gradually enlarge as their attachments
to the founder crypt ascend to the uppermost crypt region.
They then detach from founder crypts as mature, clonally
independent units although they remain contiguous within
the colonic mucosa.”

The American Journal of Pathology m ajp.amjpathol.org

Cell Extrusion

In multicellular structures, cells move, compete for re-
sources, and weaker cells or clones are eliminated by
extrusion.”” Cell fitness depends on proliferation, polarity®’
and can be compromised by crowding.”' In intestinal villi,
crowding occurs as cells migrate away from proliferative
crypt bases.”' Mechanosensitive signaling and directional
actomyosin contraction promote apical extrusion, typically
resulting in cell death. Conversely, basally extruded cells
can survive through interactions with the stromal environ-
ment”' and principles involved may be relevant to cancer
metastasis. In mammalian epithelium, cadherins can
regulate the assembly, mechanics, and directional force of
the contractile actomyosin apparatus and may influence the
direction of cell extrusion.

Cell Intercalation

In this form of cell movement, oriented exchanges of
neighboring cells alter tissue geometry.”” Controlled inter-
calation of cells along a particular axis promotes substantive
tissue elongation and is fundamental to diverse develop-
mental and homeostatic processes. In apicobasolateral
polarized epithelium, actomyosin contraction induces
shortening of apical junctions required for intercalational
movements and tissue axis extension. Cell intercalation
combines with various degrees of collective cell migration
to induce convergent tissue extension,’” a highly conserved
cellular mechanism of epithelial tube morphogenesis.

Folding of Epithelial Structures

Epithelial folding or invagination during organ development
may be initiated by myosin II—mediated apical constriction
and adds architectural complexity, including that of crypt/
villus morphology. Epithelial polarization machinery affects
folding by altering cell—cell junction position. Junction
repositioning is regulated by PRKCZ, PARD3, and PARDI1
crosstalk and aids folding of intact tissues where junctional
adhesion must be maintained.”®

Branching Morphogenesis

Creation of a hierarchy of branched structures from a simple
epithelial tube creates maximal surface area for specialized
organ function in the gut, kidney, lung, salivary, prostate,
and mammary glands. Early branching is initiated by mitotic
spindle reorientation under the control of the epithelial po-
larity program® to alter the cell division plane, daughter cell
shape, and position relative to the primary epithelial tube.

Establishment of a Stem Cell Hierarchy

The normal intestine is lined by a single epithelial layer,
organized within spatially separate progenitor and
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functional compartments.®* Progenitor epithelium, localized
at crypt bases (originally termed crypt base columnar cells)
maintain both the stem cell pool and all functional epithelial
lineages of the intestine® by processes of asymmetric
division.” Although crypt stem cell markers were lacking in
early studies, isolation and xenografting of basal crypt
progenitor organoids were highly successful in demon-
strating regenerative processes of progenitor cell expansion,
neocrypt formation, crypt branching, functional differenti-
ation, and neomucosal morphogenesis.37'54'(’4 Stem cell
generation of intermediate transit-amplifying cells within
the crypt hierarchy depends on continuous Wnt signals,
downstream of the adenomatous polyposis coli (APC) gene.
Seminal studies identified the Wnt target gene Lgr5,
encoding a G-protein—coupled receptor as a crypt stem cell
marker. The secreted Wnt pathway agonist R-Spondin binds
Lgr5 and potentiates Wnt signaling that is fundamental to
stem cell fate.” R-Spondin induces stem cell self-renewal
by symmetric division.®” Each crypt contains an estimated
four to six long lived, multipotent stem cells that compete
for clonal dominance by processes of neutral drift
dynamics.®®

Stromal Influences on Epithelial Morphogenesis

Within the epithelial stem cell niche, the stroma, matrix, and
secreted signaling molecules have a crucial influence on
multicellular morphogenesis. Previous studies demonstrate
the essential function of stromal mesenchymal cells,”
ECM,% basement membrane, and associated molecular
components’ in epithelial morphogenic growth. Develop-
ment of the soluble basement membrane extract Matrigel,
enabled 3D organotypic cultures for study of tissue
morphogenic processes.’’

Multiscale Integration of Tissue Homeostasis

Within the regulatory hierarchy of tissue development,
antagonistic polarity complexes,” Rho GTPase signaling
and cortical forces’ have fundamental importance.’
Genetically encoded controls of these signaling pathways
can be refined by environmental cues to provide the plas-
ticity required for homeostasis.”

Oncogenic Perturbation of Tissue Homeostasis

Although understanding of oncogenic destabilization of
tissue architecture is limited, a reductionist approach in
appropriate models may provide insight. At the genomic
level, oncogenic drivers can be classified in two broad
categories, namely mutation and/or altered gene expression
(M-Class) or chromosomal gains or losses (C-Class).” The
stromal/ECM microenvironment represents a further con-
founding factor because it enables bidirectional signaling
between cancer epithelial cells and mesenchymal supporting
tissue.”' Morphologic and molecular approaches have

1942

highlighted the importance of CRC microenvironment in
prognosis. The stromal fraction, expressed as a percentage
surface area in CRC tissue sections, has prognostic rele-
vance.”” The two most prominent stromal components in
solid malignancies are immune cells and cancer-associated
fibroblasts. Moderate or severe lymphoid infiltration asso-
ciates with reduced CRC mortality.”” Conversely, high
expression of stem/serrated/mesenchymal CRC subgroup
genes by cancer-associated fibroblasts associates with poor
outcome and reduced disease-free survival.””

Co-implantation of CRC epithelial cells with fibroblasts
increased the fraction of tumor-initiating cells in xenografts,
which are thought to be associated with metastasis and
progression.”* In the sections below, we briefly review
effects of M-Class or C-Class drivers or ECM factors on
multiscale tissue assembly.® '’

Effects of M-Class Oncogenic Processes at the
Single-Cell Level

In >90% of CRCs, cancer genes, including APC,” PTEN,”®
or KRAS,”” are mutated or suppressed in some combination.
Loss of heterozygosity at the APC tumor suppressor locus is
an early event in CRC development, whereas germline APC
mutation leads to the familial adenomatous polyposis syn-
drome.”” Truncating mutation of APC is a hallmark of most
CRCs and initiates adenoma formation through constitutive
activation of proliferative Wnt signaling and stem cell
self-renewal.”” At the protein level, APC binds EB1, a MT
plus-end tracking protein. APC interactions with MTs are
regulated by the CDC42/PRKCZ/PARD pathway’® and link
to dynein/dynactin motors at the cortex. Heterozygosity of
the APC gene associates with spindle misorientation and
cell shape changes in intestinal crypt epithelium.”” PTEN
regulates activity of the apical CDC42/PRKC{/PARD
pathway’’*' and controls mitotic spindle dynamics.'’
PTEN deficiency induces altered cellular adhesion and
migration phenotypes.”’ Mutations within the KRAS
pathway occur in 30% to 40% of CRCs, enhance cell
proliferation, evasion of apoptosis,”’ and have important
implications for treatment.®” Activated KRAS also impairs
apical recruitment of the PRKCY protein® and perturbs cell
membrane alignment to induce formation of invadopodia.®
These structures may enhance entry of tumor cells into new
environments and are evocative of invadosomes at CRC
invasive fronts. Aberrant polarization processes are
complicit in cancer progression, and tumor cells that
polarize membrane protrusions in the direction of blood
vessels show increased metastatic potential.**

Effects of C-Class Oncogenic Processes at the
Single-Cell Level

The chromosomal instability (CIN) pathway is characterized
by whole or segmental chromosomal gains or losses, gene
copy number alteration, and may initiate colorectal
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tumorigenesis.”> Chromosomal segregation depends on
centrosome replication and assembly of a bipolar mitotic
spindle. Conversely, extra centrosomes are common in
cancer and can be driven by polo-like kinase 4 over-
expression.”® Effective clustering of extra centrosomes
during interphase enables assembly of a bipolar mitotic
spindle and error-free segregation of a diploid chromosome
complement.”® Conversely, impaired clustering of extra
centrosomes during interphase can activate failsafe
processes that cluster extra centrosomes later in the cell
cycle, during metaphase.*® However, metaphase clustering
processes associate with substantive segregation error.*® At
the single-cell level, C-Class oncogenic processes associate
with aberrant mitotic figures and pleomorphic nuclear
configurations."”

Effects of ECM Perturbations at the Single-Cell Level

The ECM contains proteins, glycoproteins, proteoglycans,
and polysaccharides whose biochemical and biomechanical
properties influence cell behavior.”' By its biomechanical
characteristics, the ECM may influence cell migration.
Changes in ECM topography can modulate integrin
signaling and thus control cell differentiation, polarity, and
apoptosis.

Role of M-Class, C-Class, or ECM Perturbations in
Multicellular Phenotypes

To function as cancer models, cell-based cultures should
ideally recapitulate ultrastructural complexity, cytologic
features, and multicellular architecture of formalin-fixed,
paraffin-embedded tumor sections. Although disruption of
key morphogenic regulators may have subtle or inconspic-
uous effects in cell monolayers, 3D organotypic culture
studies can uncover gross spatiotemporal perturba-
tions, &1 1:30:49.87.88 Here, we consider links between M- or
C-class oncogenic drivers or ECM perturbations with
multicellular phenotypes evocative of CRC morphology as
described in the section below.

Cribriform Morphology

This cribriform morphology (CM) phenotype is character-
ized by a Swiss-cheese—like histologic appearance, in
which multiple abnormal lumens are surrounded by strati-
fied malignant epithelium. CM is regarded as a marker of
malignant transformation in human colorectal adenomatous
polyps.*” Suppression of apical polarity signaling that
involved PTEN, CDC42, or PRKCY induces mitotic spindle
misorientation.'”'" This event can change the axis of cell
division to generate stratified as opposed to columnar
epithelium™”” and also induce AM misalignment, leading to
multilumen formation.” Together these processes induced
multiple abnormal lumens surrounded by atypical stratified
epithelium typical of CM, in 3D colorectal culture
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models'*!! (Figure 4, A—C). Furthermore, transgenic mice
with PTEN-deficiency restricted to intestinal epithelium
develop tumors with CM.'° In human CRC subsets, CM
associates with PTEN and PRKCY readouts.'” In addition to
PTEN deficiency, perturbations of CDC42,° specific gua-
nine nucleotide exchange factors,”’” PRKCY{, PARDS,
PARD3,” G protein signaling modulator 2, and other
molecules”™ may influence spindle orientation to influence
multilumen formation®” or development of aberrant strati-
fied epithelium.””" This form of genetic ratcheting may help
explain how diverse molecular processes converge on
common signaling nodes to induce homogeneous morpho-
logic outcomes.

Micropapillary Morphology

This category of CRC morphology is characterized by
reversal of cell polarity with inside-out AM alignment. In
micropapillary CRC, tumor cell nests retain AM proteins at
the basolateral surface, secretory activity is directed outward
to the stroma, and the cohesive cancer cells are surrounded
by clear lacunar spaces.”’ These multicellular changes can
be induced in 3D cultures in vitro, by blockade of integrin
signaling.” Suppression of ECM:integrin-mediated trans-
cytosis of AM components to the AM initiation site enables
retention of apical secretory proteins at the ECM interface.’
These features of inverted polarity 3D culture are accom-
panied by enhanced invasive capacity” and are evocative of
the micropapillary CRC morphology subtype (Figure 4,
D—F). Interestingly, targets for novel therapy have been
identified, and Rho/Rho-associated coiled-coil containing
protein kinase knockdown inhibited the reverse membrane
polarity defect in the 3D model system.”

High-Grade Morphology

High-grade cancers are characterized by nuclear and cellular
pleomorphism, aberrant mitotic figures, loss of glandular
architecture,” and CIN.”" Recent studies in 3D organotypic
cultures may provide a unifying framework for these
disparate cancer phenotypes.'' Although many cancers are
characterized by centrosome amplification,” defective
anchoring of extra centrosomes to the cell cortex during the
interphase promotes development of multipolar mitotic
spindles. These phenomena promote CIN, nuclear pleo-
morphism, gross disruption of glandular morphology, and
cell outgrowth across the ECM interface, characteristic of
aggressive, high-grade CRC'' (Figure 4, G—I).

Biological Insights into Consensus Molecular
CRC Subtypes

Gene-expression profiling has implicated numerous molec-
ular aberrations implicated in CRC pathobiology” and has
defined four consensus prognostically relevant subtypes.'”
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Figure 4  Oncogenic perturbations and evolution of cancer-evocative morphology. Evolution of multicellular architecture consistent with cribriform (A—C),
micropapillary (D—F), and high-grade (G—I) cancer morphology. The causal morphogenic defect is highlighted by a blue oval or circle in each cartoon.
A: Misorientation of the mitotic spindle to lie parallel to the cell long axis (blue circle) induced inappropriate epithelial stratification (yellow cells) and
generation of ectopic apical membrane foci (red) that become expanded by secretion to form multiple lumens. In combination, these phenomena promote
development of back-to-back lumens bordered by atypical stratified epithelium. B: Cribriform morphology phenotype induced by mitotic spindle misorientation
in three-dimensional Caco-2 organotypic. Staining DAPI for DNA, protein kinase C ¢ (PKCZ) for apical membrane, and B-catenin for basolateral membranes.
These features were evocative of cribriform colorectal cancer (CRC) morphology. C: Staining hematoxylin and eosin. D: Schematic shows that blockade of
extracellular matrix (ECM):integrin receptor signaling (blue oval) impeded transcytosis, causing retention of apical membrane (AM) functional components at
the ECM-facing basolateral membrane. Inverted multicellular polarity enabled outward secretion. E: Inverted polarity and expression of the AM marker
podocalyxin (red), at the ECM-facing basolateral membrane in organotypic culture. The boxed area inset shows a high power view of podocalyxin accu-
mulation at the basolateral membrane (yellow arrowhead). F: These features were evocative of micropapillary CRC morphology, stained by MUC1 immuno-
histochemistry. The Mucl AM marker is localized on the ECM-facing exterior of cohesive cell nests, surrounded by clear lacunar spaces. In cancer cells,
supernumerary centrosomes were common. G: Impaired clustering of extra centrosomes (blue oval) drove multipolar mitotic spindle formation. In a pro-
portion of cells, these changes promoted multipolar division and pleomorphic progeny.*“ H: Representative changes in three-dimensional organotypic culture
of Caco-2 clones. Forced multipolar spindle formation (inset, shown at higher magnification) was accompanied by gross cellular and nuclear pleomorphism,
dispersed apical membrane foci (red), and loss of glandular architecture. Genomically unstable cells with multipolar spindles frequently extend across the
basement membrane:ECM interface. Staining DAPI for DNA; PKC{ for apical membrane, and a-tubulin for microtubules. These changes were evocative of high-
grade CRC morphology. I: Loss of glandular architecture, cellular and nuclear pleomorphism, and atypical mitotic figure (inset, shown at higher magnification)
at basement membrane:ECM interface in a high-grade CRC histological section. Staining hematoxylin and eosin. Scale bars: 20 um (B, E and H). Original
magnification: x10 (C and F); x20 (I). Reprinted from Deevi'® et al with permission from Oncotarget (B); from Bryant et al’ with permission from Elsevier (E);
and from Deevi et al'’ with permission from the Journal of Pathology (H).

Of these, the commonest (consensus molecular subtype 2;
canonical, 37%) is characterized by marked activation of
Wnt signaling, CIN, and advanced stage at clinical presen-
tation.'” Studies in model systems may provide insight into
the relevant biological characteristics. Specific APC trun-
cating mutations eliminate a B-catenin destruction complex,
thus promoting B-catenin accumulation and hyperactivation
of Wnt signaling.”” In addition to its transcriptional func-
tion, B-catenin has a pivotal role in centrosome dynamics’”
and chromosome segregation.”* Phosphorylation of B-cat-
enin at the centrosome’> promotes disengagement of mother
and daughter centrioles during interphase’® to enable
polo-like kinase 4—mediated centrosome replication.*"” B-
Catenin accumulation promotes extra centrosome
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formation.”” Although extra centrosomes can be clustered
by astral MT binding to cues within the cell cortex,”” APC
deficiency perturbs clustering, promotes centrosome
dispersal and multipolar mitotic spindle formation.*’ In turn,
these phenomena induce chromosomal segregation error
and CIN.'"*

Relevance to Organoid Studies
Isolation of cells within their complex 3D heterogeneous
in vivo environment can mimic the structure and function of

the tissue of origin.”®”” Xenografting of isolated intestinal
organoids uncovered links between multicellular assembly,
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patterning, and lineage commitment.”**”® Development of
long-term 3D cultures of tumor-derived organoids in
Matrigel'”’ represents a major advance, and organoid
biobanks have tremendous potential for translational cancer
research.'” Studies in more accessible 3D organotypic
cultures raised from cancer cell lines may delineate complex
molecular regulatory frameworks and may help refine
cancer modeling in organoid studies.'"**

Conclusions and Future Directions

Uncovering the spatiotemporal processes that promote
phenomics of cancer aggressiveness, including nuclear or
cellular pleomorphism, aberrant historic figures, and key
multicellular perturbations, is a central goal of pathology.
This review considers genetically encoded cell internal
rearrangements, cell movements, and spatial interactions
required for tissue homeostasis. Distinct oncogenic
processes and evolution of cellular and multicellular phe-
notypes that epitomize those of human tumors have been
assessed. Genetic ratcheting whereby disparate signaling
pathways converge on common nodes to cause the same
morphologic outcome have been reviewed. Conversely,
mitotic errors that promote genomic and morphologic
diversity have also been evaluated. Links to consensus gene
expression networks have been considered and mechanisms
that may aid future organoid studies were uncovered.
Principles outlined may aid development of analytical tools
for different tumor types that help translate the promise of
gene sequencing projects to improved cancer diagnosis,
stratification, and clinical outcomes.

Acknowledgments

We thank Adrian Knipe (Belfast Trust Department of
Medical Ilustration) for help with preparation of figures.

F.C.C. conceptualized and wrote the manuscript. J.M.,
R.K.D., AlJ., and L.R. contributed graphics for figures.
M.B.L. supervised histologic colorectal cancer phenotypes
and critically reviewed the manuscript.

Supplemental Data

Supplemental material for this article can be found at
https://doi.org/10.1016/].ajpath.2018.05.021.

References

1. Heng YJ, Lester SC, Tse GM, Factor RE, Allison KH, Collins LC,
Chen YY, Jensen KC, Johnson NB, Jeong JC, Punjabi R, Shin SJ,
Singh K, Krings G, Eberhard DA, Tan PH, Korski K, Waldman FM,
Gutman DA, Sanders M, Reis-Filho JS, Flanagan SR, Gendoo DM,
Chen GM, Haibe-Kains B, Ciriello G, Hoadley KA, Perou CM,
Beck AH: The molecular basis of breast cancer pathological pheno-
types. J Pathol 2017, 241:375—391

The American Journal of Pathology m ajp.amjpathol.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Ciriello G, Miller ML, Aksoy BA, Senbabaoglu Y, Schultz N,

Sander C: Emerging landscape of oncogenic signatures across human
cancers. Nat Genet 2013, 45:1127—1133

. Kholodenko BN, Hancock JF, Kolch W: Signalling ballet in space

and time. Nat Rev Mol Cell Biol 2010, 11:414—426

. Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E, Shen R,

Taylor AM, Cherniack AD, Thorsson V, Akbani R, Bowlby R,
Wong CK, Wiznerowicz M, Sanchez-Vega F, Robertson AG,
Schneider BG, Lawrence MS, Noushmehr H, Malta TM; Cancer
Genome Atlas Network, Stuart JM, Benz CC, Laird PW: Cell-of-
origin patterns dominate the molecular classification of 10,000 tumors
from 33 types of cancer. Cell 2018, 173:291—304.e6

. Lechler T, Fuchs E: Asymmetric cell divisions promote stratification

and differentiation of mammalian skin. Nature 2005, 437:275—280

. Jaffe AB, Kaji N, Durgan J, Hall A: Cdc42 controls spindle orien-

tation to position the apical surface during epithelial morphogenesis.
J Cell Biol 2008, 183:625—633

. Bryant DM, Mostov KE: From cells to organs: building polarized

tissue. Nat Rev Mol Cell Biol 2008, 9:887—901

. Magudia K, Lahoz A, Hall A: K-Ras and B-Raf oncogenes inhibit

colon epithelial polarity establishment through up-regulation of
c-myc. J Cell Biol 2012, 198:185—194

. Bryant DM, Roignot J, Datta A, Overeem AW, Kim M, Yu W,

Peng X, Eastburn DJ, Ewald AJ, Werb Z, Mostov KE: A molecular
switch for the orientation of epithelial cell polarization. Dev Cell
2014, 31:171-187

Deevi R, McClements J, McCloskey KD, Fatehullah A, Tkocz D,
Javadi A, Higginson R, Marsh Durban V, Jansen M, Clarke A,
Loughrey MB, Campbell FC: Vitamin D3 suppresses morphological
evolution of the cribriform cancerous phenotype. Oncotarget 2016, 7:
49042—49064

Deevi RK, Javadi A, McClements J, Vohhodina J, Savage K,
Loughrey MB, Evergren E, Campbell FC: Protein kinase C zeta
suppresses low- or high-grade colorectal cancer (CRC) phenotypes by
interphase centrosome anchoring. J Pathol 2018, 244:445—459
Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D,
Gronroos E, Martinez P, Matthews N, Stewart A, Tarpey P, Varela I,
Phillimore B, Begum S, McDonald NQ, Butler A, Jones D, Raine K,
Latimer C, Santos CR, Nohadani M, Eklund AC, Spencer-Dene B,
Clark G, Pickering L, Stamp G, Gore M, Szallasi Z, Downward J,
Futreal PA, Swanton C: Intratumor heterogeneity and branched
evolution revealed by multiregion sequencing. N Engl J Med 2012,
366:883—892

Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A,
Soneson C, et al: The consensus molecular subtypes of colorectal
cancer. Nat Med 2015, 21:1350—1356

van de Wetering M, Francies HE, Francis JM, Bounova G, Iorio F,
Pronk A, et al: Prospective derivation of a living organoid biobank of
colorectal cancer patients. Cell 2015, 161:933—945

Giesen C, Wang HA, Schapiro D, Zivanovic N, Jacobs A,
Hattendorf B, Schuffler PJ, Grolimund D, Buhmann JM, Brandt S,
Varga Z, Wild PJ, Gunther D, Bodenmiller B: Highly multiplexed
imaging of tumor tissues with subcellular resolution by mass
cytometry. Nat Methods 2014, 11:417—422

Thunnissen FB, Ambergen AW, Koss M, Travis WD, O’Leary TJ,
Ellis 10: Mitotic counting in surgical pathology: sampling bias,
heterogeneity and statistical uncertainty. Histopathology 2001, 39:
1-8

Resch A, Harbaum L, Pollheimer MJ, Kornprat P, Lindtner RA,
Langner C: Inclusion of cytological features in tumor grading im-
proves prognostic stratification of patients with colorectal cancer. Int J
Colorectal Dis 2016, 31:535—541

Stenzinger A, Wittschieber D, von Winterfeld M, Goeppert B,
Kamphues C, Weichert W, Dietel M, Rabien A, Klauschen F: High
extracellular matrix metalloproteinase inducer/CD147 expression is
strongly and independently associated with poor prognosis in colo-
rectal cancer. Hum Pathol 2012, 43:1471—1481

1945


https://doi.org/10.1016/j.ajpath.2018.05.021
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref1
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref1
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref1
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref1
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref1
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref1
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref1
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref1
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref2
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref2
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref2
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref2
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref3
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref3
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref3
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref4
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref4
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref4
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref4
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref4
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref4
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref4
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref4
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref5
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref5
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref5
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref6
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref6
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref6
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref6
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref7
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref7
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref7
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref8
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref8
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref8
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref8
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref9
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref9
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref9
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref9
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref9
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref10
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref10
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref10
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref10
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref10
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref10
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref11
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref11
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref11
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref11
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref11
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref12
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref12
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref12
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref12
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref12
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref12
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref12
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref12
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref12
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref13
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref13
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref13
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref13
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref14
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref14
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref14
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref14
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref15
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref15
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref15
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref15
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref15
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref15
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref16
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref16
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref16
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref16
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref16
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref17
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref17
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref17
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref17
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref17
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref18
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref18
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref18
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref18
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref18
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref18
http://ajp.amjpathol.org

Campbell et al

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Prall F, Ostwald C: High-degree tumor budding and podia-formation
in sporadic colorectal carcinomas with K-ras gene mutations. Hum
Pathol 2007, 38:1696—1702

Compton CC: Colorectal carcinoma: diagnostic, prognostic, and
molecular features. Mod Pathol 2003, 16:376—388

Cserni G: Reversed polarity of the glandular epithelial cells in
micropapillary carcinoma of the large intestine and the EMA/MUCI1
immunostain. Pathology 2014, 46:527—532

Jass JR: Classification of colorectal cancer based on correlation of
clinical, morphological and molecular features. Histopathology 2007,
50:113—130

Ueno H, Kajiwara Y, Shimazaki H, Shinto E, Hashiguchi Y,
Nakanishi K, Maekawa K, Katsurada Y, Nakamura T, Mochizuki H,
Yamamoto J, Hase K: New criteria for histologic grading of colo-
rectal cancer. Am J Surg Pathol 2012, 36:193—201

Hugen N, van de Velde CJ, de Wilt JH, Nagtegaal ID: Metastatic
pattern in colorectal cancer is strongly influenced by histological
subtype. Ann Oncol 2014, 25:651—657

Potten CS, Loeffler M: Stem cells: attributes, cycles, spirals, pitfalls
and uncertainties. Lessons for and from the crypt. Development 1990,
110:1001—1020

Campbell HK, Maiers JL, DeMali KA: Interplay between tight
junctions & adherens junctions. Exp Cell Res 2017, 358:39—44
Sattar A, Robson SC, Patel HR, Angus B, Campbell FC: Expression
of growth regulatory genes in a SCID mouse-human model of in-
testinal epithelial regeneration. J Pathol 1999, 187:229—236

Wang YC, Khan Z, Kaschube M, Wieschaus EF: Differential posi-
tioning of adherens junctions is associated with initiation of epithelial
folding. Nature 2012, 484:390—393

Morais-de-Sa E, Mirouse V, St Johnston D: aPKC phosphorylation of
Bazooka defines the apical/lateral border in Drosophila epithelial
cells. Cell 2010, 141:509—523

Martin-Belmonte F, Gassama A, Datta A, Yu W, Rescher U,
Gerke V, Mostov K: PTEN-mediated apical segregation of phos-
phoinositides controls epithelial morphogenesis through Cdc42. Cell
2007, 128:383—397

Jagan I, Fatehullah A, Deevi RK, Bingham V, Campbell FC: Rescue
of glandular dysmorphogenesis in PTEN-deficient colorectal cancer
epithelium by PPARgamma-targeted therapy. Oncogene 2013, 32:
1305—1315

Jagan IC, Deevi RK, Fatehullah A, Topley R, Eves J, Stevenson M,
Loughrey M, Arthur K, Campbell FC: PTEN phosphatase-
independent maintenance of glandular morphology in a predictive
colorectal cancer model system. Neoplasia 2013, 15:1218—1230
Zernicka-Goetz M: Patterning of the embryo: the first spatial de-
cisions in the life of a mouse. Development 2002, 129:815—829
Motegi F, Seydoux G: The PAR network: redundancy and robustness
in a symmetry-breaking system. Philos Trans R Soc Lond B Biol Sci
2013, 368:20130010

Nance J, Zallen JA: Elaborating polarity: PAR proteins and the
cytoskeleton. Development 2011, 138:799—809

Spira F, Cuylen-Haering S, Mehta S, Samwer M, Reversat A,
Verma A, Oldenbourg R, Sixt M, Gerlich DW: Cytokinesis in
vertebrate cells initiates by contraction of an equatorial actomyosin
network composed of randomly oriented filaments. Elife 2017, 6:
e30867

Glotzer M: The 3Ms of central spindle assembly: microtubules,
motors and MAPs. Nat Rev Mol Cell Biol 2009, 10:9—20

Bananis E, Nath S, Gordon K, Satir P, Stockert RJ, Murray JW,
Wolkoff AW: Microtubule-dependent movement of late endocytic
vesicles in vitro: requirements for Dynein and Kinesin. Mol Biol Cell
2004, 15:3688—3697

Munjal A, Lecuit T: Actomyosin networks and tissue morphogenesis.
Development 2014, 141:1789—1793

Gotta M, Abraham MC, Ahringer J: CDC-42 controls early cell po-
larity and spindle orientation in C. elegans. Curr Biol 2001, 11:
482—488

1946

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kay AJ, Hunter CP: CDC-42 regulates PAR protein localization and
function to control cellular and embryonic polarity in C. elegans. Curr
Biol 2001, 11:474—481

Karsenti E: Self-organization in cell biology: a brief history. Nat Rev
Mol Cell Biol 2008, 9:255—262

Harandi OF, Ambros VR: Control of stem cell self-renewal and
differentiation by the heterochronic genes and the cellular asymmetry
machinery in Caenorhabditis elegans. Proc Natl Acad Sci U S A
2015, 112:E287—E296

Wu JC, Rose LS: PAR-3 and PAR-1 inhibit LET-99 localization to
generate a cortical band important for spindle positioning in Caeno-
rhabditis elegans embryos. Mol Biol Cell 2007, 18:4470—4482

St Johnston D, Sanson B: Epithelial polarity and morphogenesis. Curr
Opin Cell Biol 2011, 23:540—546

Rosenblatt J, Cramer LP, Baum B, McGee KM: Myosin II-
dependent cortical movement is required for centrosome separa-
tion and positioning during mitotic spindle assembly. Cell 2004,
117:361-372

Hebert AM, DuBoff B, Casaletto JB, Gladden AB, McClatchey Al:
Merlin/ERM proteins establish cortical asymmetry and centrosome
position. Genes Dev 2012, 26:2709—2723

Ganem NJ, Godinho SA, Pellman D: A mechanism linking extra
centrosomes to chromosomal instability. Nature 2009, 460:278—282
Durgan J, Kaji N, Jin D, Hall A: Par6B and atypical PKC regulate
mitotic spindle orientation during epithelial morphogenesis. J Biol
Chem 2011, 286:12461—12474

Williams SE, Ratliff LA, Postiglione MP, Knoblich JA, Fuchs E:
Par3-mInsc and Galphai3 cooperate to promote oriented epidermal
cell divisions through LGN. Nat Cell Biol 2014, 16:758—769
Gonczy P: Mechanisms of asymmetric cell division: flies and worms
pave the way. Nat Rev Mol Cell Biol 2008, 9:355—366

Harris TJ, Tepass U: Adherens junctions: from molecules to
morphogenesis. Nat Rev Mol Cell Biol 2010, 11:502—514
Elbediwy A, Zihni C, Terry SJ, Clark P, Matter K, Balda MS:
Epithelial junction formation requires confinement of Cdc42 activity
by a novel SH3BP1 complex. J Cell Biol 2012, 198:677—693

Patel HR, Tait IS, Evans GS, Campbell FC: Influence of cell in-
teractions in a novel model of postnatal mucosal regeneration. Gut
1996, 38:679—686

Schluter MA, Pfarr CS, Pieczynski J, Whiteman EL, Hurd TW,
Fan S, Liu CJ, Margolis B: Trafficking of Crumbs3 during cytoki-
nesis is crucial for lumen formation. Mol Biol Cell 2009, 20:
4652—4663

Tepass U: The apical polarity protein network in Drosophila epithelial
cells: regulation of polarity, junctions, morphogenesis, cell growth,
and survival. Annu Rev Cell Dev Biol 2012, 28:655—685
Salazar-Ciudad I, Jernvall J, Newman SA: Mechanisms of pattern
formation in development and evolution. Development 2003, 130:
2027-2037

Slorach EM, Campbell FC, Dorin JR: A mouse model of intestinal
stem cell function and regeneration. J Cell Sci 1999, 112 Pt 18:
3029—-3038

Tan CW, Hirokawa Y, Gardiner BS, Smith DW, Burgess AW: Colon
cryptogenesis: asymmetric budding. PLoS One 2013, 8:¢78519
Vincent JP, Fletcher AG, Baena-Lopez LA: Mechanisms and me-
chanics of cell competition in epithelia. Nat Rev Mol Cell Biol 2013,
14:581-591

Eisenhoffer GT, Loftus PD, Yoshigi M, Otsuna H, Chien CB,
Morcos PA, Rosenblatt J: Crowding induces live cell extrusion to
maintain homeostatic cell numbers in epithelia. Nature 2012, 484:
546—549

Tada M, Heisenberg CP: Convergent extension: using collective cell
migration and cell intercalation to shape embryos. Development
2012, 139:3897—3904

Sripathy S, Lee M, Vasioukhin V: Mammalian LIgI2 is necessary for
proper branching morphogenesis during placental development. Mol
Cell Biol 2011, 31:2920—2933

ajp.amjpathol.org m The American Journal of Pathology


http://refhub.elsevier.com/S0002-9440(18)30155-X/sref19
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref19
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref19
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref19
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref20
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref20
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref20
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref21
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref21
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref21
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref21
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref22
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref22
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref22
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref22
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref23
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref23
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref23
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref23
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref23
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref24
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref24
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref24
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref24
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref25
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref25
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref25
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref25
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref26
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref26
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref26
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref27
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref27
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref27
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref27
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref28
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref28
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref28
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref28
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref29
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref29
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref29
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref29
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref30
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref30
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref30
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref30
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref30
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref31
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref31
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref31
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref31
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref31
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref32
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref32
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref32
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref32
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref32
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref33
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref33
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref33
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref34
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref34
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref34
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref35
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref35
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref35
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref36
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref36
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref36
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref36
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref36
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref37
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref37
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref37
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref38
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref38
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref38
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref38
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref38
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref39
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref39
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref39
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref40
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref40
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref40
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref40
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref41
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref41
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref41
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref41
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref42
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref42
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref42
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref43
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref43
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref43
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref43
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref43
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref44
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref44
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref44
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref44
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref45
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref45
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref45
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref46
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref46
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref46
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref46
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref46
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref47
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref47
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref47
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref47
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref48
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref48
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref48
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref49
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref49
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref49
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref49
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref50
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref50
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref50
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref50
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref51
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref51
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref51
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref52
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref52
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref52
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref53
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref53
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref53
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref53
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref54
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref54
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref54
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref54
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref55
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref55
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref55
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref55
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref55
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref56
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref56
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref56
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref56
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref57
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref57
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref57
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref57
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref58
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref58
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref58
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref58
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref59
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref59
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref60
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref60
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref60
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref60
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref61
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref61
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref61
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref61
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref61
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref62
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref62
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref62
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref62
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref63
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref63
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref63
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref63
http://ajp.amjpathol.org

A Molecular Basis for Cancer Phenomics

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

Campbell FC, Tait IS, Flint N, Evans GS: Transplantation of cultured
small bowel enterocytes. Gut 1993, 34:1153—1155

Cheng H, Leblond CP: Origin, differentiation and renewal of the four
main epithelial cell types in the mouse small intestine. V. Unitarian
Theory of the origin of the four epithelial cell types. Am J Anat 1974,
141:537-561

de Lau W, Barker N, Low TY, Koo BK, Li VS, Teunissen H,
Kujala P, Haegebarth A, Peters PJ, van de Wetering M, Stange DE,
van Es JE, Guardavaccaro D, Schasfoort RB, Mohri Y, Nishimori K,
Mohammed S, Heck AJ, Clevers H: Lgr5 homologues associate with
Wht receptors and mediate R-spondin signalling. Nature 2011, 476:
293-297

Yan KS, Janda CY, Chang J, Zheng GXY, Larkin KA, Luca VC,
Chia LA, Mah AT, Han A, Terry JM, Ootani A, Roelf K, Lee M,
Yuan J, Li X, Bolen CR, Wilhelmy J, Davies PS, Ueno H, von
Furstenberg RJ, Belgrader P, Ziraldo SB, Ordonez H, Henning SJ,
Wong MH, Snyder MP, Weissman IL, Hsueh AJ, Mikkelsen TS,
Garcia KC, Kuo CJ: Non-equivalence of Wnt and R-spondin ligands
during Lgr5(+) intestinal stem-cell self-renewal. Nature 2017, 545:
238—242

Snippert HJ, van der Flier LG, Sato T, van Es JH, van den Born M,
Kroon-Veenboer C, Barker N, Klein AM, van Rheenen J,
Simons BD, Clevers H: Intestinal crypt homeostasis results from
neutral competition between symmetrically dividing Lgr5 stem cells.
Cell 2010, 143:134—144

Yu W, Shewan AM, Brakeman P, Eastburn DJ, Datta A, Bryant DM,
Fan QW, Weiss WA, Zegers MM, Mostov KE: Involvement of
RhoA, ROCK I and myosin II in inverted orientation of epithelial
polarity. EMBO Rep 2008, 9:923—929

Gudjonsson T, Ronnov-Jessen L, Villadsen R, Bissell MIJ,
Petersen OW: To create the correct microenvironment: three-
dimensional heterotypic collagen assays for human breast
epithelial morphogenesis and neoplasia. Methods 2003, 30:
247-255

Lu P, Weaver VM, Werb Z: The extracellular matrix: a
dynamic niche in cancer progression. J Cell Biol 2012, 196:
395—406

Hynes SO, Coleman HG, Kelly PJ, Irwin S, O’Neill RF, Gray RT,
McGready C, Dunne PD, McQuaid S, James JA, Salto-Tellez M,
Loughrey MB: Back to the future: routine morphological assessment
of the tumour microenvironment is prognostic in stage II/III colon
cancer in a large population-based study. Histopathology 2017, 71:
1226

Isella C, Terrasi A, Bellomo SE, Petti C, Galatola G, Muratore A,
Mellano A, Senetta R, Cassenti A, Sonetto C, Inghirami G,
Trusolino L, Fekete Z, De Ridder M, Cassoni P, Storme G,
Bertotti A, Medico E: Stromal contribution to the colorectal cancer
transcriptome. Nat Genet 2015, 47:312—319

Calon A, Lonardo E, Berenguer-Llergo A, Espinet E, Hernando-
Momblona X, Iglesias M, Sevillano M, Palomo-Ponce S,
Tauriello DV, Byrom D, Cortina C, Morral C, Barcelo C, Tosi S,
Riera A, Attolini CS, Rossell D, Sancho E, Batlle E: Stromal gene
expression defines poor-prognosis subtypes in colorectal cancer. Nat
Genet 2015, 47:320—329

Kinzler KW, Vogelstein B: Lessons from hereditary colorectal can-
cer. Cell 1996, 87:159—170

Naguib A, Cooke JC, Happerfield L, Kerr L, Gay LJ, Luben RN,
Ball RY, Mitrou PN, McTaggart A, Arends MJ: Alterations in PTEN
and PIK3CA in colorectal cancers in the EPIC Norfolk study: asso-
ciations with clinicopathological and dietary factors. BMC Cancer
2011, 11:123

Sparks AB, Morin PJ, Vogelstein B, Kinzler KW: Mutational analysis
of the APC/beta-catenin/Tcf pathway in colorectal cancer. Cancer Res
1998, 58:1130—1134

Etienne-Manneville S, Hall A: Cdc42 regulates GSK-3beta and
adenomatous polyposis coli to control cell polarity. Nature 2003, 421:
753—756

The American Journal of Pathology m ajp.amjpathol.org

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Fleming ES, Temchin M, Wu Q, Maggio-Price L, Tirnauer JS:
Spindle misorientation in tumors from APC(min/+) mice. Mol Car-
cinog 2009, 48:592—598

Tamura M, Gu J, Matsumoto K, Aota S, Parsons R, Yamada KM:
Inhibition of cell migration, spreading, and focal adhesions by tumor
suppressor PTEN. Science 1998, 280:1614—1617

Feng Y, Bommer GT, Zhao J, Green M, Sands E, Zhai Y, Brown K,
Burberry A, Cho KR, Fearon ER: Mutant KRAS promotes hyper-
plasia and alters differentiation in the colon epithelium but does not
expand the presumptive stem cell pool. Gastroenterology 2011, 141.
1003-1013.e1-10

Walther A, Johnstone E, Swanton C, Midgley R, Tomlinson I,
Kerr D: Genetic prognostic and predictive markers in colorectal
cancer. Nat Rev Cancer 2009, 9:489—499

Neel NF, Rossman KL, Martin TD, Hayes TK, Yeh JJ, Der CJ: The
RalB small GTPase mediates formation of invadopodia through
a  GTPase-activating  protein-independent  function of the
RalBP1/RLIP76 effector. Mol Cell Biol 2012, 32:1374—1386
Wyckoff JB, Jones JG, Condeelis JS, Segall JE: A critical step in
metastasis: in vivo analysis of intravasation at the primary tumor.
Cancer Res 2000, 60:2504—2511

Nowak MA, Komarova NL, Sengupta A, Jallepalli PV, Shih IeM,
Vogelstein B, Lengauer C: The role of chromosomal instability in
tumor initiation. Proc Natl Acad Sci U S A 2002, 99:
16226—16231

Kleylein-Sohn J, Westendorf J, Le Clech M, Habedanck R,
Stierhof YD, Nigg EA: Plk4-induced centriole biogenesis in human
cells. Dev Cell 2007, 13:190—202

Qin Y, Meisen WH, Hao Y, Macara IG: Tuba, a Cdc42 GEF, is
required for polarized spindle orientation during epithelial cyst for-
mation. J Cell Biol 2010, 189:661—669

Javadi A, Deevi RK, Evergren E, Blondel-Tepaz E, Baillie GS,
Scott MG, Campbell FC: PTEN controls glandular morphogenesis
through a juxtamembrane beta-Arrestinl/ ARHGAP21 scaffolding
complex. Elife 2017, 6:¢24578

Brown IS, Bettington ML, Bettington A, Miller G, Rosty C: Adverse
histological features in malignant colorectal polyps: a contemporary
series of 239 cases. J Clin Pathol 2016, 69:292—299

Huebner RJ, Lechler T, Ewald AJ: Developmental stratification of the
mammary epithelium occurs through symmetry-breaking vertical di-
visions of apically positioned luminal cells. Development 2014, 141:
1085—1094

Furlan D, Carnevali IW, Bernasconi B, Sahnane N, Milani K,
Cerutti R, Bertolini V, Chiaravalli AM, Bertoni F, Kwee I,
Pastorino R, Carlo C: Hierarchical clustering analysis of pathologic
and molecular data identifies prognostically and biologically
distinct groups of colorectal carcinomas. Mod Pathol 2011, 24:
126—137

Novellasdemunt L, Foglizzo V, Cuadrado L, Antas P, Kucharska A,
Encheva V, Snijders AP, Li VSW: USP7 is a tumor-specific WNT
activator for APC-mutated colorectal cancer by mediating beta-
catenin deubiquitination. Cell Rep 2017, 21:612—627

Bahmanyar S, Guiney EL, Hatch EM, Nelson WJ, Barth AIL: For-
mation of extra centrosomal structures is dependent on beta-catenin. J
Cell Sci 2010, 123:3125—-3135

Hadjihannas MV, Bruckner M, Jerchow B, Birchmeier W,
Dietmaier W, Behrens J: Aberrant Wnt/beta-catenin signaling can
induce chromosomal instability in colon cancer. Proc Natl Acad Sci
U S A 2006, 103:10747—10752

Mbom BC, Siemers KA, Ostrowski MA, Nelson WJ, Barth AI: Nek2
phosphorylates and stabilizes beta-catenin at mitotic centrosomes
downstream of Plk1. Mol Biol Cell 2014, 25:977—991

Faragher AJ, Fry AM: Nek2A kinase stimulates centrosome
disjunction and is required for formation of bipolar mitotic spindles.
Mol Biol Cell 2003, 14:2876—2889

Fu J, Hagan IM, Glover DM: The centrosome and its duplication
cycle. Cold Spring Harb Perspect Biol 2015, 7:a015800

1947


http://refhub.elsevier.com/S0002-9440(18)30155-X/sref64
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref64
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref64
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref65
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref65
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref65
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref65
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref65
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref66
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref66
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref66
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref66
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref66
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref66
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref66
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref67
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref67
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref67
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref67
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref67
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref67
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref67
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref67
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref67
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref67
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref68
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref68
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref68
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref68
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref68
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref68
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref69
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref69
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref69
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref69
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref69
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref70
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref70
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref70
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref70
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref70
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref70
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref71
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref71
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref71
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref71
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref72
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref72
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref72
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref72
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref72
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref72
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref72
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref73
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref73
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref73
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref73
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref73
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref73
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref74
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref74
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref74
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref74
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref74
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref74
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref74
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref75
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref75
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref75
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref76
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref76
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref76
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref76
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref76
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref77
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref77
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref77
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref77
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref78
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref78
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref78
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref78
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref79
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref79
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref79
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref79
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref79
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref80
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref80
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref80
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref80
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref81
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref81
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref81
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref81
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref81
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref82
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref82
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref82
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref82
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref83
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref83
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref83
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref83
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref83
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref84
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref84
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref84
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref84
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref85
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref85
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref85
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref85
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref85
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref86
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref86
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref86
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref86
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref87
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref87
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref87
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref87
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref88
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref88
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref88
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref88
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref89
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref89
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref89
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref89
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref90
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref90
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref90
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref90
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref90
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref91
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref91
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref91
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref91
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref91
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref91
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref91
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref92
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref92
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref92
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref92
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref92
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref93
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref93
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref93
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref93
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref94
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref94
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref94
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref94
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref94
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref95
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref95
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref95
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref95
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref96
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref96
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref96
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref96
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref97
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref97
http://ajp.amjpathol.org

Campbell et al

98. Tait IS, Flint N, Campbell FC, Evans GS: Generation of neomucosa 100. Sato T, Stange DE, Ferrante M, Vries RG, Van Es JH,
in vivo by transplantation of dissociated rat postnatal small intestinal Van den Brink S, Van Houdt WJ, Pronk A, Van Gorp J,
epithelium. Differentiation 1994, 56:91—100 Siersema  PD, Clevers H: Long-term expansion of

99. Tait IS, Evans GS, Kedinger M, Flint N, Potten CS, Campbell FC: epithelial organoids from human colon, adenoma, adenocarci-
Progressive morphogenesis in vivo after transplantation of cultured noma, and Barrett’s epithelium. Gastroenterology 2011, 141:
small bowel epithelium. Cell Transplant 1994, 3:33—40 1762—1772

1948 ajp.amjpathol.org m The American Journal of Pathology


http://refhub.elsevier.com/S0002-9440(18)30155-X/sref98
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref98
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref98
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref98
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref99
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref99
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref99
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref99
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref100
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref100
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref100
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref100
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref100
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref100
http://refhub.elsevier.com/S0002-9440(18)30155-X/sref100
http://ajp.amjpathol.org

	Mechanistic Insights into Colorectal Cancer Phenomics from Fundamental and Organotypic Model Studies
	The Colorectal Cancer Phenome
	Lessons from Tissue Homeostasis
	To Begin at the Beginning–Spatial Organization of the First Cell
	Foundations of Tissue-Specific Architecture
	Internal Cell Reorganization
	Assembly and Orientation of the Mitotic Spindle
	Genome Segregation
	Segregation of Cell Fate Determinants
	Assembly of Specialized Cell Membrane Domains
	Formation of Cell–Cell Junctions
	Apicobasal Polarization
	Multicellular Patterning
	Basic Multicellular Patterns
	Pattern Refinement
	Single and Collective Cell Migration
	Cell Extrusion
	Cell Intercalation
	Folding of Epithelial Structures
	Branching Morphogenesis
	Establishment of a Stem Cell Hierarchy
	Stromal Influences on Epithelial Morphogenesis
	Multiscale Integration of Tissue Homeostasis

	Oncogenic Perturbation of Tissue Homeostasis
	Effects of M-Class Oncogenic Processes at the Single-Cell Level
	Effects of C-Class Oncogenic Processes at the Single-Cell Level
	Effects of ECM Perturbations at the Single-Cell Level
	Role of M-Class, C-Class, or ECM Perturbations in Multicellular Phenotypes
	Cribriform Morphology
	Micropapillary Morphology
	High-Grade Morphology

	Biological Insights into Consensus Molecular CRC Subtypes
	Relevance to Organoid Studies
	Conclusions and Future Directions
	Acknowledgments
	Supplemental Data
	References


