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Abstract

During malignant transformation the cells of origin give rise to cancer stem cells which possess

the capacity to undergo limitless rounds of self-renewing division, regenerating themselves while

producing more tumor cells. Within normal tissues, a limitless self-renewal capacity is unique to

the stem cells, which divide asymmetrically to produce more restricted progenitors. Accumulating

evidence suggests that misregulation of the self-renewal machinery in stem cell progeny can lead

to tumorigenesis, but how it influences the properties of the resulting tumors remains unclear.

Studies of the type II neural stem cell (neuroblast) lineages in the Drosophila larval brain have

identified a regulatory cascade that promotes commitment to a progenitor cell identity by

restricting their response to the self-renewal machinery. Brain tumor (Brat) and Numb initiate this

cascade by asymmetrically extinguishing the activity of the self-renewal factors. Subsequently,

Earmuff (Erm) and the SWI/SNF complex stably restrict the competence of the progenitor cell to

respond to reactivation of self-renewal mechanisms. Together, this cascade programs the

progenitor cell to undergo limited rounds of division, generating exclusive differentiated progeny.

Here we review how defects in this cascade lead to tumor initiation and how inhibiting the self-

renewal mechanisms may be an effective strategy to block CSC expansion.
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Introduction

Investigation of the mechanisms by which cancers are formed and regulated may aid in the

development of more effective cancer therapies [1, 2]. Accumulating evidence suggests that

aberrant activity of stem cell self-renewal pathways can transform progenitor cells into

tumor initiating cells [3-11]. In addition, aberrant activity of stem cell self-renewal pathways

has also been implicated in the regulation of the cancer stem cell (CSC) types that support

long term tumor growth [12-18]. These CSCs are defined by their capacity to self-renew

while producing a hierarchical lineage of cells that either differentiate and become non-

tumorigenic or form more CSCs to expand the tumor [8, Magee, 2012 #277]. How different

oncogenic lesions coerce non-stem cell types into aberrantly responding to the self-renewal

machinery and initiating tumor formation, and how this contributes to the regulation of the

resulting CSCs remains unclear.

The type II neuroblast lineage in the Drosophila larval brain serves as an exceptional in vivo

model to study the regulation of progenitor cells during normal development and

tumorigenesis [19-21]. A type II neuroblast undergoes repeated rounds of asymmetric

division to self-renew and to produce uncommitted (immature) intermediate neural

progenitors (INPs) that are transiently arrested in the cell cycle progression (Figure 1A).

[22-24]. Following division, the expression of the self-renewal factors remains on in the type

II neuroblast but is asymmetrically extinguished in the immature INP [25-27]. The immature

INP then undergoes a series of maturation steps to commit to the functional identity of an

INP [26, 28, 29]. Subsequently, INPs reactivate expression of neuroblast self-renewal

factors, but their response is severely restricted, ensuring INPs only undergo five-to-six

rounds of asymmetric division to exclusively generate ganglion mother cells (GMC) and

differentiated cells [30] (Figure 1A). A series of recent studies have demonstrated that

defects in restricting the responses to self-renewal factors in immature INPs or INPs allows

them to aberrantly reacquire a neuroblast like identity [25, 26, 29, 31-34]. This leads to the

formation of massive numbers of supernumerary neuroblasts that act as CSCs, forming

metastatic tumors that can be serially propagated upon transplantation into adult hosts [32,

35]. In this review, we will discuss how different mutations lead to aberrant responses to the

self-renewal factors, resulting in different cells types acting as the cell of origin and

producing CSCs with distinct properties. In addition, we will discuss how by modifying the

aberrant responses to self-renewal factors, it may be possible to specifically interfere with

the inter-conversion of progenitors to a less restricted stem cell type, thereby preventing

tumor growth.

Aberrant reversion of uncommitted progenitor cells induced by self-renewal factors leads
to the formation of tumor-initiating cells

Studies from several groups have collectively established a network of factors that plays

critical roles in promoting the self-renewal of type II neuroblasts (Figure 1A) [26, 27, 32,

36]. Consistent with aberrant responses to self-renewal factors promoting tumor formation,

over-expression of components of this self-renewal network triggers formation of massive

numbers of supernumerary neuroblasts that are tumorigenic [32]. A highly conserved

component of the type II neuroblast self-renewal network is Notch, which encodes a
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transmembrane protein [37, 38]. Upon proteolytic activation, the Notch intra-cellular

domain (NICD) translocates to the nucleus where it complexes with the DNA binding

protein Suppressor of Hairless (Su(H)) to activate target gene expression. Notch is

indispensable for the maintenance of type II neuroblasts, and over-expression of the NICD

in type II neuroblast lineages leads to supernumerary neuroblast formation [26, 39]. Thus,

Notch is both necessary and sufficient to promote type II neuroblast self-renewal. Notch

promotes the self-renewal of type II neuroblasts in part by directly regulating the expression

of Enhancer of split mγ(E(spl)mγ), which encodes a basic helix-loop-helix-Orange

transcription factor [27] (Figure 1A). Removing Notch function abrogates the expression of

the E(spl)mγ-gfp reporter transgene in all neuroblasts, and loss of the E(spl) locus renders

over-expression of the NICD unable to induce supernumerary type II neuroblast formation.

Although over-expression of E(spl)mγ in type II neuroblast lineages induces supernumerary

neuroblast formation, loss of the E(spl) locus does not affect the maintenance of type II

neuroblasts [27, 32]. Thus, E(spl)mγ is only sufficient to promote neuroblast self-renewal,

suggesting that additional parallel mechanisms must exist. Similar to E(spl)mγ, over-

expression of deadpan (dpn), which also encodes a basic helix-loop-helix-Orange

transcription factor, in type II neuroblast lineages also induces supernumerary neuroblast

formation, but loss of dpn function does not affect the maintenance of type II neuroblasts

[32, 36, 40]. Most importantly, type II neuroblasts lacking both dpn and the E(spl) loci

rapidly undergo premature differentiation, indicating that Dpn and E(spl)mγ function

cooperatively to maintain the self-renewal of type II neuroblasts [27] (Figure 1A). Despite

containing many functional Su(H) binding sites in the regulatory region, the expression of

Dpn does not require Notch function, and dpn is dispensable for supernumerary neuroblast

formation induced by over-expression of NICD [27]. Therefore, Dpn functions in parallel

with E(spl)mγ to regulate the self-renewal of type II neuroblasts possibly by integrating

multiple upstream signaling inputs including Notch (Figure 1A).

Klumpfuss (Klu) is another core component of the type II neuroblast self-renewal network

(Figure 1A). While type II neuroblasts in klu mutant larval brains undergo premature

differentiation, over-expression of klu induces supernumerary neuroblast formation [26, 32].

Thus, Klu is also necessary and sufficient for the self-renewal of type II neuroblasts. In

addition, removal of klu function completely compromises the ability of overexpression of

the NICD to induce supernumerary neuroblast formation, and over-expression of klu

suppresses premature differentiation of type II neuroblasts mutant for Notch function [26].

Thus, klu likely functions downstream of Notch in promoting the self-renewal of type II

neuroblasts (Figure 1A).

How does increased function of the self-renewal factors in type II neuroblast lineages cause

tumorigenesis? One possibility might be that increased function of the self-renewal factors

induces symmetric divisions of type II neuroblasts, and that tumor-initiating cells arise from

type II neuroblasts that self-renew excessively. However, type II neuroblasts over-

expressing NICD or klu reproducibly undergo asymmetric cell divisions to self-renew and to

generate immature INPs [26, 32]. Thus, it is unlikely that tumor-initiating cells arise from

type II neuroblasts that excessively self-renew. Alternatively, tumor-initiating cells might

arise from the reversion of newly born Ase− immature INPs, which also aberrantly express
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self-renewal factors following asymmetric cell division. Consistent with this hypothesis,

mis-expression of the NICD, klu, dpn, or E(spl)mγ in Ase− immature INPs leads to the

formation of supernumerary neuroblasts [26, 34]. Thus, aberrantly reverting Ase− immature

INPs serve as the cells of origin in the fly brain tumor models induced by over-expression of

self-renewal factors (Figure 1A).

Brat and Numb prevent the formation of tumor-initiating cells by extinguishing the
function of type II neuroblast self-renewal factors

Since Ase− immature INPs remain extremely competent to respond to the self-renewal

factors, extinguishing aberrant responses to the self-renewal machinery in these cells plays a

key role in suppressing tumor initiation (Figure 1A) [26, 34]. Brat and Numb, which

uniquely segregate into the newly born Ase− immature INP following asymmetric division

of a type II neuroblast [24, 25, 41, 42] (Figure 1B), are excellent candidate proteins to

extinguish aberrant responses to the neuroblast self-renewal factors in immature INPs.

Several recent studies have collectively indicated that Brat and Numb function to prevent

tumorigenesis by preventing Ase− immature INPs from reverting into supernumerary

neuroblasts [26, 29]. Consistently, transplantation of brat mutant brains or brains bearing

numb mutant clones into adult hosts gives rise to metastatic tumors that can be serially

propagated [35].

A brat mutant type II neuroblast always divides asymmetrically to self-renew and to

generate a newly born Ase− immature INP [24, 26]. However, a newly born Ase− immature

INP lacking brat function does not progress through stereotypical maturation steps to

commit to an INP functional identity, but instead, rapidly reverts back into a supernumerary

neuroblast. Thus, similar to overexpression of self-renewal factors, Ase− immature INPs are

the cell of origin in brat mutant tumors (Figure 1A). Accumulating evidence suggests that

Brat prevents newly born Ase− immature INPs from reverting into supernumerary

neuroblasts in part by extinguishing the activity of core components of the type II neuroblast

self-renewal network (Figure 1B). Consistent with this model, Dpn is aberrantly expressed

in brat mutant immature INPs, and removing the function of klu or dpn completely

suppresses supernumerary neuroblast formation in the brat mutant genetic backgrounds [26,

34]. Thus, Brat prevents newly born Ase− immature INPs from reverting into supernumerary

neuroblasts by preventing the aberrant expression of Klu and Dpn (Figure 1A&B). In

addition to regulating core components of the self-renewal machinery, Brat also restricts

progenitor potential through context dependent signaling mechanisms. While loss- or gain-

of-function of the Wnt signaling pathway has no effect in wild-type brains, increased Wnt

signaling further exacerbates supernumerary neuroblast formation in brat mutant brains

whereas decreasing Wnt signaling reduces supernumerary neuroblast formation [29]. Thus,

Brat also suppresses the reversion of Ase− immature INPs by antagonizing the Wnt

signaling pathway. These studies indicate that Brat prevents uncommitted progenitor cells

from aberrantly reverting into tumor-initiating cells by suppressing multiple conserved

oncogenic pathways.

Similar to brat, a numb mutant type II neuroblast also reproducibly undergoes asymmetric

division to generate a newly born Ase− immature INP that reverts back into a supernumerary
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neuroblast [26]. Thus, newly born Ase− immature INPs also serve as the cell of origin in

numb mutant tumors (Figure 1A). Numb functions as an evolutionarily conserved negative

regulator of Notch signaling [43, 44], and likely promotes the commitment to a functional

INP identity by restricting Notch function (Figure 1A&B). Consistently, over-expression of

the NICD in Ase− immature INPs efficiently induces supernumerary neuroblast formation

(Xiao and Lee, unpublished observation). How does Numb antagonize Notch signaling in

type II neuroblasts? During asymmetric divisions of sensory organ precursor cells, Numb

promotes endocytosis of the Notch receptor [43, 45]. While it is possible that Numb

functions in a similar manner in immature INPs, Numb may also function through a distinct

mechanism [25]. Interestingly, while overexpression of numb normally triggers premature

differentiation of type II neuroblasts, overexpression of numb cannot suppress

supernumerary neuroblast formation in brat mutants [29]. Thus, the reversion and self-

renewal of brat mutant tumors may be particularly dependent on klu and dpn. In addition,

overexpression of brat is not sufficient to suppress supernumerary neuroblast formation in

numb mutants [29]. Thus, Brat and Numb likely function in parallel to prevent Ase−

immature INPs from serving as the cells of origin for tumorigenesis by extinguishing the

function of distinct components of the type II neuroblast self-renewal network (Figure 1B).

Lineage trace experiments strongly suggest that the supernumerary neuroblasts that form in

brat and numb mutant tumors retain tumorigenic potential and likely act as CSCs (Figure

1A). Consistent with this model, most Ase− immature INPs in hypomorphic brat mutants

produce exclusively differentiated cells, but some stochastically revert to form

supernumerary neuroblasts [34]. Once reverted, these supernumerary neuroblasts can self-

renew indefinitely, expanding the tumor while simultaneously producing differentiated cell

types (Figure 1A). Strikingly, removing just dpn or klu alone completely prevents further

reversion of Ase− immature INPs in brat mutants [26, 34]. Thus, selectively targeting

components of the self-renewal network that are aberrantly expressed in specific tumor

types may halt expansion of the CSCs population by causing them to produce exclusively

differentiated cell types. Alternatively, reinstating the restriction imposed by proteins

asymmetrically inherited by the uncommitted progenitor cells might also slow down the

expansion of the CSCs.

Earmuff prevents INPs from reverting into supernumerary neuroblasts by restricting their
competence to respond to self-renewal transcription factors

Intriguingly, INPs reactivate the expression of neuroblast self-renewal factors but their

proliferative and developmental potential remains restricted, suggesting that during

maturation their competence to respond to this self-renewal network is attenuated (Figure

1A). The transcription factor earmuff (erm) is an excellent candidate to stably restrict the

response of INPs to the neuroblast self-renewal network. In contrast to brat and numb

mutants, lineage trace experiments reveal that aberrantly reverting INPs act as the cell of

origin in erm mutant brain tumors [31] (Figure 2A). These experiments suggest that erm

mutant INPs revert to form supernumerary neuroblasts that possess unrestrained self-

renewal capacity and produce both differentiated cells and more tumorigenic neuroblasts

[31, 34]. Thus, erm mutant supernumerary neuroblasts may also function as CSCs.

Consistent with erm suppressing the response of INPs to the self-renewal network, co-
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overexpression of erm can completely suppress the formation of supernumerary neuroblasts

induced by over-expression of NICD, dpn, klu, or E(spl)mγ [34]. In addition, removing the

function of dpn or klu or knocking down of Notch function strongly suppresses the

formation of supernumerary neuroblasts in erm mutants [31, 34]. This indicates that the

competence of INPs to respond to the normal reactivation of self-renewal factors is extended

in erm mutants, allowing INPs to revert and form supernumerary neuroblasts (Figure 2A).

Although erm mutant INPs aberrantly respond to neuroblast self-renewal factors and revert

into supernumerary neuroblasts, Erm is specifically expressed in immature INPs, indicating

that erm functions during the commitment to an INP functional identity (Figure 2B) [34].

Interestingly, Erm expression is undetectable in brat or numb mutant Ase− immature INPs,

indicating that Erm functions temporally after Brat and Numb during the commitment

process [34]. These observations raise two intriguing possibilities: (1) the restricted response

of progenitors to the self-renewal network is the temporally coordinated effort of

asymmetrically segregated proteins and asymmetrically expressed transcription factors, and

(2) that by directing activation of Erm, Brat and Numb flip a transcriptional switch. One

potential explanation for how Brat and Numb direct Erm activation is by suppressing the

self renewal transcription factor activity. Consistent with this model, three of the four core

components of the self-renewal network, Klu, Dpn and E(spl)mγ, have been shown to act as

transcriptional repressors in other developmental contexts [46-48]. Thus, the premature

reactivation of Klu, Dpn or E(spl)mγ in brat or numb mutant immature INPs respectively

may transcriptionally repress erm activation. What promotes erm expression in type II

neuroblast lineages? The transcription factor pointed (isoform P1) (pntP1) is specifically

expressed in type II neuroblasts, and over-expression of PntP1 in other neuroblast lineages is

sufficient to trigger the production of ectopic INP-like cells that activate erm-reporter

expression [49]. In addition, mutation of pnt genetically interacts with both brat and erm

(Janssens, Komori and Lee, unpublished). Thus, the transcriptional networks that distinguish

type II neuroblasts from other neuroblasts may prime type II neuroblasts to produce

progenitors that asymmetrically express Erm. While, additional genes have been suggested

to act in the networks that distinguish type II neuroblasts from differentiated cells or other

neuroblasts [32, 50, 51], the potential role of these networks during the regulation of erm

expression has not been explored.

How does erm restrict the competence of INPs to respond to the neuroblast self-renewal

network? The vertebrate homologues of erm, fez and fezl, are also expressed in neural stem

cell lineages [52, 53], and the function of erm is likely evolutionarily conserved [31].

However, fez and fezl have been shown to act in a context dependent manner to both activate

and repress transcription [54-57]. Evidence strongly suggests that erm restricts INP potential

by acting primarily as a transcriptional repressor [34]. In vertebrates, fez and fezl suppress

Notch activity by directly repressing transcription of the homologues of dpn and E(spl)mγ
[54]. However, in the Drosophila larval brain dpn and E(spl)mγ are reactivated following

erm expression, and co-expression of erm is sufficient to block the ability of dpn or

E(spl)mγ to promote supernumerary neuroblast formation [34]. Thus, while erm restricts the

function of dpn and E(spl)mγ in Drosophila, they are not likely the direct transcriptional

targets of erm. Alternatively, fezl has been shown to activate proneural genes in zebrafish
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embryos [56]. However, converting erm into an activator has a dominant negative effect in

the larval brain [34]. Thus, the described functions of fez and fezl cannot explain the tumor

suppressor function of erm, warranting continued study to identify novel erm regulated

genes which may serve as new targets for selectively inhibiting tumor growth.

The SWI/SNF complex promotes the directional lineage progression of type II neuroblasts,
preventing the reversion of INPs into supernumerary neuroblasts

Alteration of cellular response to networks of transcription factors is dependent on

remodeling of the chromatin [58, 59]. The highly conserved SWI/SNF complex is an ATP

dependent chromatin remodeling complex that alters nucleosome stability and has diverse

functions during stem cell self-renewal and differentiation [60-63]. While members of the

SWI/SNF complex are among the most frequently mutated genes in human cancer [64-66],

whether their role during the regulation of stem cell fate decisions is connected to their

function during tumor suppression remains unclear.

The SWI/SNF complex can be separated into two subtypes, BAP and PBAP based on the

presence of the scaffolding protein Osa specifically within the BAP complex [67, 68]. A

genome wide RNAi study showed that knocking down critical components of the BAP

complex including osa, the catalytic subunit brm, or the assembly and stability factor moira,

specifically in type II lineages results in the formation of supernumerary neuroblasts [51].

Upon transplantation into adult hosts these ectopic stem cells form tumors [33]. Thus, the

type II neuroblast lineage provides an exceptional model to understand the role of the

SWI/SNF complex during the regulation of stem cell lineages and the suppression of

tumorigenesis.

Although the SWI/SNF complex is expressed ubiquitously in the fly brain, several lines of

evidence suggest that the SWI/SNF complex suppresses tumorigenesis through a specific

function during the commitment to an INP functional identity. First, multiple components of

the SWI/SNF complex genetically interact with both brat and numb but knock down of brm,

mora, or osa does not disrupt neuroblast polarity [34]. This indicates that the SWI/SNF

complex likely functions downstream of brat and numb. Consistent with this model,

expression of a dominant negative form of brm specifically within Ase− immature INPs can

genetically enhance a brat mutant phenotype, and most importantly, knocking down the

function of osa specifically within Ase− immature INPs can result in the formation of

supernumerary neuroblasts and tumors [33]. Thus the SWI/SNF complex suppresses tumor

formation through a specific function during the commitment to an INP functional identity.

Lineage trace experiments reveal that osa mutant supernumerary neuroblasts do not arise

from rapidly reverting immature INPs, but instead from INPs that undergo spontaneous

reversion [33]. Thus, similar to erm, the SWI/SNF functions in immature INPs to establish

the restriction on their developmental potential following the commitment to an INP

functional identity (Figure 2A). How does the SWI/SNF complex prevent INPs from

reverting into supernumerary neuroblasts? Chromatin remodeling complexes rarely bind to

DNA directly but are instead recruited to distinct genomic loci by cell type specific

transcription factors. Erm is specifically expressed in immature INPs, and mutation of the

SWI/SNF complex phenocopies erm mutants, making it an excellent candidate to direct the
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function of the SWI/SNF complex during INP maturation. Consistent with this model, brm

genetically interacts with erm [34]. Thus, Erm likely functions as an efficient mechanism to

direct the SWI/SNF complex to distinct loci to remodel the chromatin, thereby restricting

the competence of INPs to respond to the self-renewal network (Figure 2C).

In addition to potentially mediating the repressive effects of Erm, the SWI/SNF complex

also activates expression of the transcription factor hamlet (ham) [33]. Ham is uniquely

expressed in INPs and directs the birth order in which INPs produce specific types of

neurons and glia. Reducing the function of ham causes INPs to undergo excessive rounds of

division, suggesting that ham is required to schedule the terminal differentiation of INPs.

Consistent with ham promoting the progressive restriction of INPs, over-expression of ham

is sufficient to trigger premature differentiation of type II neuroblasts. However, when ham

function is reduced INPs continue to divide asymmetrically and do not reacquire a

neuroblast like identity. Thus, ham is required to schedule the end of INP self-renewal, but

not to prevent INPs from to reverting into supernumerary neuroblasts.

Intriguingly, transplantation of brains in which ham is knocked down into adult hosts does

not trigger malignant tumor formation [33]. This suggests that increased self-renewal alone

is not sufficient to trigger tumorigenesis, and that regulation of ham expression cannot fully

explain the tumor suppressive effects of the SWI/SNF complex. This leaves two potential

explanations for how mis-regulation of the stem cell self-renewal machinery contributes to

tumorigenesis: (1) CSCs may need to acquire a more plastic stem cell like identity in order

to become tumorigenic, or (2) the exponential growth of the CSC pool afforded by inter-

conversion of progenitor states may drive tumorigenesis. In fact, evidence supporting both

models exists. In human leukemias a stem cell like gene signature is a negative prognostic

factor, suggesting that stem cell like CSCs may be more tumorigenic [12 , 13]. In contrast,

many leukemias and solid tumors have been described where the CSC pool more closely

resembles a restricted progenitor type than a stem cell [69-73]. To unambiguously

distinguish between these models using the type II lineage requires examination of a mutant

that allows inter-conversion between more restricted GMCs and INPs while preventing

reversion to a neuroblast identity. Indeed, mutation of pros specifically within INPs presents

such a phenotype; however, the tools to prospectively target pros mutation to INPs while

avoiding other clone types have only recently become available [74]. Continued study of

type II neuroblast lineages will likely identify the mechanisms by which mis-regulation of

self-renewal machinery can lead to the formation and regulation of CSCs.

Inter-conversion between the cells of origin and CSCs fuels tumor growth in type II
neuroblast lineages

CSCs often display stem or progenitor cell-like features and are able to self-renew while

producing all the other differentiated tumor cell types [75, 76]. While different molecular

lesions are thought to affect the cells of origin and the properties of the CSC pool, the

relationship between these factors remains poorly understood. The precise lineage

information and genetic control of type II neuroblasts provides a unique opportunity to study

the formation and regulation of CSCs. Clonal analysis of numb and brat mutants reveals that

tumorigenesis is initiated by Ase− immature INPs that revert into supernumerary neuroblasts
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(Figure 1A). In contrast, when the SWI/SNF complex is impaired or erm is mutated,

immature INPs commit to an INP functional identity but spontaneously revert to form

supernumerary neuroblasts (Figure 2A). Thus, different molecular lesions result in different

cell types becoming misregulated and acting as the cell of origin. Lineage trace experiments

performed in these mutant genetic backgrounds suggest that supernumerary neuroblasts

serve as CSCs that self-renew extensively and produce both nontumorigenic cells and more

supernumerary neuroblasts. However, the gold standard for assessing CSC properties is

transplantation. Thus, the development of efficient protocols that allow the transplantation of

a small number of genetically homogeneous supernumerary neuroblasts from mutant brains

is essential to demonstrate the existence of CSCs in these fly brain tumor models.

The prominence of the CSC model and the parallels between CSCs and normal stem cells

has led to the misconception that aberrant self-renewal is the underlying defect that leads to

tumor formation. Comparison of knock-down of the SWF/SNF complex with knock-down

of ham in type II lineages reveals that while aberrant activity of genes that promote stem cell

self-renewal can initiate tumorigenesis, unrestrained self-renewal alone cannot [33].

Importantly, when ham is knocked down, INPs self-renew indefinitely but never reacquire a

neuroblast like identity. This strongly suggests that aberrant responses to the self-renewal

factors leads to tumorigenesis by promoting inter-conversion between the progenitor cell

state and the stem cell state, rather than by promoting uncontrolled self-renewal. Consistent

with this model numerous tumors have been shown to contain CSCs that resemble different

progenitor types that can interconvert [13, 18]. Thus, aberrant responses to the self-renewal

machinery may trigger tumorigenesis by promoting interconversion of progenitor cells into

CSCs, allowing exponential amplification of the CSC pool.

Importantly, genetic analysis reveals that reversion of immature INPs and INPs into CSCs

may be particularly reliant on distinct components of the self-renewal machinery. While

mutation of either dpn or klu alone has only a mild effect on self-renewal, mutating either

klu or dpn strongly suppresses reversion in both brat and erm mutant tumors [26, 34]. This

corroborates a model where targeting components of the self-renewal network, or perhaps

more feasibly, the genes they regulate, may be an effective strategy to halt tumor growth

[76]. Interestingly, mutation of klu has no effect on numb mutant tumors, and over-

expression of numb is not sufficient to suppress supernumerary neuroblast formation in brat

or erm mutants (Xiao and Lee, unpublished observation). Thus, different lesions likely

produce CSCs through aberrant activity of distinct components of the self-renewal network.

This indicates that treatment of tumors that arise from distinct lesions may require

selectively targeting the specific components of the self-renewal pathway that are mis-

regulated. Ultimately, a better understanding of how specific tumor types are formed and

regulated may lead to more effective therapies.
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Highlights (for review)

• Defects in the mechanisms that restrict type II neuroblast lineages cause tumors.

• Aberrant expression of self-renewal factors in immature INPs can initiate

tumors.

• Extended competence of INPs to respond to self-renewal factors can initiate

tumors.

• Inter-conversion between the cell of origin and cancer stem cells fuels tumor

growth.

• Inhibiting self-renewal pathways may be an effective strategy to halt tumor

growth.
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Figure 1. Aberrant expression of self-renewal factors causes uncommitted progenitors to revert
to form CSCs
A) Lineage diagram depicting tumorigenesis resulting from overexpression of self-renewal

factors or brat or numb mutation. Type II neuroblasts express a self-renewal network (light

blue) that includes Notch (purple), E(spl)mγ(purple), Dpn (blue), and Klu (magenta). Ase−

immature INPs remain competent (light purple box) to respond to aberrant expression

(salmon box) of the self-renewal factors and can revert to form supernumerary neuroblasts.

In these tumor types, Ase− immature INPs act as the cell of origin (brown triangle) and

supernumerary neuroblasts are likely the CSCs (purple diamond); these cell types retain

tumorigenic potential (grey box). In contrast, INPs do not retain tumorigenic potential in

these tumor types, and only divide 5-6 times to generate exclusively GMCs and

differentiated cells that express nuclear Pros (green). (B) Brat and Numb repress expression

of self-renewal factors in Ase− immature INPs. (Left) Schematic depicting the mitotic

division of a type II neuroblast showing: Brat (red) and Numb (blue) are basally segregated

into the Ase− immature INP; DNA is shown in yellow; spindle in grey; and centrosomes in

black. (Right) Once in the Ase− immature INPs, Brat and Numb act in parallel to inhibit

aberrant expression of distinct components of the self-renewal network.
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Figure 2. Failure to restrict the competence of progenitors to respond to self-renewal factors
allows them to revert to form CSCs
(A) Lineage diagram depicting tumorigenesis when erm or the SWI/SNF complex is

mutated. INPs possess extended competence (salmon box) to respond to normal reactivation

(light blue box) of self-renewal factors, causing INPs to revert to form supernumerary

neuroblasts. Thus, INPs serve as the cell of origin (brown triangle), and revert to form

supernumerary neuroblasts that likely act as the CSCs (purple diamond). In erm or SWI/SNF

mutants type II neuroblasts, immature INPs, INPs and supernumerary neuroblasts retain

tumorigenic potential (grey box) whereas, GMCs, and Diff. cells do not. (B) Confocal image

showing Erm expression pattern (green). The following are indicated: type II neuroblast

(white arrow); immature INPs (white arrowhead); and INP (yellow arrow). (C) Schematic

showing Erm (green) and the SWI/SNF complex (yellow) remodeling the chromatin to

restrict the competence to respond to the self-renewal network: nucleasome (grey oval);

DNA (black line).
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