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Abstract

Multiple signals, controlling both proliferation and differentiation, must be integrated in the
reprogramming of intestinal epithelial cells during maturation along the crypt-luminal axis. The v-
myb family member Mybl2, a molecule implicated in the development and maintenance of the
stem cell phenotype, has been suggested to play an important role in proliferation and
differentiation of several cell types and is a gene we have found is commonly regulated in several
systems of colon cell maturation both in vitro and in vivo. Here we show that siRNA silencing of
Mybl2 in proliferating Caco-2 cells increases expression of the cell-cycle regulators cdk2, cyclin
D2, and c-myc and decreases expression of cdc25B and cyclin B2 with a consequent 10% increase
of cells in G2/M and a complementary 10% decrease in G1. Mybl2 occupies sequences upstream
of transcriptional start sites of cyclin D2, c-myc, cyclin B2, and cdc25B and regulates reporter
activity driven by upstream regions of cdk2, cyclin D2, and c-myc. These data suggest that Mybl2
plays a subtle but key role in linking specific aspects of cell cycle progression with generation of
signals for differentiation and may therefore be fundamental in commitment of intestinal epithelial
cells to differentiation pathways during their maturation.
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INTRODUCTION

Epithelial cells lining the normal intestinal mucosa must simultaneously exert exquisite
control over proliferation and differentiation. The proliferative compartment at the crypt
base consists of stem and progenitor cells that not only robustly express cell cycle promoting
genes to drive high levels of cell division but also simultaneously suppress expression of
phenotypic markers of mature states. As these cells migrate upward along the crypt-luminal
axis, they are reprogrammed by extrinsic and intrinsic signals to exit the cell cycle and
undergo lineage specific differentiation. Although the distinction between factors that
regulate intestinal cell proliferation versus differentiation is not always clear, pathways
involved in these diverging cell phenotypes in the intestine, such as Wnt, K-Ras, Notch, and
KLF4, have been identified. Nevertheless, the overlying coordination of these pathways in
the transition from proliferating to maturing cell populations is not well characterized.
Identification of molecules that integrate signals influencing both proliferation and
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differentiation will provide crucial insights into how stem and progenitor cell populations
are reprogrammed to acquire mature states and to avoid acquisition of premalignant and
malignant phenotypes.

Mechanisms that control transitions from proliferative to differentiated states can be
elucidated by studying dividing cells induced to exit the cell cycle and adopt a mature
phenotype, such as some colonic epithelial carcinoma cell lines reported to be
reprogrammed from proliferative to mature states in culture (Fogh et al., 1977; Fogh, 1975).
This reprogramming can be induced by, for example, the short chain fatty acid (SCFA)
butyrate, a product of dietary fiber fermentation and a physiological regulator of colonic cell
maturation in vivo (Augenlicht et al., 1995; Harig et al., 1989; Reddy, 1987; Tappenden et
al., 1997). In other cases, contact inhibition of growth triggers lineage-specific
differentiation along absorptive (Caco-2), goblet (HT29CI16E), or secretory (HT29CI19A)
cell lineages. Discovering the requirements for reprogramming these highly proliferative
tumor cells into growth-arrested, differentiating cells has shed light on many mechanisms
that drive maturation of colon epithelial cells. We and others have profiled changes in gene
expression in these maturing cell lineages (Fleet et al., 2003; Mariadason et al., 2002;
Velcich et al., 2005), and we delineated RNA (Mariadason et al., 2005) and protein
expression profiles (Chang et al., 2008) that characterize intestinal cell maturation in vivo
from cells sequentially isolated along the crypt-villus axis of the mouse small intestine.

Here we show that Mybl2, which we initially identified from these data bases as a critical
factor in several different lineages of differentiating colon epithelial cells, may play a
distinct role in the transition of intestinal cells from the proliferative to the mature state.
Mybl2 is a member of the v-myb family of transcription factors of which the founding
member is the oncogene c-myb. Unlike A-myb, which is expressed primarily in B cells,
developing central nervous system cells, mitotically active cells in the embryo, and
reproductive tissues (Trauth et al., 1994), or c-myb, expressed mainly in hematopoietic
precursors (Graf, 1992), Mybl2 is expressed in all proliferative cells examined (Sala and
Watson, 1999; Sitzmann et al., 1996). In addition to its high expression in dividing cells,
several lines of evidence link Mybl2 to a stem cell-like phenotype: 1) Mybl2 is one of 39
critical transcription factors commonly expressed in several different types of pluripotent
stem cells (Muller et al., 2008); 2) Mybl2 maintains embryonic stem cells in an
undifferentiated state and may be involved in early steps of differentiation, possibly by
transcriptionally activating pluripotency-associated genes such as Oct4 (Tarasov et al.,
2008a; Tarasov et al., 2008b); and 3) absence of functional Mybl2 is embryonic lethal, most
likely because of the inability in these embryos to form an inner cell mass, the source of
embryonic stem cells (Tanaka et al., 1999). Indeed, expression of Mybl2 has been proposed
as one of several characteristics of the stem cell state (Boheler, 2009). Mybl2 regulates both
proliferation and differentiation in several cell types: its expression can overcome G1 arrest
in glioblastoma and osteosarcoma cells (Lin et al., 1994), and ectopic Mybl2 expression
prevents full differentiation in leukemic (Bies et al., 1996) and neuroblastoma (Raschella et
al., 1995) cells.

In a screen for genes and pathways that are important in coordinating proliferation and
differentiation in maturing colon cells, we found that Mybl2 is one of 14 genes commonly
downregulated in expression during butyrate- and growth arrest-induced differentiation of
Caco-2, HT29CI16E, and HT29CI19A cells in vitro and is downregulated as cells mature
along the crypt-luminal axis of the mouse intestine in vivo (Papetti and Augenlicht,
submitted). Mybl2 thus may also be important in the reprogramming of intestinal stem and
progenitor cells as they mature. Data presented here demonstrate that Mybl2 exerts effects
on both proliferation and differentiation pathways in colon epithelial cells. siRNA-mediated
Mybl2 suppression alters the expression of several genes that control cell cycling, and the
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pattern of this regulation suggests that Mybl2 plays a role in priming cells for commitment
to differentiation.

MATERIALS AND METHODS

Cell culture

The Caco-2 human adenocarcoma cell line was maintained as described (Mariadason et al.,
2002) in medium containing 20% fetal bovine serum. For spontaneous differentiation, cells
were grown to confluence (day 0) and harvested at various time points thereafter with
medium changes every 2 days.

Western blot

Caco-2 cells scraped from 6-well plates were disrupted by sonication on ice for 2x10-second
pulses with an intervening 30-second pause at setting 2 (7.5% output, Branson 450 Sonifier,
Fisher Scientific). 20pg Caco-2 lysate was separated by SDS-PAGE and analyzed by
Western blotting essentially as described (Papetti and Skoultchi, 2007) except protease
inhibitor cocktail was from Sigma and blocking and antibody dilution buffer was 5% milk/
TBST (0.05% Tween 20, 100mM Tris pH 7.5, 150mM NacCl). Blots were developed using
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific), detected using
film or a Kodak 4000R Image Station, and analyzed with Kodak Molecular Imaging
Software, version 4.0 (Eastman Kodak Company). Primary antibodies : 1:10 mouse anti-
Mybl2 (R. Watson, Imperial College School of Medicine, London, UK), or 1:4000 mouse
anti-a-tubulin (Sigma). Secondary antibody : 1:2000 goat anti-mouse 1gG-HRP (Santa
Cruz).

Quantitative Reverse Transcriptase Polymerase Chain Reaction (QRT-PCR)

Cells were collected in Trizol (Invitrogen) and total RNA prepared as described by the
manufacturer. cDNA was synthesized from 1ug total RNA using the iScript cDNA Sythesis
Kit (BioRad). qRT-PCR utilized SYBR Green PCR Master Mix (Applied Biosystems) in 20
or 30ul with 50ng cDNA and 100nM primers with a 7900HT Sequence Detection System
(Applied Biosystems). Cycling conditions : 50°C for 2 min.; 95°C for 10 min.; 40 cycles of
95°C for 15 s; 60°C for 1 min. Specificity of amplification was confirmed by single peaks in
dissociation curves and/or single bands on agarose gel electrophoresis. Analysis utilized
SDS version 2.3 software (Applied Biosystems). GAPDH-normalized mRNA expression in
differentiating cells was calculated relative to that in proliferating cells by the 27AACt
method (Livak and Schmittgen, 2001).

Chromatin Immunoprecipitation (ChIP) Assay

ChIP was performed as described (Choe et al.). Chromatin from 2.5x106 Caco-2 cells, fixed
for 8 minutes with 1.1% formaldehyde and sonicated with a Branson 450 Sonifier for
24x15s pulses at setting 3 (7.5% output) with 45 s pauses, was immunoprecipitated with
rabbit antisera to Mybl2 (N-19, Santa Cruz), c-myb (H-141, Santa Cruz), or control rabbit
IgG (Santa Cruz). qRT-PCR was performed as described above using primers listed in
supplemental table 2.

Reporter Assays

Subconfluent/proliferating Caco-2 cells grown in 12-well plates were transfected for 48
hours with 1ug/well luciferase reporter + 1ug/well pRL-TK renilla (Promega, Madison, WI)
using Lipofectamine Plus (Invitrogen) as described by the manufacturer. For Mybl2
overexpression studies, proliferating Caco-2 cells were transfected in 24-well plates with
125ng/well of plasmids containing regions upstream of the transcriptional start sites of cdk?2,
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cyclin D2, c-myc, cdc25B, or cyclin B2 genes cloned into the promoter region of luciferase
(see supplementary Materials and Methods for details). Transfections consisted of 500ng
pCMV control or Mybl2/pCMV (R. Watson) (Lin et al., 1994) + 125ng/well pRL-TK. For
reporter assays with siRNA, Caco-2 cells were transfected as described below in 6-well
plates (see siRNA Transfection) with 500ng/well luciferase reporter plasmid + 500ng/well
pRL-TK, and 20ul lysate was assayed for luciferase and renilla activity on the LMaxlII dual
injection microplate reader (Molecular Devices). Data analysis utilized SoftMax Pro 5
software (Molecular Devices).

siRNA Transfection

Mybl2-specific or control nontargeting double-stranded siRNA oligos (ON-TARGETplus
SMARTpool of 4 individual oligos, Thermo Scientific Dharmacon), contained 3' UU
overhangs on both strands and a 5' phosphate on the antisense strand. Proliferating,
subconfluent Caco-2 cells (~80,000 cells per well of 6-well plate) were transfected for 48
hours with 50nM siRNA using Oligofectamine (Invitrogen) as described (Papetti and
Skoultchi, 2007).

Cell-Cycle Analysis

~108 Caco-2 cells were washed, scraped into ice-cold PBS, and resuspended in 0.5ml ice-
cold PBS. 4.5ml 70% ethanol was added drop-wise with gentle mixing. Cells were fixed at
—20°C overnight, washed 2x with 5ml PBS (pelleted at ~1830xg at 4°C), incubated in 1ml
propidium iodide/RNAse staining buffer (BD Pharmingen) for 15 min at room temperature
in the dark, filtered (70u), and analyzed for DNA content on a FACScan flow cytometer
(Becton Dickinson) with cell-cycle distribution determined using ModfFit LT software.

RESULTS

Mybl2 regulates expression of several genes that drive progression through specific
phases of the cell cycle in colon cells

In cultured colon epithelial cells in vitro as well as in cells along the crypt-villus axis of the
mouse small intestine in vivo, Mybl2 is highly expressed in proliferating cells and
suppressed in those undergoing differentiation. (Papetti and Augenlicht, submitted), and
Mybl2 is highly enriched in colon basal crypts versus sections adjacent to the lumen
(Kosinski et al., 2007). To investigate Mybl2 function in colon epithelial cells, we silenced
Mybl2 mRNA expression by ~86% in subconfluent, dividing Caco-2 cells using Mybl2-
specific sSiRNA (Figure 1A,B). Importantly, this extent of Mybl2 mRNA suppression is
similar to that in spontaneously differentiating Caco-2 cells (Papetti and Augenlicht,
submitted) and therefore mimics the extent of physiological Mybl2 suppression in
differentiating colon cells. Mybl2 suppression is not due to nonspecific effects of the oligo
itself because a control non-targeting siRNA had no effect on Mybl2 expression (Figure
1A,B). Furthermore, this silencing is specific to Mybl2 as it does not suppress expression of
the related family members A-myb or c-myb (Figure 1C).

To distinguish whether the downregulation of Mybl2 during colon cell maturation either
drives, or occurs as a result of, differentiation-specific gene expression, and to determine
targets regulated by Mybl2, we compared gene expression patterns in Mybl2-suppressed
proliferating Caco-2 cells to those in spontaneously differentiating Caco-2 cells at early (day
2) or intermediate (day 14) time points of induction. qRT-PCR was used to analyze
expression of 45 genes (supplemental table 1) representing a spectrum of functional groups
we previously identified as regulated during intestinal cell maturation in vitro and in vivo,
including cell cycle-regulating genes, chromatin remodeling complexes, transcription
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factors, xenobiotic and drug resistance genes, and brush border enzymes (Mariadason et al.,
2002).

Several characteristic markers of differentiated colon cells, including alkaline phosphatase
(ALPI), dipeptidyl peptidase IV (DPPIV), E-cadherin, and epoxide hydrolase 2 (EPHX2),
though substantially upregulated in spontaneously-differentiating Caco-2 cells, were not
significantly elevated in Caco-2 cells in which Mybl2 was suppressed by siRNA
(supplemental table 1). In addition, in contrast to spontaneously-differentiating Caco-2 cells,
Mybl2 siRNA-treated Caco-2 cells did not growth arrest (see Figure 5) and did not acquire
gross morphological changes, including acquisition of fluid-transporting domes, typical of
differentiation along the absorptive cell lineage (data not shown). Importantly, two distinct
subsets of genes were significantly regulated >1.5 fold by siRNA suppression of Mybl2 in
colon epithelial cells. Mybl2 suppression upregulated expression of genes responsible for
promoting progression through G1, including the cyclin dependent kinase cdk2, cyclin D2,
and the proto-oncogene c-myc (Figure 2). However, except for cdk2, which remained
unchanged during Caco-2 cell maturation, these cell cycle-promoting genes were
downregulated during growth arrest and spontaneous differentiation of Caco-2 cells (Figure
2). In contrast, sSiRNA-mediated suppression of Mybl2 downregulated expression of genes
that promote progression through G2/M, such as cdc25B and cyclin B2, although these
genes were modestly upregulated early in Caco-2 differentiation (day 2) and downregulated
later (day 14). Therefore, Mybl2 suppression, which is a characteristic of differentiating
cells in vivo along the crypt-villus axis (Papetti and Augenlicht, submitted), does not directly
drive colon cell differentiation as measured by differentiation markers, and Mybl2 may play
a unique role in modulating the progression of cells through the cell cycle.

Mybl2 occupies and transcriptionally regulates sequences upstream of the transcriptional
start sites of a subset of genes

Interestingly, each of the genes significantly altered in expression by Mybl2 suppression
harbors at least one consensus Myb binding site within 2 kb upstream of the transcriptional
start site (Figure 3A). We therefore determined whether such regions bind Mybl2 and
thereby possibly regulate Mybl2 gene transcription. Using chromatin immunoprecipitation
(ChIP) with primers overlapping or flanking these potential Myb binding sites (Figure 3A),
we found that Mybl2 occupies the regions upstream of the transcriptional start sites of cyclin
B2, and, to a lesser extent, cyclin D2, c-myc and cdc25B (Figure 3B). For cyclin B2, this
occupancy is specific to Mybl2 because the percentage of input chromatin bound by the
related family member c-myb is less than that bound by Mybl2 and similar to that bound by
a nonspecific control antibody (Figure 3B). Negligible enrichment for Mybl2 is seen
upstream of the transcriptional start sites of cdk4, MEK?2, and E-cadherin (Figure 3B), genes
not altered in expression by Mybl2 knockdown (supplemental table 1).

To determine whether Mybl2 can regulate transcriptional activity of these regions, we
cloned each upstream of the luciferase coding region in pGL3 Basic and assayed the ability
of either overexpressed Mybl2 or Mybl2 knockdown to affect reporter activity (see
Materials and Methods for exact sequences). Consistent with the gene expression data
(Figure 2), reporter gene activity driven by the upstream regions of cdk2, cyclin D2, and c-
myc was reciprocal to Mybl2 expression: reporter activity was activated by Mybl2
knockdown (to 144%, 138%, and 176% control values, respectively) and repressed by
Mybl2 overexpression (to 31.6%, 58.4%, and 41.9% control values, respectively) (Figure 4).
Mybl2 knockdown or overexpression had negligible effects on transcriptional activity driven
by upstream regions of cdc25B and cyclin B2. Thus, Mybl2 expression represses
transcriptional activity of the upstream regions of cdk2, cyclin D2, and c-myc, therefore
demonstrating that Mybl2 may regulate the expression of these genes by modulating the
transcriptional activity of sequences upstream of the transcriptional start sites.

J Cell Physiol. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Papetti and Augenlicht Page 6

Mybl2 knockdown does not alter colon cell proliferation but induces a modest
accumulation of cells in G2/M with a concomitant decrease in G1

These data, and reports that Mybl2 expression is maximal at the G1/S boundary (Lam et al.,
1992) and promotes progression from G1 to S phase (Lin et al., 1994), suggest that Mybl2 is
a determinant of how colon cells progress through the cell cycle. We therefore assayed
proliferation and cell-cycle distribution of Caco-2 cells transfected with Mybl2 versus
control siRNA. Over 2 days, Caco-2 cell number was nearly identical in untreated as well as
Mybl2 or nontargeting siRNA-treated cells (Figure 5A). Nevertheless, Mybl2 suppression
induced a small but significant increase of 10% (p<0.03) of cells in G2/M phases of the cell
cycle with a complementary 10% decrease (p<0.0005) of cells in G1 (Figure 5B). This
modest shift in cell-cycle distribution is distinct from the accumulation of cells in G1 during
spontaneous differentiation (Figure 5C) but consistent with functions of the cell cycle-
associated gene expression changes induced by Mybl2 suppression: a more rapid
progression of cells through G1 and a delay in progression through G2/M.

DISCUSSION

Similar to pluripotent stem cell differentiation, reprogramming of cells exiting the
proliferative compartment in intestinal crypts establishes commitment to specific lineages of
differentiation. Numerous genes and pathways, including c-myc, cdk2, cyclin B2, Rb,
p27KiP Wnt signaling, and Notch signaling, regulate cell cycle entry and/or progression of
intestinal epithelial cells. Correct functioning of the intestinal epithelium requires a link
between progression through the cell cycle and the ability to respond to inducers of
differentiation and commit to acquisition of a mature state. Therefore, integration of
proliferative signals and their coupling to differentiation-specific pathways is critical for
intestinal homeostasis and prevention of malignancy.

Mybl2 appears to be a key molecule at the crossroads of both proliferation and
differentiation. We have analyzed the function of Mybl2 in colon epithelial cells by
examining the effects of siRNA-mediated knockdown of Mybl2 on gene expression, cell
cycle, and differentiation. We used siRNA oligos highly specific to Mybl2 that did not alter
expression of the other myb family members, A-myb and c-myb (Figure 1). Moreover,
although A-myb, Mybl2, and c-myb share high homology in their DNA binding domains
(~75% at the amino acid level (Joaquin and Watson, 2003)) and can recognize the same
DNA element, several observations indicate they have distinct functions and thus do not
complement each other. First, expression patterns of the three proteins are distinct. A-myb is
restricted to developing CNS, adult testis, breast ductal epithelium during pregnancy, and
germinal center B-lymphocytes (Latham et al., 1996;Mettus et al., 1994;Trauth et al., 1994),
and c-myb is expressed mainly in hematopoietic tissues. In contrast, Mybl2 is expressed in
all proliferating cells (Sala, 2005;Sitzmann et al., 1996) and is enriched in stem cells (Muller
et al., 2008; Tarasov et al., 2008b). Second, compromising the functions of A-Myb, Mybl2,
or c-myb in transgenic mice produces very different results. A-Myb-targeted mice exhibit
defects in spermatogenesis and mammary gland development (Toscani et al., 1997),
whereas c-myb-deficient mice are embryonic lethal at around day E15 due to defects in fetal
liver hematopoeisis (Mucenski et al., 1991). Mybl2 deficiency is embryonic lethal at E4.5-
E6.5, likely due to a defect in inner cell mass formation (Tanaka et al., 1999). Third, in
differentiating cells expressing both Mybl2 and c-myb (e.g. leukemia M1 cells induced by
IL-6), the kinetics of downregulation for each molecule is distinct, with c-myb suppression
preceding that of Mybl2 (Bies et al., 1996). Fourth, patterns of transcriptional regulation of
promoters harboring Myb binding sites are distinct for c-myb versus Mybl2 (Watson et al.,
1993). Thus, the functions of Mybl2 compromised by Mybl2 knockdown in our studies are
likely not compensated for by A-myb or c-myb.
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Coupled with the fact that the highest expression of Mybl2 occurs in proliferating, rather
than differentiating, colon epithelial cells (Papetti and Augenlicht, submitted), our data
suggest that Mybl2 may function in regulating commitment to differentiation in cycling
cells, thus linking cell cycle modulation to lineage-specific maturation. This is reflected in
the phenotype of Mybl2-suppressed cells and the known functions of the cell cycle genes
modulated in expression. While spontaneously-differentiated Caco-2 cells - in which Mybl2
is downregulated - clearly arrest in G1 (Figure 5C), a premature decrease in Mybl2 induced
by siRNA biases cells towards accumulation in G2/M, with a complementary reduction in
G1 (Figure 5B), consistent with the fact that three of the genes elevated by sSiRNA
downregulation of Mybl2 (cdk2, cyclinD2 and c-myc) promote progression through G1, and
thus their upregulation may promote transit out of G1. In contrast, downregulation of
cdc25B and cyclin B2 by Mybl2 siRNA likely retards cells in G2/M. Similar effects of
Mybl2 knockdown (i.e. accumulation of cells in G2/M) are reported in megakaryocytes and
murine stem cells (Garcia and Frampton, 2006; Tarasov et al., 2008a).

Our data suggest that Mybl2 binds regulatory elements of, and regulates the promotion of
transcription by, sequences upstream of the transcriptional start site of a subset of these
genes. In accord with the Mybl2 knockdown-induced changes in gene expression (Figure 2),
Mybl2 silencing activated and Mybl2 overexpression repressed reporter activity driven by
upstream sequences in the G1 regulators cdk2, cyclin D2, and c-myc (Figure 4), and Mybl2
indeed occupied the upstream sequences of c-myc, cyclin D2, cyclin B2 and cdc25B (Figure
3). The absence of detectable Mybl2 binding to cdk2 sequences by ChIP and Mybl2
regulation of cyclin B2 and cdc25B by reporter assay may be due to more complex
transcription factor interactions, such as an indirect recruitment of Mybl2 by E2F (Zhu et al.,
2004) or Sp1 (Cicchillitti et al., 2004;Sala et al., 1999) family members, and lack of relevant
cis-regulatory elements. In many cases, such necessary sequences may be located many
kilobases upstream or downstream of the transcriptional start site (Ohler and Wassarman)
and thus may have been absent in the reporter constructs and/or DNA fragments defined by
primers used in the ChIP assay. Furthermore, activation of exogenously-expressed Mybl2
targets is complex and has been reported to be dependent on possible structural changes in
MyblI2 due to phosphorylation by cdk2/cyclin A (Johnson et al., 1999;Lane et al., 1997),
interactions with coregulators (Schubert et al., 2004), and removal of a C-terminal inhibitory
domain (Lane et al., 1997). Therefore, in Caco-2 cells, which already robustly express
Mybl2, overexpressed Mybl2 may not adopt the proper conformation to activate
transcription from target promoters. Regardless, however, of the detailed mechanism
employed by each locus, the data demonstrate that Mybl2 expression represses a subset of
G1 regulators (eg cdk2, c-myc and cyclin D2) and upregulates expression of a subset of G2/
M regulators (eg cyclin B2 and cdc25B) which can cooperate to gate progression of cells
through the cell cycle.

Therefore, our working hypothesis is that Mybl2 downregulation does not drive colon cell
differentiation, but that by modulating both G1 and G2/M regulators, Mybl2 may contribute
to preparing cells for the regulatory influence of other transcription factors (e.g., Hesl and
Hathl of the Notch pathway, or KLF4) that directly drive commitment to different lineages.
The modest, though significant, changes induced by Mybl2 knockdown or overexpression
suggest that Mybl2 may induce a transient pause in G1, sufficient to ensure that the cell will
commit to differentiation induced by additional signals, yet without inducing cell-cycle
arrest, as the cell progresses through the transit amplifying compartment, as depicted in the
model in Figure 7. Once commitment has occurred, Mybl2 downregulation then allows
other differentiation-specific factors to completely arrest cells in G1 and fully express the
differentiation program.
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This model predicts changes in types and levels of transcription factors, including Mybl2,
that associate with genes involved in lineage-specific commitment and expression of
lineage-specific markers, at different stages of the cell cycle. Reported data are consistent
with this: not only does Mybl2 regulate cell-cycle promoting genes, including cdc2 (Sala et
al., 1997; Zhu et al., 2004), cyclins D1 and Al (Bartusel et al., 2005), and cyclin B1 (Knight
et al., 2009; Zhu et al., 2004), but also genes involved in acquiring differentiated states, such
as elastin (Hofmann et al., 2005), collagen (Cicchillitti et al., 2004), and adenosine receptor
(St Hilaire et al., 2008). In this regard, we have found that Mybl2 may also modulate the
expression of differentiation-specific genes, including sucrase isomaltase and the glucose
transporter Glutl, both of which contain Myb binding sites in their promoter regions, in
colon epithelial cells (data not shown). Thus, our data emphasize that there may be an
integrated kinetic relationship between Mybl2 and cell-cycle regulation that prepares
intestinal epithelial cells for additional key signals coordinating intestinal cell maturation
along the crypt-luminal axis (Mariadason et al., 2002; Mariadason et al., 2005; Velcich et
al., 2005).

A growing body of recent evidence indicates that robust Mybl2 expression is an important
characteristic of stem cells (Boheler, 2009; Muller et al., 2008; Tarasov et al., 200843;
Tarasov et al., 2008b), but the role that Mybl2 plays in these pluripotent cells is not clear.
Tarasov et al. reported that Mybl2 is required for chromosomal integrity and cellular
euploidy and that, by binding and regulating promoter activity of the Pou5f1(Oct4) gene,
promotes maintenance of the undifferentiated stem cell state (Tarasov et al., 2008a). Stem
cells must not only be dedicated to self renewal and prevention of differentiation but must
also be poised to adopt differentiation programs in response to induction signals. No
mechanism has yet been proposed to account for the ability of progenitor cells to transition
from a proliferative, undifferentiated population to one committed to the acquisition of a
differentiated state. It will be interesting to explore whether the involvement of Mybl2 in
preparing undifferentiated intestinal cells for commitment to maturation, suggested by our
data, may also be part of the mechanism whereby continually cycling stem cells are poised
to commit to differentiation pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Subclonfluent, proliferating Caco-2 cells were transfected with Mybl2-specific or control,
nontargeting (NT) siRNA for 48 hours. RNA (A) and protein (B) were measured as
described in Materials and Methods. In (A), bar represents the average + standard deviation
of 3 independent experiments, each performed in duplicate. (C) RNA from Mock- or Mybl2
SiRNA-treated cells was measured for expression of A-myb, c-myb, and Mybl2 by qRT-
PCR as described in Materials and Methods.
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Figure 2.

RNA expression of genes regulated at least 1.5 fold in Mybl2-specific versus control
nontargeting (NT) siRNA-treated Caco-2 cells compared to their expression in early (day 2)
or late (day 14) spontaneously-differentiating cells as measured by gRT-PCR. Gene
expression is normalized to GAPDH and plotted relative to controls (NT siRNA for Mybl2
siRNA or proliferating cells for day 2 and 14 differentiated cells) which are arbitrarily set to
1 (indicated by dashed line).
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Figure 3.

(A) Schematic of sequences upstream of the transcriptional start sites of cdk2, cyclin D2, c-
myc, cyclin B2, and cdc25B indicating locations of primers for ChIP analysis. (B)
Chromatin from proliferating Caco-2 cells was immunoprecipitated with antibodies to
Mybl2, c-myb, and a nonspecific rabbit IgG (rlgG). The percent of input chromatin present
in each immunoprecipitate was measured by qRT-PCR using the indicated primers. Each bar
represents the mean + standard error of the mean of 3 independent experiments, each
performed in duplicate PCR reactions.
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Figure 4.

Proliferating Caco-2 cells were transfected with luciferase reporter plasmids driven by
sequences upstream of the transcriptional start sites of the indicated genes (see Figure 3A) as
well as either Mybl2 siRNA oligos or Mybl2/pCMV expression vector. Luciferase
expression normalized to cotransfected Renilla activity is expressed relative to mock-treated
cells (for siRNA experiments) or pPCMV vector-transfected cells (for Mybl2 overexpression
experiments). Each bar represents the mean + standard error of the mean of 3 independent
experiments, each performed in triplicate.
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Figure 5.

(A) Proliferation of untransfected and Mybl2 or nontargeting (NT) siRNA-transfected
Caco-2 cells was measured by counting cells at 24 hour intervals. (B) DNA content in
SiRNA-treated cells was measured by propidium iodide staining and flow cytometry as
described in Materials and Methods, and cell-cycle distributions were calculated with
ModFit software. Graph indicates quantitation of cells in each cell cycle phase. (C)
Quantitation of cell cycle distributions in populations of proliferating and day 2, day 7, and
day 14 spontaneously-differentiated Caco-2 cells. Asterisks indicate p values for Student's 2-
tailed T-tests.
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Model of Mybl2's role in coordinating expression of cell cycle regulatory genes to prime
cells for commitment to lineage-specific differentiation. In proliferating cells, Mybl2 may

cause cells to pause in G1 long enough to receive and process differentiation induction

signals by modestly activating expression of genes, such as cyclin B2 and cdc25B, that
promote progression through G2/M and suppressing expression of genes, including cdk2,

cyclin D2, and c-myc, that drive progression through G1. Once cells are induced to

differentiate, Mybl2 is downregulated, and other factors completely arrest cells in G1 and
robustly activate maturation-specific gene expression.
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