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RESULTS

Results

Chapter 1: “The Intestinal Stem Cell Signature Identifies
Colorectal Cancer Stem Cells and predicts disease
relapse”

Hypotheses and Objectives of Chapter 1

Hypothesis:

It has been hypothesized that human CRCs are organized as a
stem cell hierarchy, yet no evidence has been put forward towards
the relationship of these colon cancer stem cells with normal
intestinal stem cells. We hypothesize that the ISC program is
present in colon cancer stem cells and that there is a clear parallel
between normal colon and colon cancer. The expression of the ISC
program in tumor cells may be involved in the regeneration of the
disease upon therapeutic treatment.

Objectives:

-ldentification of the full transcriptional program of the normal
intestinal epithelium.

-Analysis of intestinal expression signatures in colon tumors.

-Purification of [ISC-like cells from colon tumors and
characterization of their tumor initiation ability.
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Chapter 2: Identification and functional characterization
of Mex3a as a novel ISC gene.

Hypotheses and Objectives of Chapter 2

Hypothesis: The ISC gene expression program encodes several
functions required to sustain self-renewal and multipotency during
normal homeostasis and stress conditions. We hypothesize that
Mex3a, a novel ISC-specific gene, promotes stemness through the
regulation of the transcription factor Cdx2 and other potential
targets.

Objectives:

-Validation of Mex3a as an ISC-specific gene and generation of a
conditional knockout mouse model that would allow us to analyze
Mex3a function in vivo.

-Phenotypic characterization of Mex3a WT and KO intestines.
-Generation and characterization of a Mex3a reporter allele in vivo.

-In vitro analysis of the function of Mex3a in primary ISC cultures
and colon cancer cells.
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2.1 Analysis of ISC signatures for candidate gene selection

As discussed in the previous chapter we have been able to identify
the transcriptional landscape of the intestine, yet it is still unclear
which functions are encoded within the ISC signature and which of
these are relevant for the maintenance of the stem cell phenotype.
Just by having a quick glance at the 54 genes of the EphB2 derived
ISC signature (see Chapter 1), there seems to be an over-
representation of Wnt targets (e.g. Lgr5, Ascl2, EphB3 and Ptpro
among others) defined by their regulation at the transcriptional level
and by the binding of TCF4 (TCF7L2) to their promoters/enhancer
regions (Merlos-Suarez et al., 2011). Given the central role of Wnt
signaling in intestinal homeostasis and cancer, it seems fitting that
several targets and components of this pathway are enriched in
ISCs.

Yet there are several other genes without any described relation to
known pathways and that may point to new functions encoded in
ISCs besides the regulation of any of the known signaling
pathways involved in stem cell biology. We thus decided to
analyze novel genes present in the ISC signature as a way to begin
to dissect which are the relevant functions encoded within this
program.

As a first criterion, we compared all available intestinal stem cell
expression profiles and chose those genes whose expression was
consistent among all of them. The rationale behind this filter was
that any central function should be shared by several ISC types
and be independent of the method used to purify ISCs. We
compared three signatures: the EphB2 ISC signature from mouse
small intestine (Merlos-Suarez et al., 2011), the Lgr5 signature
from small intestine obtained in our lab, but based in the already
published data (van der Flier et al., 2009) and the human EphB2
colon SC signature (Jung et al., 2011). Figure 16 shows the Venn
diagram of compared lists.
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Mouse Small
Intestine
ISC Signature

Human Colon
ISC Signature

Mouse Colon
ISC Signature

Figure 16: ISC signatures compared to generate the selection of genes to
analyze.

Table 1 shows the list of most consistent ISC genes obtained from
the comparison of the abovementioned signatures.

Of the list of 8 most consistent ISC genes, | decided to pursue the
characterization of Mex3a. This was due to the striking loss of adult
stem cells described for mex-3 mutants in C. elegans (Introduction
section 2.6). This phenotype was dependent on pal-1, the
nematode homologue of Cdx2, and we hypothesized that the
Mex3a / Cdx2 axis could be conserved in mammals.
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Gene

Described in ISCs?

Protein (function)

Apcddl

No

Receptor
(Negative regulator of Wnt signaling)

(Shimomura et al., 2010)

Ascl2

Yes

Transcription factor
(ISC self-renewal)

(van der Flier et al., 2009)

EphB3

Yes

Receptor
(Intestinal architecture)

(Batlle et al., 2002a)

Lgr5

Yes

Receptor
(Positive regulator of Wnt signaling)

(de Lau et al., 2011)

Mex3a

No

RNA binding protein
(mRNA regulation?)

(Buchet-Poyau et al., 2007)

Phgdh

No

Enzyme
(Serine biosynthesis)

(Klomp et al., 2000)

Slco3al

No

Transporter
(Prostaglandin metabolism)

(Wang and Dubois, 2006)

Smoc2

Yes

Secreted protein
(Antagonist of BMP?)

(Munoz et al., 2012)
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Table 1: List of most consistent ISC genes.
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2.2 Validating Mex3a expression in ISCs

As a first approach, we validated the results obtained from the
different mouse ISC signatures by RT-qPCR. Figure 17 shows that
Mex3a is enriched in ISCs obtained independently from EphB2 and
LgrS sorting.

As mentioned in the introduction, the mex-3 family is composed of
four genes: Mex3a, Mex3b, Mex3c and Mex3d (Figure 11). The
expression levels of the Mex-3 family in ISCs were, in decreasing
order as follows: Mex3c, Mex3a, Mex3d and Mex3b (data not
shown). Mex3a was highly enriched in the EphB2" population,
whereas the other Mex3 genes showed different expression
patterns (Figure 17C). Furthermore, we found that Mex3a was
enriched over 60 fold in Lgr5™° cells when compared to Paneth
cells (data not shown) implying that ISC enrichment of Mex3a in
ISC was not due to co-purification of Paneth Cells. Overall, our RT-
gPCR data confirms the observations from diverse microarray
experiments and shows that Mex3a is a novel ISC-enriched gene.
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Figure 17: Mex3a is enriched in ISCs. A. Expression of Mex3a
compared to Lgr5 and Krt20 in EphB2 populations from mouse small
intestine. B. Expression of Mex3a compared to Lgr5 and Krt20 in Lgr5
populations from small intestine. C. Expression of Mex3a, Mex3b, Mex3c
and Mex3d in EphB2 populations. Note that Mex3a is the only ISC
specific of all Mex genes.
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2.3 Function of Mex3a in the intestine: characterization of the
cKO allele

2.3.1 Generation of a conditional Mex3a knock-out allele

To study the function of Mex3a in the intestine, we generated a
new mouse model that would allow the complete or tissue specific
ablation of Mex3a. To this end, we inserted loxP sites flanking the
second exon of the mouse Mex3a locus, which encodes 70% of the
protein. Of note, we noticed that there is a consensus translation
start site at the beginning of exon 2, which theoretically could drive
the expression of a large portion of the gene. This excluded
the deletion of exon 1 as an effective approach. Another
consideration to note is that Mex3a has only 2 exons, so the 3’
loxP site had to be placed within the 3'UTR of the gene. To avoid
affecting important regulatory regions, we decided to place this
loxP site in a region that showed very low conservation when
compared to the human genome, using this as a criterion to avoid
potentially relevant sites.

The initial targeting yielded 8/96 clones positive by long-range PCR
(LR-PCR). Of these clones, 3 where positive by Southern Blot
(Figure 18B). 2 of these clones were re-expanded and transfected
with an FlpO-bearing plasmid to remove the Neo cassette. Of this
treatment, 9/96 clones had excised the Neo cassette assessed by
PCR. We then re-confirmed the Neo removal by Southern blot in 2
clones. These were then used to generate chimeras and were
crossed with C57/BI6 mice. Offspring bearing the Mex3a targeted
allele were confirmed by standard genotyping (Figure 18C) and the
Mex3a cKO mouse colony was established for further crosses.
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Figure 18: Generation of Mex3a cKO mice. A. Structure of the mouse
Mex3a locus and the position of loxP sites. The Neo cassette was
removed by transfecting an FIpO construct into ESCs before blastocyst
injection. B. Southern blots of the 5’and 3'region of the Mex3a locus to
assess the targeting. 5’and 3 probes were used to asses gDNA after Ncol
digestion. C. Diagram of the PCR strategy to identify loxP sites. Lower
panels show a representative genotyping of adult mice bearing the Mex3a
cKO allele with both loxP sites present.
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2.3.2 Conditional ablation of Mex3a in the intestinal epithelium

To ablate Mex3a expression in the intestinal epithelium we chose
the well described Villin Cre-ER™ transgenic mouse line. This Cre
line allows robust and almost full deletion of a floxed gene in
intestinal crypts and villi, including the ISC compartment (el
Marjou et al., 2004). Figure 19 shows the intestine-specific
inducible deletion of exon 2 of Mex3a both at the level of gDNA and
mRNA. Upon tamoxifen treatment the mRNA levels of Mex3a were
reduced between 50 and a 100 fold compared to the Mex3a**
littermate. At the protein level we have been unable to detect
Mex3a by Western blot in full intestinal crypt extracts. We
hypothesize that this is due to the low levels of expression of
Mex3a. Furthermore, all commercially available antibodies detect
by western blot several unspecific bands of diverse sizes in these
extracts. In any case the strong decrease of Mex3a at the mRNA
level suggests that the gene function is completely ablated in this
mouse model.
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Figure 19: Intestinal deletion of Mex3a. A. Diagram of the cKO allele of
Mex3a showing the contribution of both exons to the protein product (% of
ORF in parenthesis). The lower diagram depicts the recombined allele
and the PCR assay to detect the recombination. B. Analysis of Tamoxifen
injected mice bearing the Villin Cre-ER' transgene and either the WT or
floxed alleles of Mex3a. The left panel shows the PCR on gDNA to assess
recombination and the right panel the mRNA levels of Mex3a in purified
intestinal crypts. Analysis was performed 1 week after the initial
Tamoxifen dose.
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2.4 Cdx2 levels are not affected in Mex3a KO intestines.

With the validation of the intestine-specific knockout of Mex3a, we
sought to test our hypothesis regarding the regulation of Cdx2. The
transcription factor Cdx2 has been described to drive the
expression of intestinal differentiation genes in cell lines and is
required during development for intestinal specification (Boyd et al.,
2010; Gao et al., 2009; Gross et al., 2008; Kakizaki et al., 2010).

We analyzed the expression of Cdx2 by immunohistochemistry in
the small intestine and colon of Mex3a WT and KO mice. In WT
mice, Cdx2 was expressed in all epithelial cells in an increasing
gradient from the crypt base as previously described (Silberg et al.,
2000; Verzi et al., 2010). By IHC we could not detect any significant
difference in Cdx2 levels or expression pattern (Figure 20A).

In order to analyze if Mex3a KO intestines have subtle effects on
Cdx2 expression we decided to analyze primary cultures of Mex3a
WT and KO ISCs. For this, we cultured intestinal crypts in two
conditions: either as organoid or as stem/progenitor enriched. The
former represent a 3D organoid model of the intestinal epithelium
with presence of both ISCs and differentiated cells (Sato et al.,
2009). In the latter, the addition of exogenous Wnt3a blocks the
majority of cells into an ISC/early progenitor phenotype (Sato et al.,
2011).

By performing western blot we assessed if Cdx2 levels were
modified in either condition after Mex3a in vitro deletion. The
results demonstrate no major effects on Cdx2 levels after Mex3a
deletion (Figure 20B, C). Overall, these results discarded our
hypothesis on the regulation of Cdx2 by Mex3a.
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Figure 20: Intestinal deletion of Mex3a has no effect on Cdx2. A.
Representative staining of Cdx2 in Mex3a WT and Mex3a KO
small intestine. (Magnification 20X). B. Western blots of Mex3a and
Cdx2 levels in primary ISC cultures. An ESC protein extract was
used as a control for Mex3a expression and absence of Cdx2. The
specific band in the Mex3a blot is highlighted with an arrow. C.
Quantification of Cdx2 levels normalized to Actin.
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2.5 Mex3a deletion has no overt effect on intestinal biology.

We studied the overall architecture and cell types present in the
Mex3a KO intestines compared to WT intestines. We first analyzed
the extent of Mex3a mRNA downregulation at different time points.
We found that gene deletion is stable over 6 months, which
suggested that Mex3a deficient ISCs do not suffer a negative or
positive growth advantage (Figure 21).

At the histological level we could not find any obvious
morphological or structural defects in Mex3a KO intestines when
compared to their age and sex matched littermates (Figure 22A).
Differentiation towards the secretory phenotypes was not altered as
suggested by no differences in PAS/Alcian Blue staining (Figure
22B). Moreover, tuft cell frequency remained unchanged as shown
by Dclk1 staining (Figure 22C). Importantly, numbers of stem cells
were apparently unaltered upon Mex3a deletion as demonstrated
through OIfm4 ISH (Figure 23A). Moreover, we could not detect
major differences in the frequency of Paneth cells by lysozyme
staining (Figure 23B).

We analyzed proliferating cells by phospho-histone H3 staining
(pH3), which labels cells undergoing mitosis. We found that the
ablation of Mex3a induced a mild reduction in the number of
proliferative cells per crypt (Figure 24A). In a similar fashion, we
analyzed the number of enteroendocrine cells by using the marker
Chromogranin A. Interestingly, we could observe a mild increase in
the number of ChgA™ cells in the KO intestines (Figure 24B).
Quantifications are shown in Figure 24C. Yet, when we analyzed
ChgA and pH3 6 months after recombination we could not detect
differences (data not shown). Overall, these results imply that
Mex3a ablation only produce mild changes in the intestinal
epithelium, which do not have apparent effects on intestinal
homeostasis.
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1 week

Fold Change (log10)

Me9 M124 m127 M129

3 months

Fold Change (log10)

mM223 M225 m221 M222

6 months

Fold Change (log10)

M262 M263 M231 M264

Figure 21: Mex3a KO crypts are not positively or negatively selected
over time. Mex3a mRNA levels were quantified by RT-qPCR at different
times after KO induction. The WT mice are shown in grey bars and the
Mex3a cKO mice are depicted with red bars.
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PAS/Alcian Blue

Figure 22: Mex3a deletion causes no gross changes in intestinal
architecture. A. H/E staining of proximal small intestine of Mex3a WT
and KO mice (Magnification 10X). B. PAS/Alcian Blue staining of
mucosecretory cells (Magnification 10X). C. Dclk1 staining of tuft cells
(Magnification 20X).
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Olfm4

Lysozyme

Figure 23: Mex3a deletion does not affect Olfm4 or Lysozyme
expression. A. Representative pictures of Oflm4 ISH in WT or Mex3a KO
intestines. B. Lysozyme staining on WT and Mex3a KO intestines. (Left
panels are 20X and right panels are 40X).
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Figure 24: Mex3a KO intestines show mild changes in the number of
proliferative and enteroendocrine cells. A. Representative images of
pH3 staining of WT and Mex3a KO small intestine. B. ChgA staining
of proximal small intestine of WT and Mex3a KO mice. (Magnification
A and B 20X). C. Quantification of the pH3 and ChgA staining. The
observations have been made in at least two mice of each genotype
and analyzing at least 100 crypts of each mouse. Statistical
differences were assessed by performing a t-student statistical test.
The boxplots show the Min to Max and mean of each condition.
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2.6 Mex3a null mice have reduced size during development
and present perinatal lethality

Considering the lack of phenotype resulting from the conditional
ablation of Mex3a in the adult intestine, we generated mice null for
Mex3a in all tissues. To this end, we crossed Mex3a"" mice with a
transgenic Sox2-Cre line (Hayashi et al., 2002). This Cre line
turned the conditional allele into a null allele in all the cells of the
embryo including the germline. After selecting mice bearing the
Mex3a" allele, we crossed Mex3a"* to generate the Mex3a full KO
mice (Mex3a“2). After genotyping 100 mice from these crosses we
were only able to detect 2 adult Mex3a null mice and only one of
these reached adulthood.

We looked into development to determine at which stage the
Mex3a null mice were lost. We could detect Mex3a“* mice by
genotyping up to P1, but already at P3 there was a dramatic
reduction in their number (Table 2). Of note, the penetrance of this
phenotype is of over 97% (Table 2). The single surviving Mex3a“*
adult mouse showed a clear size reduction compared to its
littermates, yet histopathological analysis showed no anatomical
defects (data not shown).

Stage WT Het Mut

observed observed observed (n)
(expected: (expected: (expected:
25%) 50%) 25%)
E8.5 50% 33% 16% 6

E14.5 26.6% 40% 33% 15
E17.5 28% 50% 21% 14
P1 22% 53.6% 24 4% 82
P3 25% 72.2% 2.8% 36
Adults 33% 65% 2% 100

Table 2: Mex3a KO mice present perinatal lethality
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When we analyzed the Mex3a null mice at different stages of
development we found a size reduction evident from E14.5 up to
P1. Despite this size difference there were no gross anatomical
abnormalities in Mex3a KO P1 pups. Figure 26 shows
representative P1 mice either WT or null for Mex3a. As was
observed during development, Mex3a null mice have reduced body
size.

The reasons behind the mortality of these mice still remain to be
determined, but we have observed reduced mobility and
responsiveness to touch of the KO pups. A likely scenario is that
there is culling of the KO mice, which is a behavior widely
described for litters with weak pups (Turgeon and Meloche, 2009).

A simple readout of mouse physiology is the presence of liver
glycogen, which is accumulated during the final stages of
development prior to birth and its required for postnatal survival
(Cifuentes et al., 2008). When we analyzed the postnatal livers of
Mex3a KO mice, we found almost no traces of glycogen,
suggesting either a severe starvation condition or a genetic
deficiency in glycogen production (Figure 26B). Since these livers
were analyzed several hours after birth, we analyzed P1 livers of
mice delivered by cesarean birth in order to rule out the effect of
postnatal starvation. Figure 26C shows that Mex3a KO mice have
reduced yet detectable levels of liver glycogen, therefore showing
that these mice are able to synthesize this molecule. This data
implies that Mex3a KO mice may have metabolic issues.

Of note, both perinatal lethality and size reduction are commonly
observed in knockout mice, thus they are not informative on the
function of Mex3a (Turgeon and Meloche, 2009). Furthermore, the
lethality precludes the analysis of adult stem cells, thus rendering
the Mex3a full KO mice as a model suitable only to study embryo
development.
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Figure 25: Mex3a KO mice have developmental defects and perinatal
lethality. A. Representative images of E14.5 Mex3a* and Mex3a""
embryos. Note the smaller size of the KO embryo. B. E17.5 Mex3a*" and
Mex3a™* embryos show the same trend than E14.5 trend. C. Mex3a™"
mice have undetectable levels of Mex3a mRNA.

122



RESUL

A
Mex3a KO Mex3a WT/Het
B
P1
C
y -:_..-.1 . “,',
0

wriogi i e e ST G0 RIS g e v AR
’i‘:’-&’rﬂ;ﬁiﬁfzﬂ ke ML SR ol T [ A9 e

Figure 26: Mex3a KO mice have reduced liver glycogen. A. Picture of
representative Mex3a KO P1 mice. Note the smaller size compared to the
WT and Het littermates. B. PAS staining of liver sections from P1 mice
several hours after birth. Note the lack of staining in the Mex3a™* mouse.
C. PAS staining of liver sections from P1 mice. *, P1 mice delivered by
cesarean section. (Magnification of B and C 40X).
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2.7 Generation of the Mex3a Knock In allele

We generated a construct bearing a transcriptional reporter for
Mex3a consisting on a tdTomato (tandem dimer tomato), followed
by a T2A sequence and the Cre-ER™ protein. This reporter
cassette was designed to be expressed as a single mRNA, yet the
presence of the viral 2A sequence should result in the separation of
the tdTomato and Cre-ER'™ proteins by promoting the skipping of
the peptide bond formation by the ribosome (Hu et al., 2009). The
rationale behind this approach was that the Mex3a-driven
tdTomato would allow the sorting and profiling of the Mex3a™* cells
in mouse tissues, whereas the Cre-ER'™ protein would allow for
genetic analysis, including lineage tracing, gene ablation/activation
or cell ablation, among other possibilities.

After the transfection of this cassette into ESCs, G418-resistant
clones were selected and screened by long-range PCR for
integration in the Mex3a locus by homologous recombination. We
obtained 4/36 positive clones, 2 of which were later confirmed to
bear single integrations in the correct genomic site by Southern
blot. Subsequently the Neo cassette was excised by transfection of
an FIpO bearing plasmid and clones were screened for the removal
of the Neo cassette (3/79 screened). Finally, 2 of these Mex3a K
ESCs were re-confirmed by Southern blotting (Figure 27B). These
two clones were used for blastocyst injection and chimeras were
selected (all of which had over 70% chimerism). These chimeras
were then bred with C57/BI6 mice and the germline transmission of
the allele was confirmed for all crosses. Figure 27 depicts the
overall design of the cassette, the final Southern Blot screening
and a representative genotyping of a litter bearing the Mex3a K
allele.
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Figure 27: Design and generation of Mex3a Kl mice. A. Scheme of the
WT locus and the knock-in cassette. B. Southern blot of ESC clones to
confirm targeting. The left panel shows the 5° probe whereas the right
panel depicts the 3" probe of the targeted region. The enzymes used in
each case are shown. C. Genotyping of mice bearing the Kl allele. The
blue box highlights a heterozygous mouse, the black box highlights a WT

mouse and the red box points towards a double KI mouse.
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2.8 Analysis of Mex3a™"" cells in different tissues

2.8.1 Analysis of intestinal cells

We initially tested whether the Mex3a driven tdTomato was
expressed in the intestine. To this end, we analyzed single-cell
preparations of small intestines obtained from Mex3a**, Mex3a<"*
or Mex3a""" mice by FACS.

+ve

In order to ensure the detection of the potential Mex3a™"* cells, we
discarded debris and cell aggregates and selected for viable
epithelial cells. As shown in Figure 28A, the intestine of Mex3a""*
mice contained a population of tdTomato™ cells. As expected, the
frequency of these cells was doubled in Mex3a""¥' mice.

We then sorted cells with different levels of tdTomato expression
(Figure 28B) and performed RT-gPCR. Figure 28C shows that
tdTomato"" cells had higher mRNA levels of both Mex3a and Lgr5
than tdTomato"*"™¢ cells, whereas the level of the proliferation
marker Ki67 was enriched to a much lower extent. These results
indicate that the Mex3a*™® population is enriched in ISCs.

2.8.2 Analysis of hematopoietic cells

Analyzing the annotated expression of Mex3a in other tissues, we
found that Mex3a was present in mouse bone marrow. We
analyzed the existence of Mex3a™® cells in peripheral blood and
bone marrow from Mex3a** and Mex3a*"* mice. We could not
detect any tdTomato cells in peripheral blood, yet a population of
these cells was readily detectable in the bone marrow (data not
shown).

To further characterize the Mex3a cells from bone marrow, we
performed FACS staining of well-described hematopoietic surface
markers. We analyzed the hematopoietic stem/progenitor cells by
discarding lineage specific cells and selecting the cKit / Sca-1
double positive population (LSK cells) (Figure 29). We could
observe that over 50% of these LSK cells were positive for
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tdTomato (Figure 29C). This result is in line with the published
expression of Mex3a in this system (Konuma et al., 2011) (Figure
29D). We analyzed the ability of Mex3a to identify LSK cells and
found that 1 out of 7 (1238 / 9268) tdTomato™® cells were LSK
cells. We performed this analysis with Sca-1 and found that 1 out of
22 (2072 / 46104) Sca-1""° cells were LSK. In comparison with
Sca-1, Mex3a seems to be more specific of stem/progenitor cells of
the hematopoietic system.
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Figure 28: Mex3a::tdTomato cells in the small intestine. A. FACS
gating scheme used to identify tdTomato cells in the small intestine cell
preparations. B. Populations selected on the basis of size and expression
of tdTomato in Mex3a""* mice. C. RT-qPCR data of tdTomato sorted cells
for selected marker genes.
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Figure 29: LSK cells express Mex3a. A. Lineage staining of bone

marrow cells. The lineage markers used were CD3¢g, Gr-1, B220 and
Ter119. B. cKit and Sca-1 staining of the Lin" population from bone
marrow. C. tdTomato expression of LSK cells in Mex3a™* and Mex3a "
bone marrow. D. Mex3a expression in unstained bone marrow
tdTomato™® vs tdTomato™ cells. E. Described RNA expression of Mex3a
in different hematopoietic cells. Mex3a is enriched in Stem/Progenitor
cells when compared to more differentiated cells. The GEO accession
number and microarray probe are shown below the graph.
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2.8.3 Analysis of embryonic stem cells

We analyzed the expression of Mex3a in embryonic stem cells. For
this we took advantage of the clones bearing the Mex3a Kl allele
used to generate the Mex3a reporter mice. We could detect the
Mex3a-driven tdTomato by fluorescence microscopy on live
cultures (Figure 30A). This observation is in line with increased
abundance of endogenous Mex3a at the mRNA and protein levels
when compared to adult tissues (data not shown). By FACS we
could detect that over 95% of ESCs were positive for tdTomato
(Figure 30B).

Previous studies have shown that ESC cultures are actually
heterogeneous populations containing cells with low yet detectable
levels of differentiation (Marks et al., 2012). To investigate if Mex3a
levels could separate cells with different commitment states we
sorted tdTomato™" and tdTomato™®” cells from the Mex3a "
ESCs. We analyzed the expression of endogenous Mex3a to
validate the reporter allele. To assess stemness we measured the
levels of Oct4 and Sox2, as well as Gata6 and T (Brachyury) to
measure differentiation. We could observe that the Mex3a allele
enriched for the endogenous Mex3a as expected. Moreover, we
could detect enrichment of both Oct4 and Sox2 in the tdTomato™"
cells. Furthermore, the expression of the differentiation genes
Brachyury and Gata6 were enriched in tdTomato™" cells (Figure
30C, D). Our results show that Mex3a is expressed in ESCs and
that its expression correlates with stemness genes in this system.
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Figure 30: Mex3a is expressed in mouse ESCs and correlates with
stemness markers. A. Bright field (left panel) and red fluorescence (right
panel) images of live ESCs (white arrowheads) with contaminating
feeder cells (black arrows). (Magnification 20X). B. FACS analysis of
Mex3a"™ and Mex3a“"* ESCs. Note that Mex3a is expressed in over
95% of ESCs. C. Sorting gates of tdTomato™" and tdTomato™®" cells
from Mex3a""* ESCs (left panel). D. RT-gPCR analysis of stem and
differentiation genes in tdTomato sorted populations.
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2.9 Characterization of Mex3a " cells of the small intestine

+ve

To further characterize the identity of intestinal Mex3a™ cells, we
analyzed the transcriptome of tdTomato cells from Mex3a""* mice
by microarray analysis. Table 3 shows the genes most enriched in
Mex3a™® cells. This list includes the ISC marker gene Lgr5 as one
of most enriched genes in Mex3a™ cells yet the top positions of
this list also contained many genes specific of the secretory
lineage, particularly of enteroendocrine cells such as Gceg, Sst, Cck
or ChgA (Habib et al., 2012).

The unexpected co-ocurrence of ISC and differentiated cell
markers prompted us to further characterize the phenotype of
these cells. To this end, we verified by GSEA the overall
enrichment of the gene expression signatures that define particular
cell types or compartments of the intestinal epithelium. We took
advantage of gene signatures built-up from our lab and the Clevers
lab in previous studies (van der Flier et al., 2009) and compared
the EphB2-ISC, Lgr5-ISC, Proliferation and Late TA expression
programs to that of Mex3a™® cells. As shown in Figure 31,
Mex3a*™® cells were enriched in ISC-specific genes as well as in
expression of the proliferation program. Furthermore, this
population is depleted from the late TA signature, which contains
most differentiation markers. This data supports that Mex3a cells
resemble ISCs despite the expression of endocrine-specific genes.

We also analyzed the Gene Ontology Biological Processes (GO
BP) enriched in the Mex3a"™ and in Mex3a"®° cells (Figure 32). As
expected, genes involved in DNA replication as well as Somatic
Stem Cell Maintenance were enriched in Mex3a™ cells. On the
other hand, genes involved in the tricarboxylic acid pathway and
sodium ion transport were enriched in Mex3aN®? cells. Overall, our
transcriptomic data suggests that tdTomato™ cells are enriched in
ISCs.
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Gene p-value Fold-Change
Symbol High vs. Neg High vs. Neg

Gceg 0,00 70,82
Afp 0,01 52,62
Sh2d6 0,00 50,75
Hck 0,00 45,88
Sst 0,00 39,75
Dclk1 0,00 34,22
lapp 0,01 26,85
Rbp4 0,00 25,68
Siglech 0,00 25,38
Cpe 0,00 23,83
Cck 0,00 23,80
Chgb 0,00 20,87
Tph1 0,00 20,43
Ghrl 0,00 20,23
Pnliprp2 0,00 20,02
Trpm5 0,00 19,48
Alox5ap 0,00 19,16
Lgr5 0,01 17,09
Gng4 0,00 16,91
Peg3 0,00 16,90
Pla2g2f 0,01 16,84
Vwa5sb2 0,00 16,00
Thbs1 0,01 15,92
Nts 0,03 15,79
Spib 0,00 15,49
Chga 0,00 14,28

Table 3: Genes most enriched in Mex3a::tdTomato cells.
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Figure 32: GSEA of Gene Ontology Biological Processes
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replication genes in Mex3a"" cells. B. Enrichment of Somatic Stem Cell
Maintenance genes in Mex3a™" cells. C. Enrichment of genes of the
tricarboxylic acid cycle in Mex3a"®® cells D. Enrichment of sodium ion
transport genes in Mex3a"® cells.
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2.9 Mex3a' cells are enriched in LRC genes

A recent study by Doug Winton characterized the identity of
intestinal label-retaining cells (LRCs) through the use of an H2B-
YFP reporter gene (Buczacki et al.,, 2013). These cells were
described to be a subpopulation of relatively quiescent Lgr5*"° cells
that have already committed to the enteroendocrine or Paneth cell
lineage. Upon damage to the epithelium this cell population was
able to revert to an ISC phenotype (Introduction Section 2.4).

As shown in Table 3, Mex3a™" cells express both ISC-specific and

enteroendocrine-specific genes. This suggested a potential link of
Mex3a cells to the aforementioned intestinal LRC. To test this
possibility, we took advantage of the published data and defined a
stringent LRC signature obtained from LRC cells (H2B-YFP**) and
comparing these to both purified Paneth cells (UEA-Lectin™®) as
well as Low Crypt Cycling cells (LCCs) (H2B-YFP™). The LRC
genes were defined as those enriched at least 2 fold over Paneth
cells and also at least 3 fold enriched over LCCs. This led to a final
list comprised of 61 genes we defined as the LRC common
signature.

We then analyzed by GSEA how these LRC genes were distributed
in the different crypt cell populations: EphB2"" vs EphB2“e,
Mex3a"™9" vs Mex3a"*" and Lgr5™9" vs Lgr5-°". As shown in Figure
33, the LRC common signature was enriched in Mex3a™ cells and
to a lower extent in EphB2™ cells. Interestingly, these LRC genes
were randomly distributed in Lgr5"" and Lgr5-°" cells. From these
results, we tentatively conclude that the EphB2™ cells encompass
both Mex3a™ and Lgr5™ cells. On the other hand, LRC-specific
genes are randomly distributed in the Lgr5™ and Lgr5-°" fractions.
Finally, Mex3a"" cells are enriched in the LRC expression program.
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Figure 33: GSEA analysis of LRC common genes. GSEA of LRC
common genes in Mex3a High vs Low signature (A), EphB2 High vs
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2.10 Mex3a and Lgr5 show differential behavior to stress

The link of Mex3a cells with LRCs led us to analyze their behavior
under stress conditions. We treated mice with 6Gy of ionizing
radiation (IR). This dose is sufficient to induce apoptosis to Lgr5™°
cells (van Es et al., 2012; Yan et al.,, 2012) and trigger the
phenotypic reversion of DII1™® progenitor to ISCs (van Es et al.,
2012).

72 hours after this regime, we quantified the number of tdTomato
cells in the proximal small intestine. In parallel, we performed the
same analysis on Lgr5 mice. As shown in Figure 34, Mex3a"™®
cells show an increased resistance to IR than Lgr5 at this dose.
These data reinforce the notion that Mex3a cells comprise a
population of relative radioresistant cells that behave differently
than Lgr5™° cells. We speculate that Mex3a™® cells may hold
similarities to LRCs.
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Figure 34: Response to IR of Mex3a and Lgr5 cells. Relative
abundance of tdTomato™® or GFP™® cells 72 hours after a 6 Gy IR
treatment. Populations were normalized to untreated mice. *, p < 0.05in a
one-way ANOVA statistical test.
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2.11 Lineage tracing from the Mex3a knock in allele

In order to characterize the behavior of the Mex3a population, we
performed lineage-tracing analysis by breeding Mex3a-KI with the
ROSA-LSL-LacZ reporter mice. We analyzed the expression
pattern of LacZ after Tamoxifen treatment and compared to that of
Lgr5-Cre-ER™.  Unfortunately, these experiments were not
conclusive.

3 days upon treatment of Lgr5-Cre-ER™ mice with Tamoxifen, we
could observe the typical ribbon-like stainings from the crypt base
to the villus tip that comprise stem cells and their progeny (data not
shown). In contrast, we could not observe labeled cells or clones in
Mex3a-KI mice at any time point. The exception was the sporadic
observation of few LacZ labeled cells at the base of the crypt. One
of the few positively stained crypts are shown in Figure 35. Yet,
this staining was not consistent across all mice and time points,
which precluded conclusion about the localization or behavior of
the Mex3a population. We speculate that the Cre-ERT2 cassette
knocked in the Mex3a locus may not be fully functional.
Alternatively, not enough recombinase might be expressed to allow
effective tracing due to the low transcriptional activity of the
endogenous Mex3a locus.
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Figure 35: Mex3a-driven lineage tracing in the intestine. A,C.
Representative images from a Mex3a-driven tracing 18 hours
after tamoxifen induction. (Magnification 20X). B, D. Higher
magnification images from A, C. Note that the labeled cells are only
located in crypts (Magnification 40X).
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2.12 Mex3a""™" mice have reduced levels of Mex3a and present
growth impairment

To further characterize the role of Mex3a, we turned to the use of
mice homozygous for the Mex3a KI allele. By analyzing the mRNA
levels of Mex3a in intestinal crypts derived from these mice we
demonstrated a strong reduction (>50 fold) when compared to
heterozygote mice. Of note, sorted Mex3a::tdTomato cells from the
KI/KI mice still express some levels of Mex3a mRNA implying that
the coding region is transcribed to some extent despite the
insertion of the reporter cassette at the ATG (Figure 36A). This
leakage could be explained by the presence of an in-frame ATG in
codon 8 that could drive translation from any read-through
transcription after the polyA of the cassette.

Mex3a " mice were viable with only a slight reduction in the
expected Mendelian ratios (Figure 36B). These mice presented
size reduction in a fashion reminiscent to the observed for the
Mex3a full KO pups (Figure 36C). This phenotype was present in
around 50% of KI/KI mice. Despite the reduced body weight, the
residual production of Mex3a protein in Mex3a“"' mice appears to
be sufficient to rescue the perinatal lethality observed in the full KO
mice (Section 2.6, Table 2). We concluded that the Mex3a*"' mice
behave as hypomorphs of the Mex3a function.

We used the Mex3a*"" mice to explore the function of Mex3a. We
purified tdTomato*™® cells and obtained their expression profiles. Of
note, since Mex3a“""' mice have 2 copies of the reporter allele, we
adjusted the sorting gates to select the equivalent population we
sorted from Mex3a"* mice. Table 4 shows the genes most
differentially expressed between Mex3a*"* and Mex3a"" cells. The
loss of Mex3a seems to induce the upregulation of cell cycle
related genes as well as mitochondrial genes. These observations
suggest a potential role for Mex3a in the regulation of proliferation
and metabolism. As noted before, Mex3a cells express LRC-
specific genes and LRCs are a slow dividing subpopulation of
Lgr5™® cells. These observations prompt us to speculate that
Mex3a might regulate genes that affect the proliferation rate and
metabolism of LRCs.
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Figure 36: Mex3a KI/KI mice have a reduced body size. A Expressmn
levels of Mex3a in intestinal tissue. The full crypts of Mex3a"" mice have
very low levels of Mex3a, yet the sorted Mex3a::tdTomato cells have
detectable levels. B. Mex3a KI mlce are viable albeit with slightly reduced
Mendelian ratios. C. Mex3a""' mice present a reduction in body weight
and overall size. **, p value < 0.01 in a one way ANOVA.
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Gene Symbol p-value WT High vs. Mut High

Serinc3 0,01 4,88
Cyp2b10 0,03 459
Zbtb16 0,02 3,22
Gpt2 0,01 3,07
Adcy5 0 3,04
Dclk1 0,02 2,83
2010012P19Rik 0 2,73
Siglec5 0,03 2,65
9430012M22Rik 0,03 2,61
Aldh112 0,02 2,6
Mrpl54 0 2,59
Basp1 0,01 2,56
Gm9930 0 2,54
Mapk1ip1l 0 -3
Fubp3 0,01 -3,1
Plk4 0,02 -3,11
Pdzd8 0,01 -3,14
Ndufab1 0 -3,17
Snrpf 0,01 -3,18
Chchd6 0,04 -3,23
KIhI9 0 -3,26
Ppp1r2 0,01 -3,28
Dfnab 0,02 -3,38
Slc25a32 0,01 -3,38
Dars 0,01 -3,38
Yme1l1 0,01 -3,38
Hspa9 0 -3,49
Tsn 0,02 -3,52
Hddc3 0 -3,57
Vamp7 0,01 -3,71
Tial1 0,03 -4
Foxn2 0,02 -4.11
Scn2b 0 -4,14
Dkec1 0,03 -4,26
2810417H13Rik 0,01 -4.44
Ndufab1 0 -6,12
Hist1h2ab 0 -22,6

Table 4: Genes differentially expressed in tdTomato"'%" Mex3a"“"* and
Mex3a“"™ cells.
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Figure 37: GSEA analysis of genes deregulated in Mex3a deficient
cells. A,B. PreRanked GSEA of the top GO Biological Processes and
Cellular Components enriched in Mex3a"* and Mex3a"™ cells. C. RT-
gPCR validation of selected genes differentially expressed in the
microarrays from Mex3a""* and Mex3a"" cells.
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2.13 Mex3a is required for efficient in vitro ISC self-renewal

Having not found an evident phenotype in Mex3a deficient
intestines, we turned to a system more amenable to manipulation.
We took advantage of the possibility of expanding ISCs in vitro
(Sato et al., 2009). In these culture conditions, mouse ISCs
generate organoids composed of all differentiated cell types
(Intestinal Organoid culture) as described in Chapter 1.

A variation of this method consists in enhancing Wnt signaling
through the addition of Wnt3a conditioned media. This produces a
shift of the culture towards a stem/progenitor phenotype
(Stem/Progenitor Culture) (Figure 38A). These Stem/Progenitor
conditions generate spheroid-like cultures similar to that of Apc-
mutant ISCs (Sato et al., 2011).

When we analyzed the expression of Mex3a in the Stem/Progenitor
cultures, we observed an increase at both the mRNA and protein
level compared to the Intestinal Organoid system (Figure 38B, C).
We reason that this effect is the consequence of the increased
frequency of ISCs induced by Wnt3a supplementation.

We then cultured Villin Cre-ER™; Mex3a™ or Villin Cre-ER™;
Mex3a" ISCs from age and sex-matched mice. Stem/Progenitor
cultures were then treated with 1 yM 4-OH Tamoxifen for 48h, and
then passaged by mechanical disaggregation. The cultures were
then followed from 48h to 96h and their re-seeding capacity was
assessed by quantifying the number of stem-like spheroids growing
in WT and KO conditions.

In these conditions, we observed a reduction of around 3 fold in the
frequency of stem-like spheroids expanded from Mex3a deficient
cells. Considering the variability of the system and the inherent
inaccuracy of the 3D culture models, we performed all experiments
at least in triplicate per condition in at least 4 biological replicates
(Figure 39).
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Figure 38: In vitro models for ISC studies. A. Diagram of the culture
conditions that either mimic the intestine (organoid) or enriches in
stem/progenitor cells through the increase in Wnt signaling in the media.
The organoid culture picture is adapted from (Sato et al, 2010). B. Mex3a
expression increases in stem conditions at the mRNA level. C. Mex3a
protein is enriched in stem cultures.
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Figure 39: Loss of Mex3a reduces the ability of ISCs to propagate in
vitro. A. Experimental setup to determine the effect of Mex3a ablation on
ISC cultures. The lower panels are representative images of the WT and
KO ISC cultures at the time of quantification. B. Quantification of
organoid number in WT and KO ISC cultures (10X magnification). The
data represents the normalized number of organoids in 4 different
experiments with at least 3 matrigel drops of each genotype per
experiment. ***, p value < 0.01
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To understand the molecular basis of the ISC impairment caused in
vitro by Mex3a deletion, we analyzed the transcriptome and
proteome of the ISC -cultures after tamoxifen treatment. To
determine the more direct effects of Mex3a deletion, this analysis
was performed at early time points before growth impairment was
evident. The transcriptomic changes after Mex3a deletion were
analyzed by microarrays and the top genes up and downregulated
are shown in Table 5. Our analysis indicated that several of the top
downregulated genes upon Mex3a deletion are ISC genes (e.g.
Lgr5, Ptpro, Rgmb). We tentatively concluded that either Mex3a
deficiency causes reduced expression of ISC genes or that the
Mex3a null cultures contained decreased number of ISCs. This
effect occurs without triggering intestinal differentiation.

Downregulated mRNAs in Mex3a Upregulated mRNAs in Mex3a

KO ISCs KO ISCs
p-value |Fold-Change p-value Fold-Change
Lgals6 0,004836 -32,10 Ctgf 0,003891 3,86
2810417H13Rik  0,039915 -3,19 Krt4 0,028616 2,97
Esrrg 0,048149 -2.33 Tpm2 0,013385 267
Ifitm1 0,048247 224 Tspan2 0,039462 256
Nfia 0,012349 2,22 8430408G22Rik  0,040833 2,44
Cira 0,028825 -2,07 Ly6c1 0,006922 2,37
Galc 0,009006 1,97 Slc25a48 0,046250 2,33
B4galnt4 0,034241 1,96 Hspaib 0,040291 229
Rgmb 0,039597 -1,93 Ahnak 0,044755 2,20
Lrig1 {intron) 0,012135 -1,89 Amotl1 0,013663 2,12
Mex3a 0,047175 -1,88 Mtap9 0,024319 2,11
C79468 0,037335 -1,81 Coldai 0.024630 208
Bhihat5 0,001493 -1.79 5830408B19Rik  0,007360 2,07
Qsert 0,022936 1,79 Samd5 0.009358 204
i R SIS Serpinbab 0.039731 2.00
Dscci 0,029830 -1,78 ' :

Sle7atl 0,044957 1,99

Casp8ap2 0,039813 1,77
Stxbp1 0,026853 1,98

Lar5 0,025639 1,72
- Cadm1 0,049218 1,96

Glcei 0,031735 -1,70
Tnfrsf23 0,031261 1,95

Ptpro 0,029072 -1,70
Fetub 0,005096 1,91

Kihi23 0,013273 -1,70
Plod2 0,022873 1,85

Srl 0,004245 -1,70
Ldhd 0,030518 1,83

Mem10 0,024157 -1,69
Sico3at 0.017882 1,69 S e I
Enppd — — S100a14 0,009107 1,83
' ' Serpinb5 0,001437 1,80

Table 5: Transcriptomic changes 48 hours after Mex3a deletion in

ISC cultures.
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2.14 Proteomic analysis of Mex3a KO ISC cultures

Mex3a is an RNA binding protein with not known nuclear function
(Buchet-Poyau et al., 2007; Courchet et al., 2008). Thus, we
reasoned that all the transcriptomic effects observed in vitro upon
deletion of Mex3a are only indirectly linked to the loss of Mex3a
activity. In order to identify events directly regulated by Mex3a we
performed proteomic analysis (Table 6).

Control and Mex3a KO ISC cultures established from age and sex-
matched mice were treated in parallel. We identified about 1000
proteins in each sample, yet only 652 of them were present in all
triplicate samples of the experiment. Of these common proteins, 38
of them were differentially expressed after comparing Mex3a WT
and KO cultures. Upon a preliminary analysis, it was evident that
most of these proteins were involved in mitochondrial biology
and metabolic processes. It is important to point out that the
proteomic approach used is biased to highly abundant proteins,
therefore it is likely that changes in lowly expressed genes were not
detected.
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Downregulated proteins in Mex3a Upregulated proteins in Mex3a
KO ISCs KO ISCs
Uniprot ID Fold change Uniprot ID Fold change
ATPK_MOUSE  0.00476 312 DEST MOUSE  0,04126 238
VDAC1_MOUSE 0,02703 276 S =
ERO1A_MOUSE  0,02252 2,26
H4 MOUSE  0,01724 -2,56
- PGM1_MOUSE 004442 1,99
ODPB_MOUSE  0,02238 1,91 VDAC3_MOUSE  0.00560 184
PROF1_MOUSE 0,02075 -1,79 ARF3 MOUSE  0,01562 1,79
GALK1_MOUSE 0,02933 1,73 R S
ALDH2 MOUSE  0,03321 1,58
PPBI_MOUSE  0,01473 -1,69

- VASP_MOUSE 002568 148
MTAP_MOUSE 0,02360 -1,64 TLN1 MOUSE 0 00284 147
PLCB3_MOUSE 0,00916 1,59 RAB1A_MOUSE  0,00310 1,47
LAMC1_MOUSE 001660  -136 RGO S OGS 1,46
ERLN2 MOUSE  0,00218 1,42

CADH1_MOUSE  0,01045 -1.32 PDC6I_MOUSE  0,01943 1,40
IF6_MOUSE  0,01908 -1,14 ARP2_MOUSE 0,01253 1,39
IMPA1 MOUSE 0,03354 1,13 TOM7 MOUSE  0,04170 1,35
RL18A MOUSE  0,04584 1,35

CI1TC_MOUSE  0,02580 1,33

1433G_MOUSE  0,01641 132

TCPD_MOUSE  0,02527 1,29

ACADL MOUSE  0,00231 1,29

EFTU MOUSE  0,01889 1,29

CATA MOUSE  0,01892 1,28

PLAK_ MOUSE 000266 1,24

SRSF1_MOUSE  0,03680 1,23

Table 6: Proteomic changes 48 hours after Mex3a deletion in ISC
cultures.
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2.15 Generation of Mex3a-inducible colon cancer cell lines

To dissect the function of Mex3a in detail we turned to cell lines.
We used the well-studied cell line LS174T. These cells share
several features with normal ISCs at the transcriptional level (Van
de Wetering et al., 2002) (Whissell and Batlle, unpublished).

We generated stable cell lines bearing doxycycline-inducible
versions of TAP-tagged WT and mutant Mex3a (Figure 40A). In
particular, we disrupted the two putative functions of Mex3a: RNA
binding and E3 ubiquitin-ligase activity. To disrupt the RNA binding
of Mex3a we generated the G240D point mutation that targets a
residue in the second KH domain and is conserved in the C
elegans mex-3 protein. To disrupt the E3 ligase domain we
generated the C469G mutation that disrupts the first cysteine of
this domain. The C469G mutation should disrupt the binding of one
of the Zn*? ions required for the E3 ligase activity (Deshaies and
Joazeiro, 2009). Finally, we generated a truncated version of
Mex3a that spans from the start codon to the end of the second KH
domain (we refer to this truncated protein as ARING).

We analyzed the performance of our system in basal conditions
and observed comparable expression of Mex3a between parental,
control vector and uninduced cells (data not shown). 16 hours after
doxycycline induction we could detect the increase in Mex3a
mRNA (Figure 40B) as well as exogenous Mex3a protein (Figure
40C). Interestingly, we found that Mex3a mutants G240D and
C469G had reduced levels of expression when compared to WT
and ARING forms of Mex3a.

We studied the kinetics of WT Mex3a accumulation and assessed
protein cellular localization by immunofluorescence (Figure 40D).
Exogenous Mex3a was readily detectable after 16 hours of
induction and was localized in the cytoplasm of cells. It was evident
that Mex3a was present in granules of varying size and intensity
(Figure 40E). In contrast, the Mex3a mutant forms displayed
diffused patterns in the cytoplasm.
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Figure 40: Generation of an inducible system for Mex3a WT and
mutant expression in CRC cells. A. Diagram of the Mex3a protein
designed with the C terminal TAP Tag. The arrows point towards two
point mutations: G240D (RNA binding mutant) and C469G (RING finger
mutant). A truncated version of Mex3a was also generated (named
ARING TAP). B. mRNA induction of the different constructs after 16 h
induction with 1 ug/mL Dox. C. Western blot of flag tag for the same
conditions shown in B. D. Induction kinetics of WT Mex3a-TAP assessed
by IF. Note that by 16 hours the protein is readily detectable in
the cytoplasm of cells and apparently excluded from nuclei.
Magnification 40X. E. Higher magnification pictures of flag
immunofluorescence for WT MEX3A, G240D and ARING overexpression.
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Note that WT Mex3a forms granular structures (red arrowheads) not
present in the mutant forms. Magnification 100X.

2.17 Mex3a acts as a translational enhancer in tethering
assays

To study whether Mex3a has a role in translational regulation we
performed tethering assays. This assay is based on the interaction
of the MS2 coat protein (MS2cp) with the MS2 RNA loop. With this
system we analyzed the effect of chimeric MS2cp-MEX3A on the
post-transcriptional regulation of the Firefly luciferase (FLuc)
reporter fused to MS2 RNA loops in the 3'UTR.

We cloned both the WT human Mex3a protein and the RING finger
mutant (C469G) in frame with a C-terminal TAP Tag and the MS2
coat protein (MS2cp) (Figure 41 A, B). Both the WT and C469G
fusion proteins were expressed to similar extent (Figure 41C). We
then tested the ability of these constructs to modify the activity of
the FLuc reporter compared to the MS2cp and/or luciferase
reporter alone. Figure 41D shows that WT Mex3a enhanced FLuc
activity and that this enhancement required an intact RING finger.
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Figure 41. Mex3a acts as a translational activator in 293T cells. A.
Diagram of the Mex3a protein highlighting the C469 residue present in the
first Zn finger of the RING domain. B. Scheme of the MS2 based tethering
assay. MS2 loops are cloned in the 3" UTR of the firefly luciferase and
exposed to fusion proteins of the gene of interest (WT or mutant) and the
MS2 coat protein. The interaction between the coat protein and the RNA
loop will recruit the protein of interest to the 3’"UTR of the luciferase gene.
C. Western blot showing that the MS2cp fusion proteins are expressed in
293T cells to a similar extent after transfection. D. Relative luciferase
activity when the assay is performed with the constructs shown in B (n =
6).
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2.18 Mex3a-bound mRNAs in colon cancer cells

We decided to study the potential mRNA targets of Mex3a. To this
end we performed RNA-binding protein immunoprecipitation (RIP)
as described for other RNA binding proteins (RBPs) (Keene et al.,
2006; Tenenbaum et al., 2002).

The protocol follows steps similar to that of a standard
immunoprecipitation, but varying the lysis protocol and introducing
RNAse free conditions. After the pulldown the RNA bound to
Mex3a is purified and used for cDNA synthesis or other
applications.

Our experimental setup consisted of 3 conditions: LS174T induced
control cells (Control + Dox), LS174T uninduced Mex3a cells
(Mex3a — Dox) and LS174T induced Mex3a cells (Mex3a + Dox).
We performed RIP of these samples and extracted their
corresponding input samples. The RNAs bound to Mex3a as well
as the control RIPs and inputs were hybridized to Human Exon
Arrays to generate a more accurate idea of the overall mRNA
regions bound by Mex3a. As described for most RNA binding
proteins, Mex3a binding was considerably enriched towards the
3'UTR of its targets compared to the enrichment found in the ORF
or 5'UTR of the mRNAs (data not shown).

Figure 42A shows the top mRNAs bound by Mex3a. It is to be
noted that the enrichments are normalized to the corresponding
input of each pulldown. Only those RNAs bound specifically to the
LS174T pTRIPz Mex3a + Dox condition (but not the control
conditions: Control + Dox and Mex3a — Dox) are considered for all
subsequent analysis. We validated several of our microarray data
targets by repeating the RIP experiment and analyzing by RT-
gPCR the enrichment to WT Mex3a and the G240D mutant as a
negative control (data not shown).

We performed GSEA of all GO categories. We found that several
aspects of RNA biology as well as DNA damage response are
over-represented in the Mex3a targets (Figure 42B).
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Figure 42: Mex3a targets in LS174T colon cancer cells. A. Table listing
the top mMRNAs bound by Mex3a in LS174T cells. The fold change refers
to the RIP vs input. All targets shown have specific enrichment to Mex3a
and no enrichment in the control conditions B. GSEA analysis of GO
categories enriched in Mex3a RIP targets. Three representative plots are
shown.
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2.19 Mex3a regulates EED at the protein level

The top target of Mex3a in LS174T cells is the gene EED. This
gene is a central member of the PRC2 (polycomb repressive
complex 2), which establishes the H3K27me3 repressive mark on
chromatin (Margueron et al., 2009; Margueron and Reinberg, 2011;
Montgomery et al., 2005; Montgomery et al., 2007). This protein
complex has been shown to be essential in ESC multipotency
(Montgomery et al., 2005) and also in hair-follicle stem cell biology
(Ezhkova et al., 2009).

The regulation of EED is complex and it has been described that
the EED mRNA is able to generate 4 isoforms of EED termed
EED1, EED2, EED3 and EED4 (Montgomery et al., 2005;
Montgomery et al., 2007). These are the product of alternative
translation initiation sites which include non-canonical valines for
EED1 and EED2 (Kuzmichev et al., 2004). The different EED
proteins have been described to form variations of the PRC2
chromatin remodeling complex (Kuzmichev et al., 2004; Kuzmichev
et al., 2005). Despite these observations, no functional differences
have been found in KO models of each EED isoform (Ura et al.,
2008).

We validated the interaction of Mex3a with the Eed mRNA by RIP
followed by RT-qPCR. We used the G240D mutant as a control for
the specificity of this binding (Figure 43A).

When we analyzed the EED protein in our cell culture system we
could detect all 4 isoforms (Figure 43B), yet the relative
abundance of the isoforms was cell line-dependent (data not
shown). We then knocked down Mex3a with an inducible shRNA
and saw an effect on a single isoform of EED, EED2 (Figure 43B).
This was not due to differences in EED mRNA levels (Figure 43C).

We analyzed the predicted subcellular localization of these
isoforms by using different algorithms. Interestingly, we found that
MitoProtll predicted the mitochondrial localization of EED2, but not
for the other isoforms (Figure 44A). We performed mitochondrial
enrichment from LS174T cells and assessed the levels of EED in
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Mex3a control and knockdown cells. We found that EED2 was
enriched in mitochondria in a Mex3a-dependent manner (Figure
44B). Of note, a recent publication validates our observations by
showing that EED has mitochondrial localization through its
interaction with the mitochondrial kinase PINK1 (Berthier et al.,
2013).
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Figure 43: EED2 is regulated by Mex3a. A. RT-qPCR of RIP performed
from WT and RNA binding deficient (G240D) Mex3a. Note the specific
enrichment in the WT pulldown when Mex3a-TAP is expressed. B. Mex3a
knockdown cells show reduced levels of the second isoform of EED. C.
Mex3a knockdown does not affect Eed mRNA levels when analyzed by
RT-gPCR in LS174T cells. D. Quantification of the western blot from panel
B. Values are normalized to actin.
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Figure 44: EED2 is a mitochondria-enriched protein with Mex3a-
dependent expression. A. MitoProtll prediction of the different EED
isoforms. The upper panel shows a representative western blot where all
EED isoforms are visible. The lower panel shows the predict MitoProtll
scores (Value > 0.5 indicates mitochondrial localization). B. Western blots
of EED in Mex3a control and knockdown cells. Note that in these
conditions only EED1 and EED2 are visible. VDAC1 is a mitochondria-
specific protein and H3K27me3 is a nuclear-specific protein. WCE: whole
cell extract. Mito: mitochondria-enriched extracts.

158



RESULTS

2.20 Searching for Mex3a interactors

We next probed the potential protein interactors of the Mex3a
protein. To this end, we performed a standard streptactin pulldown
of the Strep-Tagged Mex3a protein in LS174T cells and analyzed
by mass spectrometry the co-eluting peptides as previously
described (Gloeckner et al., 2007; Gloeckner et al., 2009).

We considered Mex3a interactors those proteins with at least 2
unique peptides present in our pulldown (Mex3a + Dox condition)
that in turn were absent in the control pulldown (Control + Dox
condition). Table 7 shows the most reliable interactors detected
through our approach. The putative interactors of Mex3a were
several well-described RNA binding proteins (e.g. HuR/Elavl1,
UPF1 and XRN2) and components of the mitochondrial translation
machinery (e.g. DAP3, ICT1 and MRPS27). The interaction with
UPF1 would suggest that Mex3a is in P bodies and may have a
function related to non-sense mediated decay. On the other hand
the link with the mitochondrial translation machinery is potentially
interesting when put into context with the proteomics data of the
Mex3a KO ISC cultures.
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| | UniquePeptideCount

ProteinID | Gene Symbol
cv Mex3a-TAP

A1L020 MEX3A 0 27
B4DP59 DAP3 0 5
Q15717 ELAVL1 0 5
Q92552 MRPS27 0 5
Q92900-2 UPF1 0 5
Q9HOD6 XRN2 0 4
E9PN17 ATP5L 0 3
Q13895 BYSL 0 3
Q9H9J2 MRPL44 0 3
F5HOB8 SART3 0 3
B4E241 SFRS3 0 3
095994 AGR2 0 2
F8VPD4 CAD 0 2
ABNKA3 COPE 0 2
E7ESJ9 DLAT 0 2
Q9BS26 ERP44 0 2
P31942-3 HNRNPH3 0 2
Q14197 ICTH 0 2
P42704 LRPPRC 0 2
Q9HCE1-2 MOV10 0 2
Q9Y3B7 MRPL11 0 2
P49406 MRPL19 0 2
Q9NWU5-2 MRPL22 0 2
Q9BYD3-2 MRPL4 0 2
F8VZJ2 NACA 0 2
Q9Y2X3 NOP58 0 2
Q8WWY3-3 PRPF31 0 2
FBWF32 RPN1 0 2
G3XAL9 SLC12A2 0 2
QoY5L4 TIMM13 0 2
F5HOBO TPD52 0 2
QBUXN9 WDRS82 0 2

Table 7: Interactors of Mex3a in LS174T cells
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2.21 Mex3a interacts with HUR

Our top interactor in the mass spectrometry analysis was HuR
(Elavl1). This protein is a RBP involved in stress response and has
been shown to have both positive and negative effects on the
mRNAs that it binds. These effects occur at various levels such as
splicing, translation and RNA stability (Mukherjee et al., 2011).

Analysis of HUR knock-out mice indicates that HuR deficiency is
deleterious to progenitor cells of both the hematopoietic system
and small intestine. This phenotype is due to the ectopic activation
of p53 in the absence of HuR, which regulates Mdm2 levels
(Ghosh et al.,, 2009). Of note, HuRY* mice had an increased
sensitivity to DNA damage, providing a link to stress responses.

Given the interesting characteristics of HUR, we decided to validate
the interaction of this gene with Mex3a. For this purpose we
performed immunoprecipitation of Mex3a and probed for the
presence of HUR. As can be observed in Figure 45A, exogenous
Mex3a is able to interact with endogenous HuR, thus confirming
our mass spectrometry data.

When we tested the interaction of HUR with mutant forms of Mex3a
we saw a clear loss of binding with the G240D mutant, suggesting
that the interaction between Mex3a and HuR is mediated by RNA
(Figure 45B). Alternatively, the mutation of this residue may alter
the structure of the KH domain of Mex3a and alter its binding to
HuR.

It is tempting to speculate that the presence of targets involved in
DNA-damage response found in the RIP assays could be related to
the interaction of Mex3a and HuR as the latter has been involved in
regulating the levels of several genes involved in the response to
stress (Masuda et al., 2011).
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Figure 45: Mex3a interacts with HuR in colorectal cancer cells. A.
Confirmation of the binding of Mex3a-TAP to HuR. B. The interaction
between ectopic Mex3a and endogenous HuR seems to depend on RNA
binding. Duplicate pulldowns with WT Mex3a were used and compared to
the RNA binding deficient (G240D) and the RING finger deficient
(C469G).
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2.22 Mex3a is upregulated in colon cancer and mouse models
of intestinal adenomas

In Chapter 1 we have described that ISC genes are co-opted by
colon cancers and that tumors with high ISC levels are more
resistant to therapy (Merlos-Suarez et al., 2011).

When we analyzed the expression of Mex3a in APC mutant cells
from mouse small intestine we found a strong induction of Mex3a
(Figure 46A). Furthermore we analyzed publicly available datasets
and we observed that the expression of Mex3a is increased in
cohorts of human colon cancer when compared to matched colon
normal tissue (Figure 46B).

Besides our analysis in colon cancer, we analyzed the described
genomic alterations of the Mex3a locus. Interestingly, we observed
that over 15% of lung adenocarcinomas present amplifications of
this gene. Other tumor types showing alterations in Mex3a are
breast, ovarian and uterine tumors. Whether these alterations in
gene expression or copy number are relevant for tumor biology
remains to be shown (Figure 46C). Our preliminary data suggests
that Mex3a might be a relevant player in different types of cancer.
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Figure 46: Mex3a is upregulated in human colorectal cancer and
mouse adenomas. A. Mex3a expression from the TCGA dataset of
colorectal cancer (graph obtained from Oncomine). B. Expression levels
of Mex3a in WT and APC mutant cells. C. Genomic alterations of the
Mex3a locus in human cancer (graph obtained from cBIO Portal).
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Discussion

Chapter 1 Discussion: Identification of the ISC signature
and its relationship with colon cancer

Purification of intestinal population based on Lgr5-GFP versus
surface EphB2 levels

In Chapter 1 we have identified the transcriptional landscape of the
mouse small intestine through our EphB2-based sorting method.
Unlike other methods to purify crypt cells which are based on
markers of specific populations, EphB2 separates cell types
according to the position that they occupy within the crypt axis.
Compared to the method developed by the Clevers lab using Lgr5-
GFP Kl mice, EphB2 surface levels allows the interrogation of more
differentiated populations, ranging from ISCs to fully differentiated
cells. In contrast, the Lgr5-GFP knock in allele cannot be used to
isolate differentiated cells given its mosaic expression in the
intestine (i.e. only a small percentage of crypts express the GFP
reporter allele and therefore the GFP-negative population
comprises both differentiated cells as well as unlabeled ISCs)
(Barker et al., 2007a; van der Flier et al., 2009). The other
advantage of our technique is the ability to purify intestinal cells
types from mice that have not been genetically modified. It is worth
mentioning that at the time of performing these experiments, there
were no reliable anti-Lgr5 antibodies available. Finally, the major
advantage of our approach is that it can be used to purify human
intestinal stem cells as we have shown in an independent
publication (Jung et al., 2011).

ON
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The ISC signature is enriched in advanced CRCs and predicts
the risk of developing recurrent disease

Our first observation was regarding the enrichment of the average
expression of the ISC signature in metastatic tumors (stage Il —
IV). A similar finding was made for mammary stem cell signature in
breast cancer (Pece et al., 2010). Our observation implies that
either the ISC-like phenotype is selected as colon cancer
progresses or that mutations arising in more advanced tumors co-
opt part of the ISC signature. Whichever is the mechanism, it has
been well documented that late stage CRCs are more aggressive
and resistant to therapy, features which could be directly linked to
ISC-specific genes expressed in tumors. To date, tumor staging is
the most powerful predictor of clinical behavior for CRC. Our data
demonstrates that the ISC signature may capture some of these
features included in the staging system, but also predict features
the staging system does not capture. Indeed, the levels of the ISC
signature directly correlate with an increased probability of tumor
relapse after therapy independently of staging as shown by
multivariate analysis. Considering that ISCs are long lived and
mediate the regeneration of the normal tissue throughout the life of
the individual, CRC cells may have co-opted the genetic program
of these cells to perform similar functions in tumors. Of note, the
correlation of a normal stem cell signature with clinical outcome
has also been identified for acute myeloid leukemia (Eppert et al.,
2011), which broadens our observations and argues in favor that
several tumor types co-opt traits from the stem cells of the their
tissue of origin.

An important caveat that arises is that our approach does not allow
us to distinguish whether CRC samples displaying different levels
of each signature are the consequence of increased abundance of
tumor cells of a particular phenotype within a given CRC or rather
the consequence of upregulation of the levels of the signature’s
genes in particular cell populations. Increased numbers of ISC-like
tumor cells, as defined by our signatures, will increase the
probability that these «cells survive the adjuvant therapy.
Alternatively, overexpression of particular ISC genes may also
facilitate the process of metastasis and relapse.
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Another fact to highlight is that the proliferation signature was
inversely correlated with the ability of tumors to relapse. It is
tempting to speculate that slow proliferating cells may be more
resistant to standard chemotherapeutic treatments. Our finding has
been corroborated in several studies. Of note, this feature seems
specific to colon cancer since in breast cancer proliferation is
directly correlated to disease progression and recurrence. Would
this imply that ISC-like tumors do not proliferate or have lower
proliferation rates? A possible interpretation is that the ISC and
proliferation signatures are measurements of different biological
aspects. This idea argues that, as was observed for the normal
intestinal mucosa, stemness is a feature that goes beyond the
mere capacity of cells to proliferate and encompasses several
other biological functions such as long term self-renewal capacity.
In the case of the healthy intestinal epithelium, ISCs express both
the ISC-specific genes and proliferation program, whereas TA cells
only express the proliferation signature. We speculate that the
same principles may apply in CRCs. In favor of this view, tumor
cells that express distinct EphB2 surface expression (i.e. ISC, TAs
and differentiated tumor cells) had comparable levels of
proliferation genes, yet their tumor initiation abilities correlate with
expression of ISC-specific genes.

A prediction that follows from the above ideas is that differentiated-
like tumors should have a better prognosis. The lack of predictive
power associated to the differentiation signature is puzzling. A
possible interpretation is that CRC cells do not undergo a canonical
differentiation and therefore the signatures derived from normal
tissue do not completely capture the abundance of this population
in tumor samples.

Colon tumors have a structure reminiscent of the normal
colon epithelium

One of the major findings in our publication from Chapter 1 is that
CRC architecture and cell heterogeneity is reminiscent of the
normal colon epithelium. Our results show the presence of at least
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two mutually exclusive phenotypes based on the expression of
genes that segregate normal ISCs (i.e. Lgr5, EphB2 and OIfm4)
and normal differentiated cells (i.e. Krt20). Besides IHC, we
performed expression profiling of selected ISC, proliferation and
differentiation genes in the EphB2 populations. These results
reinforced the observations made in tissue sections.

It is important to mention that, with our current data, we are unable
to conclusively rule out that the ISC-like and differentiated-like
populations may represent different cells clones each carrying
subsets of genetic alterations that confer different phenotypes. Yet,
the close proximity of the Lgr5™® and Krt20*° cells within tumors
argues in favor of a common clonal origin (Siegmund et al., 2009).
Additionally, the Clarke lab has recently performed transcriptional
profiling of single tumor cells purified from human samples and
identified three tumor cell populations in CRCs; ISC-like,
enterocyte-like and secretory-like (Dalerba et al., 2011). Future
lineage tracing experiments within tumors will conclusively
demonstrate the relationship between these populations.

Another aspect worth mentioning is the existence of tumor cells
negative for both Lgr5 and Krt20. Our current hypothesis is that
these cells comprise an intermediate state between the ISC-like
and differentiated-like cells although this hypothesis is difficult to
prove with the current technologies. Another possibility is that these
cells have silenced EphB2 expression. Our lab has shown that
EphB2 plays a tumor suppressor role in the intestinal epithelium by
compartmentalizing the expansion of tumor cells, (Batlle et al.,
2005b; Cortina et al., 2007a). Several independent works have
shown that CRCs with low expression of EphB2 have a worse
prognosis compared to those with elevated expression (Guo et al.,
2006a). Silencing of EphB2 occurs mainly at the invasion fronts
and in areas of poor differentiation (Guo et al., 2006a). On the
contrary, the tumor bulk is generally composed of glandular
structures containing patches of EphB2*° tumor cells that display
an ISC-like phenotype intermingled with EphB2™ cells that are
differentiated-like.

Fitting with these previous observations, a recent publication by the
Medema lab (de Sousa et al., 2011) indicates that silencing of a
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subset of Wnt target genes, including EphB2, correlates with
disease relapse in CRC. Several of these Wnt target genes are
included in our ISC signature. They argue that silencing occurs by
methylation of these genes in a subset of tumors. We have
investigated this possibility but could not corroborate the data by
Medema and colleagues. Neither EphB2 nor the other Wnt-ISC-
specific genes appear to be highly methylated (Whissell et al.,
submitted). Instead, we discovered that tumor hypoxia
downregulates expression of Wnt target genes in most aggressive
CRCs (Whissell et al., submitted). This phenomenon occurs
prominently at invasion fronts.

Despite these caveats, all the functional data collected from our
laboratory after analyzing many different CRC samples have
shown that EphB2"9" cells are enriched in tumor-initiating cells
(TICs). An interpretation that would reconcile all these paradoxical
findings is that that the absolute level of EphB2 in the overall tumor
is readout of the differentiation degree or tumor grade compared to
other tumors, whereas the relative levels of EphB2 within the same
tumor would identify cancer stem cells compared to their
differentiated progeny.

EphB2 identifies tumor initiating cells in CRCs

The functional proof that high levels of EphB2 identifies cancer
stem cells comes from assessing the tumor initiation potential of
this population through transplantation assays combined in limiting
cell dilutions. These experiments demonstrated that the tumor
initiating potential is present in the EphB2™" population. In
addition, this ability is retained over serial passaging. Tumors
derived from EphB2-high cells that were serially transplanted in
mice retained the overall structure and expression profiles of the
original tumor. Unbiased clonal analysis of colon cancer by
lentiviral marking has identified that cancer cell populations exist
with either ISC-like and TA-like behavior (Dieter et al., 2011). This
finding agrees well with our observations.
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An aspect worth commenting is that the TIC frequencies observed
in our experiments are much higher than that observed in the
original studies by John Dick’s, Ruggero de Maria’s and Mike
Clarke’s labs (Dalerba et al., 2007c; O'Brien et al., 2007; Ricci-
Vitiani et al., 2007a). This discrepancy may be simply explained by
technical issues such as the initial cell viability, presence of cellular
aggregates and efficiency of antibody staining which would impinge
in the absolute number of TICs (Shackleton et al., 2009). However,
the major difference between these studies and our work is the use
of different surface marker genes to identify CRC-SCs. These initial
studies make use of CD133 or CD44. In our hands, CD133 does
not perform well to separate ISC-like tumor cells in CRCs. The
expression of pattern of CD44 overlaps with that of EphB2 in some
CRCs, yet EphB2 appears to be a more consistent maker for ISC-
like cells in different tumor samples. Of note, the described
staining pattern for CD44 in normal mucosa is broader that the
EphB2 high populations, an observation that supports our
experiments of expression profiling of tumor samples (Morral et al.
work in progress). The inability of these other TIC markers to purify
ISC-like cells argues that either the populations we define using
EphB2 are included within the populations defined by CD44 or
CD133 or that EphB2 segregates tumor cells with a distinct
biological features (van der Flier et al., 2007a).

In any case, the arguments claiming that high abundance of cancer
stem cells invalidates the fact that they could be relevant for
disease progression are not correct (Kelly et al., 2007). Cancer
stem cells must be solely defined by their ability to self-renew and
differentiate into different tumor lineages and their abundance is
not related to these two properties. Moreover, our data goes in line
with the published estimates for CSC frequency in colon cancer
assessed by unbiased analysis of DNA methylation (Siegmund et
al., 2009).
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Colon CSCs and the cell of origin of metastasis

One aspect that we are unable to test with our current experimental
setting is the ability of the EphB2 populations to metastasize. Our
prediction is that cancer stem cells represent the population
capable of initiating metastasis. It is important to point out that in
CRCs the overall organization of the metastasis is similar to that of
the primary tumor. We report that metastasis also contain ISC-like
and differentiated-like tumor cell populations. This observation may
suggest that the cell of origin of metastasis has regenerated the
cell hierarchies present in the primary tumor.

It is possible that metastasis-initiating cells represent a subfraction
of the CSC population, which has been shown for pancreatic
cancer (Hermann et al, 2007). What could determine if a CSC
initiates metastasis or not? One possibility is the appearance of a
mutation in a subset of CSCs that confers them an advantage in
distant organ colonization. Another not mutually exclusive
possibility is that environmental cues such as hypoxia, metabolic
stress or stromal interactions directly induce tumor cell
colonization. This does not imply that only CSCs are migratory, but
among all migratory tumoral cells, the CSCs hold the features to
regenerate a tumor at the targeted organ.

Overall, our evidence favors the hierarchical model of tumor growth
more than the model of clonal evolution. Initially these two models
were thought to be mutually exclusive, yet the most recent
evidence points towards that both possibilities can co-exist
(Clevers, 2011; Dalerba et al., 2007a; Driessens et al., 2012; Gupta
et al., 2009; Jordan et al., 2006). The reconciliation of these models
lay in the fact that clonal evolution would only affect tumor biology
when mutations occur in cancer stem cells.
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The origin of tumor cell heterogeneity in CRC

The first evidence suggesting the presence of ISC-like cells in
CRCs came from a study by the Clevers lab demonstrating that the
cell of origin of adenomas is indeed the ISC. By performing the
inactivation of the Apc gene in different cell compartments, Barker
et al demonstrated that only Lgr5™*° cells give rise to adenomas.
Although this observation does not show evidence for cancer stem
cells, the authors noticed heterogeneity within the adenomas in the
expression of Lgr5 in a subset of cells (Barker et al., 2009). This
already suggested the potential existence of stem-like cells in
mouse adenomas. Definite proof for the presence of stem-like cells
in mouse adenomas was recently put forward by the use of lineage
tracing within adenomas. This work showed unequivocally that
Lgr5™° adenomas cells self-renew and give rise to Paneth-like
tumor cells (Schepers et al., 2012). Another recent publication has
also hinted on the relevance of Lgr5 cells in fueling the growth of
adenomas. This study focused on the observation that the tracing
from a Dclk1 Cre is able to stain complete adenomas. This gene is
normally labeling differentiated Tuft cells, yet upon inactivation of
Apc, a subset of Lgr5 cells express this marker. The authors went
on to show that the elimination of the Lgr5™°/Dclk1*"® cells was
enough to fully stop the growth of adenomas (Nakanishi et al.,
2013).

Initial observations in late stage CRCs suggests that differential
activation of the Wnt signaling pathway in CRCs may confer stem
or differentiation properties to genotypically identical cell
populations (Vermeulen et al.,, 2010). The organization in tumors
shows |ISC-like cells in close proximity to the stromal cells
suggesting the existence of a CRC-SC niche. This niche may
define the behavior or phenotype of ISC-like cells, including the
degree of activation of the Wnt signaling pathway.

An intriguing notion is that the ISC-like phenotype maybe entirely
linked to the ability of cells to recruit and activate the stroma. Non-
epithelial tumor cells will then confer the self-renewal and
multipotency to the cancer stem cells. Likewise, ISC-like cells may
be the only cell population able to activate the stroma. Considering
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that the results dissecting the cancer-stroma interface are based
mainly in cell lines, it still remains to be shown that cancer stem
cells have a specific connection with stromal cells.

Plasticity of tumor cell phenotypes and the relevance for
therapy

In the normal intestinal mucosa, progenitor cells such as LRCs can
revert their phenotypes and reacquire ISC features in certain
contexts, particularly upon damage of the ISC pool by irradiation or
drugs. As CRC are caricatures of the normal colonic mucosa, it is
likely that this plasticity may also exist in tumor cell populations.
The question is whether cell fates represented within tumors are
invariable or if there is a fixed equilibrium that will restore itself
even after disruption of a particular population? Evidence for tumor
cell plasticity in late stage CRC awaits the development of genetic
tools that allow lineage tracing of all the cell populations present in
a tumor. All of the evidence commented so far directly implies that
cancer stem cells are relevant for tumor regeneration, yet the
single most important observation to establish the relevance of
tumor hierarchy for CRC therapy is missing: will the eradication of
cancer stem cells have therapeutic relevance? Proof of concept
experiments in adenomas have shown that ablation of adenoma
stem cells is sufficient to induce tumor collapse (Nakanishi et al.,
2013). These experiments suggest that there is no plasticity in
adenomas although there are several experimental caveats related
to this work, including the fact that the toxin used to delete
adenoma stem cells was also expressed in non-CSC at later
stages of induction. In human late stage CRCs, a likely scenario is
that the mere ablation of cancer stem cells will not be enough to
completely eliminate the tumor. Therefore, future cancer stem cell-
directed therapy will probably be used as an adjuvant to
conventional treatments.
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Chapter 2 Discussion: Characterization of Mex3a as a
novel ISC gene

The second Chapter of this thesis focuses on the ongoing work to
characterize Mex3a, a novel stem cell gene. Its expression closely
follows stem cell traits in several systems and we predict that its
function could be a new feature of general stemness. We will now
discuss the current evidence we have gathered for this novel RNA
binding protein and the future directions we will pursue to
understand its potential function in stem cell biology.

The function of Mex3a in the intestine

Our initial hypothesis was that Mex3a would repress the translation
of Cdx2 in ISCs, thus allowing for the maintenance of the stem cell
phenotype. At the time this project was conceived, all published
data suggested that Cdx2 was one of the major transcription
factors driving intestinal differentiation. Furthermore, there were
several reports suggesting that the expression of Cdx2 was
regulated at the post-transcriptional level since the mRNA was
distributed all along the crypts villus axis, yet the protein was
reported to be expressed solely in differentiated cells. Despite
these observations, we were unable to confirm that Cdx2 is
differentially expressed in crypts compared to villi and that the
removal of Mex3a had an effect on the protein or RNA levels of this
transcription factor. Our data is in clear contrast with a recent
publication that found that Mex3a is a negative regulator of Cdx2 in
the Caco2 cell line, and that this led to defects in differentiation
(Pereira et al., 2013). The reasons behind these differences can be
varied:

-First, the effects described of Mex3a on Cdx2 may be mild and
would be difficult to detect in vivo.

-Second, the data in Pereira et al is largely based on
overexpression of Mex3a in the CRC cell line Caco2.
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-Third, the phenotype of the Cdx2 KO mouse has been described
both during development and in the adult intestine. These mice
lacked colon specification and there was a general anteriorization
of the intestinal epithelium into a stomach-like stratified epithelium
(Gao et al., 2009). This phenotype was similar, although milder,
when Cdx2 was ablated in the adult intestine (Stringer et al., 2012).
The genetic data shows that Cdx2 is not required for ISC
differentiation as was expected from the results of Pereira et al, but
rather it is required for the specification of the intestinal vs stomach
lineages.

Besides Cdx2, we looked into the phenotypes that may arise from
the deletion of Mex3a in the adult intestine. After Mex3a knockout,
the overall architecture and structure of the small intestine and
colon had no gross alterations, which again imply that it is unlikely
that Mex3a deficiency leads to alterations in Cdx2 expression.
These data also show that Mex3a is dispensable for adult intestinal
physiology during homeostasis.

Why is there no obvious phenotype in Mex3a mutant intestines? A
plausible explanation is the existence of redundancy between
Mex3 family members. Mex3a is part of a family of genes that also
includes Mex3b, Mex3c and Mex3d. All four genes share very high
homology in their RNA binding domains, as well as the C-terminal
RING finger domain. All the Mex3 genes are expressed in the
intestine (albeit at different extent), yet Mex3a is the only isoform
displaying an ISC-specific expression pattern. In addition, the
analysis of the detailed protein sequence of the RNA binding
domains of all 4 genes demonstrated that Mex3a was the most
phylogenetically distant isoform (data not shown). Furthermore,
Mex3a and Mex3b share the most similarities as both are able to
localize to cytoplasmatic RNA granules, whereas Mex3c has a
diffuse cytoplasmatic expression (Buchet-Poyau et al., 2007).
Mex3d in turn has been described to have a nuclear localization
(Donnini et al., 2004). Of note, Mex3b has been shown to be
expressed in mucous-secreting cells of the small intestine (Buchet-
Poyau et al., 2007), yet our Mex3a signatures from the Kl allele do
not suggest that Mex3a is expressed in these cells.
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Compensatory increases of redundant genes have been postulated
to contribute to incomplete penetrance (Burga et al., 2011), yet
after Mex3a deletion we were unable to detect any upregulation of
Mex3b, Mex3c or Mex3d (data not shown). This argues against
redundancy but does not preclude that the endogenous levels of
these genes are enough to cover for the loss of Mex3a.

Besides redundancy, the lack of an overt phenotype in the intestine
suggests that Mex3a is not required for stem cell maintenance in
homeostasis. Because the relative radioresistance of Mex3a™®
cells after irradiation and the resemblance to intestinal label
retaining cells, it is tempting to speculate that Mex3a may play a
role in stress conditions (see below).

We also used in vitro models of intestinal organoids to study the
function of Mex3a given their easier manipulation in different
experimental conditions. In contrast to the results in vivo, we could
observe that acute deletion of Mex3a in organoid cultures led to a
decrease in clonogenic capacity after passaging. This observation
suggests that impaired self-renewal of stem cells after Mex3a
deletion, which was not evident in the in vivo setting. A possible
explanation this discrepancy is that a 2-3 fold difference in ISC
numbers induced by Mex3a deletion in vitro would be hardly
noticeable with our current techniques to assess intestinal function
in vivo. We are currently generating mice where we can track by
FACS Lgr5-GFP**® cells after ablation of Mex3a with the Villin Cre-
ER'™ allele to analyze if this difference of Mex3a KO cells can be
seen in vivo as well.

Another possibility to account for the discrepancy between the in
vitro and in vivo results is that there might be in vivo redundancy of
the function of Mex3a which would apparently not be present in the
in vitro setting. The reason for this phenomenon is unclear but it
may include compensation by the stromal compartment which is
not present in the organoid culture system. Alternatively, the
differences observed arise from the increased stress that ISCs face
in culture conditions such as hyperoxia, increased metabolic
activity and potentially the lack of a niche factor not present in the
culture conditions. Some of our preliminary data suggest that
Mex3a may play a role in the adaptation of ISCs to stress.
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Characterization of Mex3a '© cells

+ve

Unlike intestinal Lgr5™ cells (Munoz et al., 2012; van der Flier et
al., 2009), Mex3a™® cells appear to encompass not only ISC genes
but also enteroendocrine lineage markers. We speculate that this
could be due to either a mix of stem and differentiated cells or the
existence of cells co-expressing these genes. Our approach does
not allow us to differentiate between single cells co-expressing
markers or if two different populations are Mex3a positive.

Intriguingly, enteroendocrine progenitors have recently been
described as the label retaining cells (LRCs) in the intestine by the
Winton lab. They generated a genetic model to trace from label
retaining cells and showed that after damage, the LRCs are able to
regenerate the population of Lgr5 ISCs. From the data gathered so
far it seems that intestinal LRCs are a subpopulation of relatively
quiescent Lgr5™° cells that express markers of enteroendocrine
and Paneth cells.

By GSEA we found that the LRC common signature we defined
was highly enriched in Mex3a™" cells. To verify the specificity of
this observation we repeated this analysis with the EphB2 and Lgr5
populations. This showed that Mex3a has a higher enrichment of
LRC genes than EphB2. Intriguingly, the Lgr5 cells had a random
distribution of this LRC signature. These observations can be
explained by considering that the EphB2 population includes both
Mex3a and Lgr5 cells. On the other hand, these LRC genes would
be equivalently distributed between the Lgr5™" and Lgr5-°* cells. In
the light of our Mex3a data, it would fit that Mex3a™® cells
encompass both ISCs and LRCs, making this a new genetic
marker for these populations.

+ve

The enrichment of Mex3a ™ cells in LRC genes prompted us to
analyze the behavior of Mex3a and Lgr5 cells upon ionizing
radiation (IR). Our preliminary results point towards a differential
response of these two populations to stress. We observed that
Mex3a cells had higher resistance to IR than Lgr5 cells. Whereas
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we need to expand these observations to different dosages of
radiation and times, they support that Lgr5 and Mex3a mark distinct
populations of cells. The enhanced resistance of Mex3a cells also
reinforces the idea that Mex3a may be expressed by LRCs.

With respect to the markers to the postulated alternative ISC
population (e.g. Bmi1, Tert, Hopx and Lrig1), we did not find an
obvious connection between Mex3a and these other putative ISC
marker genes. Importantly, a recent publication by the Clevers lab
has described that all of these genes are expressed in Lgr5 cells.
For some of these genes, it has been shown that the expression of
lineage tracing alleles knocked in the respective locus does not
reproduce the expression of the endogenous gene. For instance, in
the case of Bmi1, by ISH and IHC it has been shown that it is
expressed in the ISC and TA compartments (Munoz et al., 2012),
yet the tracing results from different lines have yielded completely
different results (Sangiorgi and Capecchi, 2008; Yan et al., 2012).
The reasons behind this incongruence remain unknown but a
potential explanation is that the alleles used are introducing
artifacts in the expression of the Cre. The same has been
suggested for the Tert-driven Cre-ER™ allele (Montgomery et al.,
2011).

+ve

The precise identity and behavior of the Mex3a™ population could
have been investigated by means of the tdTomato reported and
Cre-ER™ driver knocked in the locus. Whereas tdTomato levels
have been sufficient to purify this cell population by FACS, we have
been unable to detect tdTomato in intestinal cells by microscopy.
Likewise, the experiments of lineage tracing have not been
consistent. We speculate that the failure to perform these assays is
due to low levels of expression of the Mex3a locus in this tissue.
The failure to use these reporter cassettes has represented a major
limitation to investigate the role of Mex3a. We are currently testing
variations of the experimental protocols and conditions that would
allow taking advantage of these tools to study the Mex3a
population.
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Is Mex3a a marker of additional types of stem cells? The
expression of Lgr5 allows identifying several populations of adult
stem cells in a wide range of tissues: small intestine, colon,
stomach, skin, liver and kidneys (Barker et al., 2010b; Barker et al.,
2012a; Barker et al., 2007a; Huch et al., 2013; Jaks et al., 2008).
Of note, Mex3a expression is enriched in Lgr5™" cells of the
stomach (data not shown). These observations led us to start
investigating the possibility that Mex3a may also represent a
general marker gene of adult stem cells in several tissues.

+ve

For instance we can detect Mex3a™™ cells in bone marrow, yet no
Mex3a™® cells are present in peripheral blood. Although further
phenotypic characterization of these bone marrow Mex3a**® cells is
required, our results show that stem/progenitor cells express
Mex3a. Furthermore, the specificity of Mex3a as a marker for LSK
cells seems higher than that of Sca-1. Our results are in agreement
with the published expression of Mex3a mRNA (Konuma et al.,
2011).

We also observed that endogenous Mex3a is highly expressed in
mouse ESCs. In this system we could detect tdTomato by
microscopy, a finding that agrees with our observations that
endogenous Mex3a is expressed in ESCs at much higher levels
than adult tissues. The ability of the tdTomato reporter to identify
Oct4™" and Sox2"9" cells in ESC cultures argues in favor of this
gene as a marker of stemness in this system. Indeed, a recent
study has described Mex3a to be part of the ESC-specific RNA
binding protein repertoire (Kwon et al., 2013). Furthermore, Mex3a
expression is downregulated when ESCs are induced to
differentiate to embryoid bodies (Liu et al., 2011).

Importantly, Lgr5 is not expressed in HSC or ES cells implying that
its expression does not completely overlap that of Mex3a. Lgr5 has
been shown to be a robust Wnt target (Hatzis et al., 2008; van der
Flier et al., 2009) and its function if to act as a receptor of Rspo1, a
well described Wnt agonist (de Lau et al.,, 2011). Thus, Lgr5
segregates stem cell populations based on its use as readout of
active Wnt signaling. We do not understand yet which signals
regulate Mex3a expression but our investigations have revealed no
link to Wnt signaling. In particular, we and others have generated
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comprehensive studies of Wnt targets and there is no evidence of
binding of TCF7L2/TCF4 to the Mex3a promoter (Hatzis et al.,
2008; van der Flier et al., 2007a), nor that Wnt blockade generates
a consistent decrease in Mex3a expression (Whissell and Batlle,
unpublished results).

We are currently exploring expression patterns of Mex3a tissues
other than the intestine and blood. It would be particularly
interesting to find out whether Mex3a™ cells of different tissues
express common genetic programs or display similar features. In
this regard, it is worth pointing out that one of the top genes
enriched in the intestine Mex3a-specific signature is Peg3. This
gene is a maternally imprinted transcriptional repressor shown to
be involved in p53 and TNFa signaling, and regulates muscle
satellite cells (Nicolas et al., 2005). Peg3 has been shown to be
expressed in hematopoietic stem cells (HSCs), muscle satellite
cells, undifferentiated cells from testis and in neural stem cells
(Besson et al., 2011). Neither EphB2™%" nor Lgr5**© cells enrich for
Peg3, whereas the Mex3a and LRC signatures are characterized
by high levels of this gene. This observation also reinforces the
notion that Mex3a labels a cell population different from Lgr5 cells.

The role of Mex3a during embryonic development

Mex3a null mice have a clear reduction in size (evident from E14.5
onwards), an observation that is reminiscent to the observed for
Mex3a Kl homozygotes. Despite these severe phenotypes, the
histopathological analysis yielded no gross abnormalities in the
major organs suggesting that Mex3a does not play morphogenic
roles during development. Moreover, the lethality of Mex3a null
mice indicates that this gene plays non-redundant roles during
development. The only mouse genetic model for the other Mex3
members is the gene trap of Mex3c. These mice show background-
dependent perinatal lethality, most probably due to respiratory
distress. The authors show that in C57/BI6 background the lungs of
the newborn Mex3c™ mice have increased cellularity and that
these mice appear cyanotic (Jiao et al., 2012a). In the 129
background Mex3c mutant mice are viable, although a clear size
reduction was also evident. The authors show that the levels of
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IGF-I in these mice were reduced and that this might explain most
of the size differences. In a follow up manuscript, the authors show
that Mex3c deficiency leads to reduced adiposity and increases
energy expenditure although no mechanism is postulated (Jiao et
al., 2012b).

In the case of Mex3a, we have not assessed the levels of IGF-1,
yet the KO mice do not show signs of respiratory problems nor
cyanotic aspect. Our preliminary analysis of Mex3a null mice
showed that they lacked hepatic glycogen. This phenotype could
be due to lack of food intake in these mice since we have never
observed the characteristic milk spot in their stomachs. To rule out
starvation, we analyzed P1 mice right before birth. We could detect
glycogen in KO mice, yet at reduced levels. These results may
relate to metabolic alterations that might impinge in their ability to
keep energy reserves. These findings could potentially explain the
size reduction and perinatal lethality characteristic of Mex3a full KO
mice. We are currently studying the alterations present in Mex3a
deficient mice and how they may relate to the role of Mex3a in
stem cells.

ON
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Speculating about the cellular functions of Mex3a

We have expressed WT and mutant versions of Mex3a with a
doxycycline inducible lentiviral vector. We observed that point
mutants of Mex3a reach much lower induction levels at both the
mRNA and protein level. These mutations abolish the ability of
Mex3a to bind RNA (G240D) or disrupt the C terminal RING finger
domain (C469G). Considering that these vectors are different from
the WT version by a single nucleotide, it seems unlikely that these
differences in expression are due to problems in virus packaging or
infection. Our data suggests that Mex3a protein stability requires its
ability to bind RNA. This could be due to degradation signals that
are present in the protein that are masked upon RNA binding
through protein complex formation. In the case of the C469G
mutant, it could be that Mex3a is actively degrading a negative
regulator of itself. When we analyzed a truncated version of Mex3a
consisting of only the N-terminus with the RNA binding domains,
the protein showed a stability equivalent to that of the WT version.
This suggests that the putative degradation signal is encoded in the
region that lies between the second KH domain and the RING
finger, which contains several predicted ubiquitination and
phosphorylation sites.

To investigate the activity of Mex3a, we decided to make use of
mMRNA tethering assays. These experiments yielded, unexpectedly,
that Mex3a can act as a translational activator. The data in C.
elegans had shown the role of mex-3 only as a translational
repressor (Huang et al., 2002; Schoppmeier et al., 2009), yet
several RNA binding proteins have been shown to have dual
activities depending on the target and the cellular context used
(Noubissi et al., 2006; Volk et al., 2008).

Our tethering approach shows that the activity of the C terminal
RING finger domain is required for the translational activation effect
of Mex3a. So far, there is no conclusive evidence showing that this
domain has E3 ubiquitin ligase activity; although by structure
prediction it seems to be very likely. In the case of Mex3c, the C
terminal domain is required for the downregulation of the MHC-I
mRNA and acts as a E3 ubiquitin ligase (Cano et al., 2012).
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The evidence from these results could be suggestive that Mex3a
may be involved in different protein complexes bound to different
target MRNAs. Depending on the interaction partners, it could be
that through its E3 ligase activity Mex3a degrades proteins bound
to the 3’'UTR either required for activating or repressing the
translation of a target mMRNA.

An alternative mechanism could be that the ubiquitination by
Mex3a is not involved in the proteosomal degradation of a target,
but rather on the modulation of its levels and activity. All of these
hypotheses remain speculative until further evidence is gathered
on the effect of Mex3a on endogenous targets.

Preliminary evidence for a role of Mex3a in coordinating the
cellular response to stress

We were able to capture the proteins interacting with exogenous
WT Mex3a protein by performing a TAP pulldown and analyzing by
mass spectrometry the bound peptides. Interestingly, we found
several RNA binding proteins that interacted with Mex3a. Among
these the protein HuR (Elavl1), was one of the most strongly
associated, alongside UPF1 and XRN2. The confirmation of the
interaction data by co-immunoprecipitation shows that ectopic
Mex3a is able to interact with endogenous HuR, and that this
binding requires an intact RNA binding domain. This implies that
Mex3a and HuR are binding a subset of the same mRNAs and
might have synergistic or antagonistic roles in the stability or
translation of these common targets.

HuR has been shown to be involved in several aspects of RNA
metabolism: splicing, mMRNA export, mRNA stability and translation
(Mukherjee et al., 2011). Moreover, HuR has been reported to be a
central regulator of the stress response by modulating the mRNA
stability of p21 upon phosphorylation by the stress-activated p38
MAPK (Lafarga et al., 2009). Another interesting aspect of HuR is
that the adult KO of this protein leads to the rapid loss of
progenitors in the hematopoietic and intestinal systems (Ghosh et
al., 2009).
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Considering that Mex3a is also a phosphoprotein, it can be
speculated that Mex3a and HuR are part of the same stress-
sensing complex, activated by stress responsive kinases.
Alternatively, the phosphorylation of HUR could be the main link of
Mex3a with the stress response. Of note, the major localization of
HuR is nuclear, whereas Mex3a is strictly cytoplasmatic in our
model. The shuttling of HUR from the nucleus to the cytoplasm is
regulated by stress conditions (Lafarga et al., 2009), and this may
imply that Mex3a interacts only with the subset of HuR protein that
is shuttling out of the nucleus (i.e the stress responsive pool of
HuR).

A recent publication has shed light to a new layer of regulation of
HuR function. This study addressed the interaction of HuR with the
p97/UBXD8 complex and showed that these proteins recognize an
ubiquitinated form of HUR and remove it from mRNP complexes
(Zhou et al., 2013). It is worth noting that the ubiquitination of HUR
was non-degradative, and that the E3 ligase responsible for this
modification has not been described. This observation opens the
possibility that Mex3a is the E3 ligase able to induce this
modification on HUR and modulate its ability to bind target mMRNAs.

+ve

The relative radioresistance of Mex3a™™ cells and their enrichment
in LRC-specific genes together with the interaction of Mex3a with
HuR is strongly suggestive of a role for Mex3a in coordinating the
response of ISCs to stress. We are currently testing this hypothesis
by exposing the in vitro and in vivo models developed during this
thesis to different stress conditions including irradiation and
metabolic stress.

Connecting Mex3a to mitochondrial biology.

Because Mex3a controls RNA translation, all transcriptional
modulation observed upon Mex3a deletion in vitro are most likely
indirect effects of changes in mMRNA translation. To study the
MRNAs directly controlled by Mex3a, we turned to analyzing
directly the proteins regulated by deleting Mex3a in ISC cultures.
We found the main proteins affected were mitochondrial and
involved in metabolism.
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We also used RIP to characterize the direct targets of Mex3a in
LS174T cells. Gene Ontology analysis of Mex3a targets revealed
enrichment in RNA metabolism, DNA damage response and
mitochondrion. Indeed, the list of RIP targets included several
bona-fide regulators of mitochondrial biology. For instance, one of
the top targets of Mex3a in LS174T cells is Uvrag which has been
described as a central regulator of autophagy (Liang et al., 2006).
As several targets of Mex3a, Uvrag is present in the mitochondria
where it regulates the levels of Bax (Yin et al., 2011). Uvrag is also
involved in the DNA damage response and centrosome regulation
(Zhao et al., 2012).

Mex3a also binds to the Tmem70 mRNA. This gene is integral to
the mitochondrial membrane and is required for the proper
formation of the mitochondrial complex V (i.e ATP synthase).
Children carrying mutations in this gene have encephalocardio-
myopathy and early neonatal death (Cizkova et al., 2008).
Interestingly, TMEM70 itself is not part of complex V, but it is
required for its proper assembly and function through mechanisms
still unknown.

The Eed mRNA is the top target of Mex3a in LS174T cells. The
function of this gene has been widely described as an essential
member of the PRC2 complex involved in chromatin modification
(Hansen et al., 2008; Margueron et al., 2009; Montgomery et al.,
2005; Montgomery et al.,, 2007). When we probed for the
interaction between Mex3a and the PRC2 we could not find
changes in H3K27 methylation. Instead, we found by subcellular
localization prediction that one of the isoforms of EED (i.e. EED2),
had a canonical mitochondrial localization signal. When we
analyzed mitochondria-enriched fractions we could detect EED2 in
a Mex3a-dependent manner. A recent publication has described a
PINK1-dependent localization of EED in mitochondria, which
supports our observations (Berthier et al., 2013). From a functional
perspective only one previous work has put forward the connection
of mitochondrial genes with EED (Kawamura, 2012), yet no
mechanism was postulated behind this observation. Our results
with  EED show an involvement of Mex3a in regulating the
translation of EED2 since Mex3a knockdown affects EED2
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specifically, without altering the mRNA levels of EED or the protein
levels of EED1, EED3 and EED4. The role of EED2 in the
mitochondria remains to be elucidated.

The Mex3a interactions discovered by proteomics of Mex3a pull
down as well as the experiments in ISC cultures suggest a link to
mitochondrial biology. These experiments indicate that Mex3a is
bound to 3 mitochondrial proteins that interact directly to each
other: DAP3, ICT1 and MRPS27 (Miller et al., 2008; Mukamel and
Kimchi, 2004; Richter et al., 2010). These proteins are part of the
mitochondrial ribosome. This observation leads to speculate that
Mex3a may modulate the translation of nuclear-encoded
mitochondrial genes. In favor of this view, overexpressed Mex3a is
present in mitochondria-enriched fractions although no
mitochondrial import signal is predicted (data not shown). A
possible explanation to this finding could be that Mex3a is present
in the mitochondrial periphery and the proteins being pulled down
are due to an indirect purification of mitochondria. It is noteworthy
that at least 50% of the nuclear-encoded mitochondrial MRNAs are
differentially localized to the mitochondrial periphery (Devaux et al.,
2010), yet the mechanisms for transcript targeting in mammals are
still unknown. One of our current hypotheses is that Mex3a is
aiding translation in the mitochondrial periphery.

Finally, whereas the data described above suggest a role for
Mex3a in controlling mitochondrial biology, we still lack a proof that
parameters of mitochondrial function are altered after in vivo
depletion of Mex3a. Our in vivo data shows that whatever may be
the function of Mex3a in mitochondria, it is not essential for
intestinal homeostasis. We are currently analyzing whether
perinatal lethality in Mex3a null mice may be related to defects in
mitochondrial function. We are also investigating the possibility that
Mex3a regulates sensitivity to stress via regulation of mitochondrial
genes.
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Mex3a in tumorigenesis

The data we have gathered in regard of the function of Mex3a
suggests a role in mitochondrial biology and stress. These
observations have prompted us to analyze Mex3a in different
settings such as stress conditions or tumorigenesis.

Regarding the role of Mex3a in tumorigenesis, we are currently
generating mouse models were we simultaneously delete the
tumor suppressor gene Apc in background WT o mutant Mex3a
context. In mouse intestinal adenomas, there is a 10-fold increase
in the levels of Mex3a. We found a similar upregulation in human
CRCs. Considering that Mex3a is not a Wnt target gene in cell
lines, Mex3a upregulation probably reflects the expansion of the
stem cell compartment in the tumors. A recent publication has
shown that Dclk1™%/Lgr5"® cells are responsible for the
maintenance of mouse adenomas (Nakanishi et al., 2013).
Considering that Mex3a cells in normal mouse tissue purify cells
positive for both of these marker genes, it is tempting to speculate
that Mex3a™ cells may represent mouse adenoma stem cells.
Another possibility is that Mex3a*™® might be labeling tumoral LRCs
involved in regenerating the tumor after therapy.

We also found that the Mex3a locus is largely amplified in several
tumor types, being the most prominent lung adenocarcinomas,
invasive breast cancer and hepatocellular carcinoma. These
observations may suggest additional roles for Mex3a in these other
tumor types and may open new interesting research avenues.

ON
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PERSPECT

Perspective and Future directions

The unifying theme behind this thesis has been to understand
stemness in the intestine, and how this is related to homeostasis
and disease. Defining stemness is not a trivial issue since this
entails understanding the sum of functions encoded within ISCs
and how they are essential in maintaining self-renewal and
multipotency.

In Chapter 1 we undertook a top-down approach to answer this
issue and were able to identify, isolate and characterize the
defining features of ISCs at the transcriptional level. Furthermore,
we were able to ascertain that these ISC features are intricately
linked to CRC biology.

In the light of our study and others, the major issue in the CSC field
is whether the ablation of these cells gives an actual survival
benefit to patients. We envision that tumor heterogeneity and
cancer cell plasticity will pose the greatest challenges to answer
this central issue, but we are actively pursuing new strategies to
overcome these matters. If indeed CSCs are a valuable therapeutic
target, the following challenge will be to identify the differences
between colon CSCs and ISCs to generate tailored therapies.

In Chapter 2 we have attempted to dissect intestinal stemness
features in a bottom-up approach. By studying Mex3a, a largely
unknown gene intricately connected to SCs, we expected to
uncover new principles of stemness regulation in homeostasis and
disease.

In this sense, this project has posed a challenge due to the
complete lack of tools and information available, but has led us to
completely unexpected research avenues to explore in SCs.
Although we still require finding a biological context where we can
clearly uncover the function of Mex3a, our preliminary data shows
that this gene has essential functions in mouse development and
potential connections to ISC biology at the level of cell cycle and
metabolism.

IVE
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Overall, we expect that through the understanding of Mex3a we will
identify new general principles of stemness that can be applied to
normal and cancer SC biology in the intestine and other tissues.
While the current state of the project is preliminary, so far our
findings suggest that that Mex3a may be involved in stem cell
biology. Figure 47 summarizes our working hypothesis regarding
the function of Mex3a based on our results.

Mex3a target
(e.g. EED, Uvrag)

Post-transcriptional regulation of targets
(peri-mitochondrial/ mitochondrial?)

!

3'UTR

Biological Mitochondrial Biology / Stress Response?
Process ’ .
Cellular Development Stem/Progenitor Cell
context

! !

. : ?
Phenotype Perinatal Survival h “Stemness”

Size/Growth regulation

Figure 47: Working hypothesis for the biological function of Mex3a.
Mex3a forms protein complexes with HUR and other RBPs and regulate
the translation of nuclear-encoded mitochondria regulatory genes. These
genes in turn regulate mitochondrial biology and stress response, which
are necessary for development and stem cell maintenance upon stress.
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Conclusions

Chapter 1

1. An expression gradient of the EphB2 tyrosine-kinase receptor
characterizes intestinal cells at different stages of differentiation.
Intestinal stem cells, transit-amplifying cells and differentiated cells
of the intestinal epithelium can be purified according to decreasing
EphB2 surface levels.

2. We have generated gene expression signatures that define stem
cells, proliferative cells and differentiated cells of mouse small
intestinal epithelium.

3. The expression levels of the I[SC-specific signature are
increased in late stage colorectal cancers. High expression levels
of the ISC signature predict colon cancer relapse.

4. Human late stage colon cancers show at least two
phenotypically distinct cell populations: ISC-like and differentiated-
like tumor cells. These phenotypes are mutually exclusive.

5. Tumor cells are organized in a manner reminiscent to the normal
colon epithelium. Generally, ISC-like cells are in close contact with
the stroma, whereas differentiated-like cells are towards the tumor
lumen.

6. EphB2™" tumor cells express markers of normal intestinal stem
cells. This tumor cell population is enriched in tumor initiating cells
as shown by their ability to propagate the disease in transplantation
assays.

7. EphB2™" tumor cells self-renew and produce differentiated
progeny.

8. Colon cancers are organized in a hierarchical structure
reminiscent of that of the normal colon epithelium.
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NCLUSIONS

Chapter 2

9. The ISC signature encodes several genes whose function might
be essential for stemness. One of these genes is Mex3a, which is
enriched in all stem cell populations tested so far.

10. The ablation of Mex3a in the adult intestine in homeostatic
conditions does not generate any overt effect. The disruption of
Mex3a is stable over time and does not alter Cdx2 levels or
particular cell lineages.

11. Mex3a fully deficient mice present reduced size and perinatal
lethality.

12. Mex3a™ cells in the intestine express both ISC and
enteroendocrine specific genes. These cells are enriched in the
expression of intestinal label retaining cell (LRC) —specific genes.

+ve

13. Mex3a™* cells are more radioresistant than Lgr5™* cells.
14. Mex3a interacts with HuR (Elavi1).

15. The mRNAs bound by Mex3a are enriched in mitochondrial and
cell cycle related genes.

16. EED2 is a novel mitochondrial protein whose expression
requires Mex3a.

17. Mex3a expression is elevated in hematopoietic LSK cells as
well as in ES cultures.

18. Mex3a expression is increased in mouse adenomas as well as
in several types of human cancer.
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Methods

Standard Cell culture

All cell lines were cultured in standard conditions in DMEM (Gibco),
supplemented with 10% FBS (Gibco). For the lentivirus-transduced
cells, puromycin (Invivogen, 2 ug/mL) was added to the standard
media to select the stable expression of the transgenes. For
transgene induction Doxycycline (Sigma-Aldrich) was used at 1
pMg/mL and left in the culture media for the intended time of the
experiment. All the cell lines used in this study were obtained from
the ATCC (i.e. 293T, LS174T, SW948, SW403 and L-cells).

Cloning of Human and Mouse Mex3a

All PCR reactions involved in cloning were performed with the PFU
Turbo polymerase (Agilent) following the manufacturer’s
instructions. All Gateway reactions were done following the
manufacturer’s protocol (Invitrogen).

Human Mex3a was cloned by exons and these were ligated taking
advantage of an Agel site in the 5 of exon 2. Briefly, exon 1 was
amplified adding the initial segment of exon2 (including the Agel
site) in the reverse primer. This PCR product was cloned into the
pIRES2-DsRedExpress2 vector. After this step, the same was
done for exon 2, which was ligated in frame to exon 1 through the
abovementioned Agel site. After confirming the correct sequence,
the entire Mex3a ORF was amplified removing the stop codon and
adding a Notl site. This PCR product was cloned in frame (through
the Notl site) to a pcDNA3.1 with a C-terminal TAP tag (consisting
in two tandem strep tags followed by a flag tag). The Mex3a-TAP
construct was then amplified with Gateway adaptors and
recombined into the pDONR221 vector. Finally, the Mex3a TAP
was recombined into the lentiviral inducible vector pTRIPz
Gateway.

193



METHODS

194

Site directed mutagenesis

In order to generate mutant versions of Mex3a, site directed
mutagenesis was performed. 40 — 50 nt primers (forward and
reverse) were designed to have the desired mutation in the center
of the primer. 10 ng of pDONR221 Mex3a TAP was used as
template of a PFU PCR program were the entire plasmid was
amplified. After amplification, 10 pyL of the reaction were used to
visualize if the PCR worked. If so, the rest of the material was
digested with Dpnl at 37 °C for 6 hours. 5 yL of digested PCR
product where then transformed into E. coli competent bacteria
(Lucigen) and plated. 3 colonies were grown and sequenced to
verify the presence of the desired mutation. When confirmed, the
pDONR221 mutants were cloned into pTRIPz to generate stable
cell lines.

Lentiviral production and infection protocol

HEK293T cells were seeded at 80% confluence and after 8 - 16
hours, were transfected with third generation lentiviral packaging
plasmids RTR2, VSV-G, KGP1R and pTRIPz in a ratio 1:1:3:5. 24
hours post transfection, the media was changed. After another 24
hours cell media was collected. This media was supplemented with
10% FBS and polybrene and sterilized by passing through a 0.22
pm filter. This was added to recipient cells (e.g. 293T, LS174T,
SW403, SW948) seeded at low confluence (20 — 30%). This
procedure was repeated with the media from 293T cells 24 hours
after the initial infection to ensure a higher viral infection. After the
infection, viral media was removed and cells were incubated in
normal media for 24 hours. Finally, infected cells were trypsinized
and seeded in media containing puromycin (2 pg/mL) and left
under selection to obtain a stable resistant population with a
doxycycline inducible cassette.

RNA extraction, cDNA production and RT qPCR analysis

RNA extractions from cultured, FACS sorted or isolated cells were
done with the Trizol reagent (Invitrogen). The RNA from the
aqueous phase was then purified with the RNA PureLink Kit
(Ambion) and quantified by Nanodrop. cDNA was produced with
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the High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems) following the manufacturer’s instructions.

To assess changes in expression of selected genes RT-gPCR was
done with their respective TagMan probes or primers for SYBR
Green. For TagMan assays the TagMan Universal PCR Master Mix
(Applied Biosystems) was used. In the case of SYBR Green
reactions the Power SYBR Master Mix (Applied Biosystems) was
used. To calculate gene expression to a normalization gene the
comparative threshold cycle method was used.

Western Blot Analysis

Cells were lysed using 1:1:1 buffer (1 mM EDTA, 1 mM EGTA, 1%
SDS) supplemented with protease and phosphatase inhibitors
(Sigma Aldrich) and heated at 99 °C for 10 min. After this heating
step, cell lysates were pipetted several times to break up gDNA
and later centrifuged at 13200 rpm for 15 min. The supernatant
was kept as the protein extract. Protein content was quantified with
the Protein Assay (BioRad), based in the Bradford method. Equal
amounts of protein per sample were separated by standard SDS-
PAGE and transferred to PVDF membranes. The membranes were
incubated in TBS-T 0.1% supplemented with 5% milk for 30 min at
RT to block unspecific antibody binding. Primary antibodies were
incubated overnight at 4 °C (See Table 8 for antibody details).
Secondary antibodies were diluted 1/10000 and incubated for 1
hour at RT with the membranes. After antibody incubations
membranes were washed at least 3 times with TBS-T 0.1% for 10
min. Immuno-complexes were visualized with ECL (Amersham).

Ribonucleoprotein complex immuno-precipitation (RIP)

RIP was performed following the protocol described by Keene et al
(Keene et al., 2006; Tenenbaum et al., 2002). Cells were seeded
and after 24 hours, doxycycline (1 ug / mL) was added. After an
overnight induction, cells were washed twice with ice cold PBS.
After the washes, cells were scraped in PBS and centrifuged at
1200 rpm for 5 min at 4 °C. The cells were then resuspended in
one pellet volume of polysome lysis buffer (100 mM KCI, 5 mM
MgCl,, 10 mM HEPES pH 7.0, 0.5% NP40, 1 mM DTT, 100
units/mL RNAse OUT, 400 uM VRC, Protease Inhibitors). The cells
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were lysed on ice for 5 min and then stored at -80 °C for at least 1
hour. The lysate was then thawed and centrifuged at 13200 rpm for
15 (4 °C). The supernatant was kept for the IP. Magnetic anti Flag
M2 beads (Invitrogen), were washed 5X with NT2 buffer (50 mM
Tris HCI pH 7.4, 150 mM NaCl, 1mM MgCl,, 0.05% NP40). Half of
the lysate (normally around 150 pL) was supplemented with NT2
buffer (up to 1 mL) and with RNAse Inhibitors (200 units/mL RNAse
OUT, 400 uM VRC, 1 mM DTT and 20 mM EDTA). 50 pL of
washed beads were added to each lysate, mixed briefly and 100 L
of the mix were kept as 10% of input for each IP. The rest of the IP
was left for 2 hours at RT with orbital shaking. After this incubation,
the supernatant was discarded and the beads were washed 4
times with ice cold NT2 buffer. After the final wash was done, all
liquid was removed from the beads and 1 mL of Trizol reagent was
added to these as well as the inputs. RNA extraction was
performed as described above. In the case of the RIP Chip
experiment, 25 ng of RNA were hybridized to Human Exon Arrays
(Hu Ex 1.0, Affymetrix). The samples analyzed were RIP and Input
of CV + Dox, Mex3a TAP— Dox and Mex3a TAP + Dox. To
generate the list of targets, RIPs were compared to their respective
Inputs and a probe was considered a target when the enrichment in
Mex3a TAP+ Dox RIP vs Input was over 10 fold and not enriched
in either Mex3a TAP— Dox RIP vs Input and CV + Dox RIP vs
Input. To independently validate the targets, the experiment was
repeated and SYBR green RT qPCR was used to assess
enrichment mRNAs to Mex3a TAP. Relative enrichments were
calculated by assessing the RIP against its respective input, Gapdh
was used as the reference gene (for primers used in RIP assays
see Table 10).

Tandem Affinity Purification (TAP)

TAP was performed as previously described (Gloeckner et al.,
2007; Gloeckner et al., 2009). LS174T pTRIPz Mex3a TAP and CV
cells were seeded and after 24 hours, doxycycline (1 ug / mL) was
added. After an overnight induction, cells were washed twice with
ice cold PBS. After the washes, cells were scraped in PBS and
centrifuged at 1200 rpm for 5 min at 4 °C. The pellet was then lysed
in 1 mL of lysis buffer (TBS, 0.5% NP40, Protease and
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Phosphatase Inhibitors) for 20 min on ice. Lysates were then
sonicated for 15 min with a Bioruptor sonicator (Diagenode), with
cycles of 30s ON / 30s OFF set at the highest intensity. After this
step, lysates were cleared by centrifugation at 13200 rpm for 15
min (4 °C). Protein extracts were quantified with the Protein Assay
(BioRad) and 10 mg of each sample was used per IP in a total
volume of 1 mL. To this extract 100 pL of streptactin resin (IBA)
was added to each IP and incubated for 1 hour at 4 °C with orbital
rotation. After this step, the IP was loaded to a microspin column
(GE Healthcare) and 3 washes were done with wash buffer (TBS,
0.1% NP40, Protease and Phosphatase Inhibitors). Washes were
performed by adding the buffer to the column, and centrifuging at
800 rpm for 15 s and discarding the flow-through. After the washes,
the proteins were eluted with 500 yL of 5X desthiobiotin elution
buffer (IBA) for 20 min on ice. The flow-through was then collected
and concentrated using an Amicon Ultra centrifugal filter (Millipore).
The concentrated flow-through was then analyzed by mass
spectrometry (CRG facility). Mex3a interacting proteins were
defined as proteins with at least 2 peptides that were solely present
in the Mex3a + Dox IP or were at least enriched 2 fold over the CV
IP.

Mex3a interactors were independently confirmed by repeating the
TAP protocol using the anti-Flag M2 magnetic resin. For this 1 mg
of lysate was loaded in each IP and the protein elution was
performed with 20 uL of 5X Laemmli buffer on the magnetic beads
and incubated at 99 °C for 5 min. After elution, the western blot
protocol was followed as described above.

Immunofluorescence of cultured cells

Cells were seeded in glass slides (BD Falcon). After induction or
treatment, the cells were fixed for 10 min with 4% PFA at room
temperature. After this, 3 washes with PBS were done and glycine
20 mM (in PBS) was added for 10 min at room temperature to
block the PFA. After this, 3 washes with PBS were done as before
and the cells were incubated with Triton X-100 0.25% (in PBS) for
20 min at room temperature. Once again 3 washes were done with
PBS and the cells were blocked with PBS-BSA 1% for 30 min at
room temperature. Primary antibodies were diluted in PBS-BSA 1%
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and added to the cells overnight at 4°C. After this incubation the
cells were washed with PBS 3 times and the secondary antibody
was added (in PBS-BSA 1%) and incubated at room temperature
for 90 min in the dark. Finally, cells were washed twice with PBS,
stained with DAPI, washed once again and mounted for viewing by
confocal microscopy in a Leica SP5 microscope.

Tethering assays

Tethering assays were performed as previously described (Novoa
et al., 2010). Mex3a TAP and mutant versions were PCR amplified
and cloned in frame with the MS2 binding protein. The empty,
chimeric MS2-TAP or chimeric MS2-Mex3a-TAP (WT or C469G
mutant) were transfected into 293T cells alongside a pLUC MS2 6X
(bearing 6 tandem repeats of the MS2 loop in the 3’'UTR of the
Firefly luciferase gene) and a pCMV-RNL plasmid (containing the
Renilla luciferase gene). 48 hours after transfection the firefly
luciferase activity was analyzed relative to the renilla luciferase
activity. All samples were normalized to the MS2-TAP transfected
cells and the relative activity of WT and mutant MS2-Mex3a-TAP
constructs was measured.

Mitochondrial enrichment protocol

Cells were washed twice with ice cold PBS and scraped. They
were centrifuged at 1200 rpm for 5 min (4°C). The cells were then
resuspended in 10 packed volumes of NKM buffer (1 mM Tris HCI
pH 7.4, 0.13 M NaCl, 5 mM KCI, 7.5 mM MgCl,) and centrifuged at
1200 rpm for 5 min (4 °C). This step was repeated twice. The pellet
was resuspended in 6 packed cell volumes of mitochondrial
homogenization buffer (10 mM Tris HCI pH 6.7, 10 mM KCI, 0.15
mM MgCl,, 1mM DTT and protease inhibitors) and incubated on ice
for 10 min. This suspension was then transferred to a tissue grinder
(Kimble Chase) and cells were broken with 40 strokes of a large
pestle. After homogenization, the lysate was transferred to a tube
containing 1 packed cell volume of 2M sucrose and centrifuged at
3700 rpm for 5 min (4 °C). The pellet was discarded and the
supernatant was transferred to a new tube containing 1 packed cell
volume of 2M sucrose. This procedure is repeated twice. The
obtained supernatant is centrifuged at 8700 rpm for 10 min (4 °C)
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to pellet mitochondria. The supernatant was kept as the
cytoplasmatic fraction. The mitochondrial pellet was resuspended
in 3 packed cell volumes of mitochondrial suspension buffer (10
mM Tris HCI pH 6.7, 0.15 mM MgCl,, 0.25M sucrose, 1 mM DTT
and protease inhibitors). The mitochondrial suspension was
centrifuged at 10200 rpm for 5 min (4 °C). Finally, the mitochondrial
pellet was lysed with 1:1:1 buffer and analyzed by western blot as
previously described.

Immunohistochemistry

Immunohistochemistry was performed as previously described in
Chapter 1 (Merlos-Suarez et al., 2011).

Generation of the Mex3a conditional KO (cKO) mouse model

To ensure the deletion of Mex3a, loxP sites were designed to flank
the coding region of exon 2. The targeting vector was generated by
Genebridges. The vector was verified by restriction enzyme
digestion as well as sequencing. The vector was electroporated
into W4 mouse embryonic stem cells (mESCs) and stably
transfected cells were selected with G418. After this, single
colonies were picked and triplicate plates were generated of
resistant clones. The clones were then screened by long range
PCR by using the Sequal Prep Kit (Invitrogen). Positive clones
were then expanded and further analyzed by Southern Blot (as
described in Barker et al, Nature, 2008) to assure correct and
unique genomic integration. The clones verified by southern were
then transfected with an FIpO-bearing plasmid to remove the
Neomycin resistance. Single clones were picked and screened by
PCR for recombination and presence of both loxP sites. Positive
clones were then expanded and analyzed by Southern once again
to ensure the appropriate integration of the cassette, as well as to
independently confirm the deletion of the Neomycin resistance
cassette. Finally, positive clones were selected and blastocyst
injection was done to generate chimeras. The chimeras with
successful germline transmission were bred with C57BI6 mice and
the offspring were used to generate the final colonies of mice.

Generation of the Mex3a knock-in mouse model

A cassette bearing a tdTomato/T2A/Cre-ERT2/bGH polyA was
inserted in frame with the Mex3a start codon in exon 1. The
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targeting protocol followed was the same as described for the cKO
mouse model.

Organoid Culture

ISC organoid cultures were done as described in Chapter 1
(Merlos-Suarez et al., 2011). Besides the standard culture
conditions, the Stem Organoid media was used by replacing 50%
of the Advanced DMEM/F12 with Wnt3a conditioned media. Apc
media was used to culture Apc mutant organoids (the culture
conditions being exactly the same as the basic media, but
removing Rspo1 and recombinant Noggin as well). For Cre
induction, cultures were supplemented with 500 nM of 4-OH
Tamoxifen (Sigma) for 48 hours, after this period it was removed
from the cultures and after different times the cells were collected.

Transcriptomics and Proteomics of Stem Organoids

Proximal duodenum of 3 Mex3a"* and 3 Mex3a™ mice (all age and
sex-matched and bearing the Villin Cre-ER™ transgene) were used
to obtain crypts and put in culture in stem conditions. After 72 hours
the cultures were expanded and treated with 500 nM of 4-OH
Tamoxifen for 48 hours. After this treatment 1 matrigel drop was
collected in Trizol for each mouse and checked for deletion of
Mex3a at the RNA level. The remaining drops were pooled
together for each animal and treated with cell recovery solution (BD
Biosciences) for 1 hour on ice. After this, the cells were washed
twice with HBSS and resuspended in lysis buffer for mass
spectrometry (SDS 4%, 0.1 M DTT, 0.1M Hepes). After the lysis,
cells were vortexed and incubated at 95 °C for 3 min. Finally, the
lysates were then sonicated with a Bioruptor for 15 min with cycles
of 30s ON / 30s OFF. The samples were stored at -80 °C and
submitted for mass spectrometry analysis. The transcriptomic data
was obtained by hybridizing 25 ng of RNA to M430_2 microarrays
(Affymetrix) of 2 Mex3a"* and 2 Mex3a™ mice.

Induction of Cre activity in mouse models

For gene ablation, a full Tamoxifen (Sigma) dose was administered
as described (Verzi et al., 2010).
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FACS sorting of Mex3a knock-in cells from small intestine

Proximal small intestines (duodenum and jejunum) were removed
from age and sex-matched mice and cut open longitudinally. They
were later incubated with HBSS EDTA (8 mM) for 5 min at room
temperature. After this incubation, intestines were shaken
vigorously to remove villi and the first supernatant was discarded.
The intestines were then incubated with HBSS EDTA on ice for 20
min, after which time the shaking was repeated. This yielded the
first crypt fraction. This process was repeated twice and after
microscopic inspection of the samples the fractions enriched in
crypts were kept (usually fractions 2 and 3). These fractions were
then pooled together for each mouse, centrifuged at 1200 rpm for 5
min (4 °C) and filtered through a 100 ym mesh (BD Biosciences) to
further remove Vvilli. The filtered fractions were then disaggregated
by adding dispase (0.4 mg/mL) and incubating for 30 min at 37 °C
with orbital rotation. The media was then supplemented with 5%
FBS (Gibco) to neutralize dispase and the samples were
sequentially filtered through a 70 and 40 um mesh. This procedure
yielded single-cell preparations of small intestinal crypts that were
then analyzed by FACS in a FACS Aria 2.0 (BD). To obtain the
single cells expressing the Mex3a-driven tdTomato the following
gating scheme was followed: Cells were selected in the FSC-
A/SSC-A dotplot to remove debris. The cells were then gated to
exclude cellular aggregates in the FSC-A/ FSC-W dot plot. Single
cells were selected for viability by excluding positive staining with
DAPI (1/400, Sigma Aldrich). Finally, the selected cells were
viewed in a FSC-A/GreenE Dot plot. Gates of tdTomato cells were
set comparing to a WT sample which has no detectable tdTomato
expression. tdTomato cells were then sorted by their levels of
expression and RNA of the sorted populations was performed as
mentioned above.

Mouse models and genotyping

For inducible intestinal gene deletion in the adult mouse, Villin Cre-
ERT2; Mex3a+/+ and Villin Cre-ERT2; Mex3a fl/fl mice were used
(Villin Cre-ERT2 mice have been previously described and were
obtained from Sylvie Robine).

For inducible intestinal tumorigenesis, Lgr5 Cre-ERT2; Apc fl/f;
Mex3a +/+ and Lgr5 Cre-ERT2; Apc fl/fl; Mex3a fl/fl mice were
used (Lgr5 Cre-ERT2 mice have been previously described and
were obtained from Hans Clevers).
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For full KO mice, Sox2-Cre mice were crossed with Mex3a flox/flox
mice to establish a Mex3a null (A) allele. The Mex3aA/+ mice were
intercrossed and the Sox2-Cre was removed by selecting mice
(Sox2-Cre mice have been previously described and were obtained
from Angel Nebreda).

For lineage tracing analysis Mex3aKl/+; ROSA26-LSL-LacZ were
used. ROSA26-LSL-LacZ mice were obtained from the Jackson
Laboratories.

All mice were genotyped with standard PCR protocols described in
the references above.

Analysis of mouse bone marrow populations

Bone marrow from femur and tibia of mice was obtained by cutting
the bone tips and flushing with PBS 1X. This cell suspension was
then centrifuged for 5 min at 1600 rpm (4 °C) and treated with
ammonium chloride solution for 3 min at room temperature to lyse
red blood cells. After this, cells were washed, centrifuged as before
and resuspended in staining buffer (PBS-5%FBS). Cells were
counted and around 2 x 10° cells were stained with individual
primary antibodies or a combination of all of them. The primary
staining was performed on ice for 25 min in the dark, followed by 2
washes with PBS 1X. This was repeated for the secondary staining
when required. Table 9 shows the antibodies used to stain for
mouse lineage™®, Sca-1""° and cKit™"® (LSK) cells.

Embryonic Stem Cell Culture

Mex3a targeted W4 ESCs were cultured on gelatin coated plates.
Cell were grown in DMEM 10% FBS supplemented with Glutamine,
non-essential aminoacids, sodium pyruvate, [B-mercaptoethanol
and leukemia inhibitory factor (LiF). Cells were passaged every two
days and were analyzed by fluorescence microscopy and FACS
sorting.
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Protein Antibody Company (ref n%)
MEX3A Rabbit polyclonal Abcam (ab79046)
TOMMZ20 Mouse monoclonal Santa Cruz (sc-11415)
VDACA1 Rabbit polyclonal Abcam (ab15895)
EED Mouse monoclonal Millipore (05-1320)
CDX2 Mouse monoclonal Biogenex (MU392A-UC)
HUR (ELAVL1) Mouse monoclonal Santa Cruz (sc-5261)
CDKA1 Mouse monoclonal Santa Cruz (sc-54)
ACTB Rabbit polyclonal Sigma Aldrich (Ab316)
H3K27meJ3 Rabbit polyclonal Active Motif (39155)
Flag Mouse monoclonal Sigma Aldrich (F3165)
Table 8: Antibodies used for Western Blot
Protein Format | Clone Cat. Number Company
Ter119 Biotin | TER-119 13-5921-82 eBioscience
BD
B220 Biotin [ RA3-6B2 553085 Pharmingen
BD
CD3e Biotin [145-2C11 553059 Pharmingen
BD
Gr1 Biotin | RB6-8C5H 553124 Pharmingen
PerCP-
Streptavidin | Cy5.5 45-4317-82 eBioscience
BD
Sca-1 FITC D7 557405 Pharmingen
BD
C-Kit APC-H7 2B8 560185 Pharmingen
BD
CDA48 PE HM48-1 557485 Pharmingen
CD150 APC 9D1 17-1501-81 eBioscience

Table 9: Antibodies for HSC population analysis
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Technique Oligo name Sequence
Southern Blot Probe 2F LAALMAGBCCAGGBAAACCTC
Probe 2R CAGGCCT GAGGAT AGGAAT G
Probe 6F I5AAAGCTGAAGGCAGGACAC
Probe 6R [TCCCATCTCTCCACTCATCC
Genotyping lUSF BGTCCTGCCCTGGGCGTCAS
LI3R ICCCAGGCCCTCCTAGCATCCC
DsF TCCTGATTCGCTAGCCCTCTGGT
D3R TGAAGGGGGAAGAGAAGCCCCT
D5F bGH BTTGCATCGCATTGTCTGAG
LI3R W CAGCTCGGCCTCTTTGTAGA
| SeqF CTCCCCCAGCTTTITGTITCGCC
Cre Seq F GGATTTCCGTCTCTGGTGTAGCTG
Ert2Seq R CAGATTCAT CATGCGGAACCGAG
pouse gPCR m Mex3a F BCACCACGGAGTGCGTTC
m Mex3a R GTTGGTTTTGGCCCTCAGA
m Gapdh F ICGCAAATTCAACGGCACAGT
m Gapdh F BGATGGTGATGEGCTTCCC
m Zbth16 F TGCGCAGCTATATTTGCAGT
m Zbth16 R CACCGTTGTGTGTTCTCAGG
mTefF GTTTGCAGAGGAGGACCTGA
mTefR BGCTTACAAGGGCCCGTACT
m Hist1HZap F BGCTCTTGCTCTTTGCAAGC
m Hist1HZap R BGCTTGTTGAGCTCCTCGTC
m Tial1F IGAGCAACCCGATAGCAGAAG
mTiallR IGGACTTTCCAGTTGCCATGT
m Mrpl54 F TAALAAGCCAGTTGGCAAGG
m Mrpl54 R IGTGGCGCCAGATATTCTGTT
Human gPCR HsEed F TGOTACATGAGGTTTTCTATGGATT
HsEed R I5CATCAT CACAAACAGCT ATAAGAA
Cloning s Mex3a ORF F AT GTCGACCCACCATGCCTAGTCTAGTGGTATCTG

€]

Hs Mex3a ORF R TAP
ot |

paaGCGGCCGECEGAGAATATTCGGATGGCTTGCET
GGC

Hs Mex3a G240D F

CCTGEEECTGETECTGGACCCCAAMAGGGGCAACT

Hs Mex3a G240D R

GGTTGCCCCTTTGGGGTCCACCACCAGCCCTACC

Hs Mex3a C469G F

CGGLGEGCEEECEEEATGECATGGTCTGCTTTGAG
IBGCCAAGTG

Hs Mex3a C469G R

CACTTCGCT CTCAAAG CAGACCATGCCATCCCGCC
IGCCGCCG

Hs Mex3a ORF F

AT GTCCACCCACCATCCCTAGTCTAGTGGTATCTG
G

Hs Mex3a DN KH R

otl

PAAGCGGCCGCATTGTTGTACTCGAGGATCTTGCC

Table 10: Primers used for RT qPCR and cloning
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