Hypoxia and lineage specification of cell line-derived

colorectal cancer stem cells

Trevor M. Yeung', Shaan C. Gandhi, and Walter F. Bodmer?

Cancer and Immunogenetics Laboratory, Weatherall Institute of Molecular Medicine, University of Oxford, John Radcliffe Hospital, Oxford OX3 9DS,

United Kingdom

Contributed by Walter F. Bodmer, September 27, 2010 (sent for review September 7, 2010)

Hypoxia is an important regulator of normal and cancer stem cell
(CSQ) differentiation. Colorectal CSCs from SW1222, LS180, and
CCK81 colorectal cancer-derived cell lines are able to differentiate
into complex 3D lumen-containing structures in normoxia, whereas
in hypoxia, they form undifferentiated dense colonies that have
reduced expression of the enterocyte differentiation marker CDX1,
lack goblet cell formation, and have increased expression of BMI1
and activated Notch1. Hypoxia increases the clonogenicity of CSCs,
which is cumulative as each round of hypoxia enriches for more
CSCs. The hypoxic phenotype is reversible, because cells from
hypoxic-dense colonies are able to reform differentiated structures
when regrown in normoxia. We show that CDX1 is able to stimulate
the generation of lumens even in hypoxia and has a negative
feedback on BMI1 expression. Knockdown of CDX1 reduces lumen
formation but does not affect goblet cell formation, suggesting that
enterocytes and goblet cells form from different progenitor cells.
Notch inhibition by dibenzazepine (DBZ) allowed CSCs to form
goblet cells in both normoxia and hypoxia. Finally, we show that
Hif1a, but not CA9, is an important mediator of the effects of hyp-
oxia on the clonogenicity and differentiation of CSCs. In summary,
hypoxia maintains the stem-like phenotype of colorectal cell line-
derived CSCs and prevents differentiation of enterocytes and goblet
cells by regulating CDX1 and Notch1, suggesting that this regulation
is an important component of how hypoxia controls the switch
between stemness and differentiation in CSCs.

ypoxia is an important regulator of normal embryonic de-

velopment (1) and stem cell differentiation (2). Hypoxic cells
can be identified in the murine embryonic gut (1), and aberrations
in oxygen control during development can lead to gastrointestinal
abnormalities (3). Hypoxia is often present in cancers, because the
demand for oxygen outstrips the supply of blood when cancers
progress and become larger. Low oxygen levels stabilize Hifla and
-2a proteins, basic helix-loop-helix transcription factors that me-
diate the downstream effects of hypoxia on angiogenesis, tumor
progression, and metastasis (4). Hypoxia in tumors is important
clinically, because expression of Hifla (5, 6) and Hif2a (7) proteins
is correlated with poorer prognosis. Hifla expression is also asso-
ciated with resistance to fluorouracil (5-FU) (8) and oxaliplatin (9).

There is increasing evidence that the cancer stem cell (CSC)
population is capable of self-renewal, driving tumor growth and
differentiating to form all of the lineages found within a cancer
(10, 11). Hypoxia seems to maintain the stem-like phenotype in
neuroblastomas (12) and activates signaling pathways that are
associated with the undifferentiated phenotype of normal stem
cells, including Oct4 (13) and Notch (14). The explanation for
hypoxia’s association with more aggressive disease and poorer
clinical outcome may, in part, be because hypoxia leads to an
increase in the proportion of CSCs in a tumor.

In this paper, we refer to CSCs as the subpopulation of cells
that drive the growth of a cell line. We have previously shown that
CSCs can be isolated from colorectal cancer cell lines and that
these CSCs can initiate tumors in vivo and differentiate into all
of the lineages found in the original cancer (15), thus fulfilling
the widely accepted functional definition of CSCs. The aim of
the current study was to investigate the effects of 1% hypoxia
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on the clonogenicity of CSCs and their ability to differentiate
into multiple lineages, with a view to contributing to an under-
standing of the molecular pathways underpinning the hypoxic
response. We show that hypoxia maintains the undifferentiated
phenotype of CSCs, increasing their clonogenicity and inhibiting
their differentiation into multiple lineages. Our results also sug-
gest that CDX1 and Notch ligands, respectively and separately,
control the differentiation of CSCs into columnar and goblet
cells and that feedback inhibition of CDX1 by BMI1 may play a
role in the maintenance of the CSC state.

Results

Hypoxia Prevents Differentiation of Colorectal Cancer Cells and
Maintains a Stem-Like Phenotype. We have previously shown that
the large differentiated colonies from the SW1222 cell line
grown in 3D Matrigel contain the CSCs, whereas the small col-
onies are made up of terminally differentiated cells with limited
growth potential (15). Single cells from the colorectal cancer
(CRC)-derived cell lines LS180 and CCKS81 plated in 3D Matrigel
in normoxic conditions also form such differentiated colonies with
complex internal structures (Fig. 1 and Figs. S1-S3). However,
when these three cell lines are grown in hypoxia (1% O,) for
a period of 3 (LS180) to 4 wk (SW1222 and CCKS81), there is
a profound effect on the colony morphology. The colonies become
smaller, rounder, and far less well-differentiated, with no obvious
features of differentiation (Fig. 1 and Figs. S1-S3). These dense
colonies are similar to the undifferentiated colonies that HCT116
forms when grown in normoxia, which reflects the high proportion
of CSCs in that cell line (15).

The effect of hypoxia on differentiation of colonies derived from
single cells of the lines SW1222, 1.S180, and CCKS81 grown in
Matrigel under hypoxia for 4 wk is shown by quantified immuno-
fluorescence staining with markers of differentiation (Fig. 1 and
Figs. S1-S3). As shown before (15), although colonies grown in
normoxia expressed high levels of the enterocyte differentiation
marker CDX-1, especially in their periphery, and also contained
mucin-producing goblet cells (PR4D4), the hypoxic colonies
expressed much lower levels of CDX-1 and did not express the
goblet cell mucin marker PR4D4 at all. In contrast, staining for
activated Notchl and Bmil, markers that have been associated
with an increased stem-like phenotype, showed increased expres-
sion under hypoxia compared with normoxia. This is consistent
with the hypothesis that activated Notch1 and Bmil play a role in
the maintenance of a stem-like phenotype of CSCs by hypoxia.
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Fig. 1. (A) Light microscopy and immunofluorescence of SW1222 grown for
4 wk in 3D Matrigel under normoxia and hypoxia (1% oxygen). (Magnifi-
cation: 20x objective; scale bar: 200 pm.) (B) Quantitation of immunofluo-
rescence of CDX1, BMI1, and activated Notch1. S/ Materials and Methods has
methods for obtaining the ratio of fluorescence to DAPI staining. In figures,
***P < 0.001, **P < 0.01, and *P < 0.05.

Hypoxia Increases Clonogenicity of Colorectal CSCs. Growth of all
five cell lines, HCT116, HT29, LS180, SW1222, and CCKS81, in
hypoxic conditions for 2-4 wk increased the clonogenicity of
large colonies compared with normoxia (Fig. 24). For the nor-
mally differentiating cell lines (LS180, SW1222, and CCKS1),
this applied to large colonies that did not show any significant
evidence of differentiation. For these, the proportion of large vs.
small colonies increased in hypoxia compared with normoxia.
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Fig. 2. Hypoxia increases clonogenicity. (4) Colony count of five cell lines
grown in Matrigel in normoxia (N) or hypoxia (H) for 2-4 wk. Colony count
of (B) HCT116 and (C) SW1222 cells that were first exposed to 72 h of hyp-
oxia and then replated in Matrigel in normoxia for 2-4 wk; unpaired t test;
500 cells/well. (D) Hypoxia reduces the proportion of Ki67+ve cells in cell
lines that can differentiate (SW1222, L5180, and CCK81) much more than in
those that are mostly undifferentiated (HCT116 and HT29). (Magnification:
20x objective; scale bar: 200 pm.)
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Fig. 2 B and C (HCT116 and SW1222, respectively) shows that
pretreatment of these cell lines for 72 h in hypoxia followed by
replating single cells in Matrigel and growing them in normoxia
for 2-4 wk increased clonogenicity. This indicates that even the
72-h hypoxic pretreatment is enough to trigger events that affect
clonogenicity after up to 4 wk in normoxia.

The results of staining large colonies after 2-4 wk in hypoxia or
normoxia (Fig. 24) with Ki67 (which identifies dividing cells) are
shown in Fig. 2D and Fig. S4. Hypoxia markedly reduced the
proportion of cells that were Ki67 positive in SW1222, 1.S180, and
CCKS81 colonies, which all differentiate under normoxic con-
ditions. Hypoxia did not, however, seem to affect the proportion of
Ki67-positive cells in HCT116 and HT29, which normally have
limited capacity to differentiate and a higher proportion of CSCs.
However, the size of these colonies under hypoxia was smaller than
after a similar period under normoxia. This suggests that, although
hypoxia blocks the differentiation of CSCs in the cell lines SW1222,
LS180, and CCK81 and therefore leads to a larger number of
colonies derived from CSCs, by 4 wk in hypoxia, most of the cells in
these colonies are no longer actively dividing. In contrast, a signif-
icant proportion of the cells in CSC-derived colonies from HCT116
and HT?29, which cannot in any case differentiate, continues active
division, although perhaps at a somewhat slower rate. This suggests
that the effect of hypoxia on the normally differentiating cell lines
has wider effects than only blocking differentiation.
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Fig. 3. Hypoxic effects are cumulative and reversible. (A) SW1222 and (B)
LS180 cell lines were grown in Matrigel in normoxia or hypoxia for 4 wk, and
then, they were replated and grown in normoxia or hypoxia for another 4 wk
(1,000 cells/well; unpaired t test). (C) SW1222 colonies were grown in Matrigel
in either normoxia or hypoxia for 4 wk, and then, they were retrieved and
replated as single cells in Matrigel for another 4 wk in either normoxia or
hypoxia. (Magnification: 20x objective; scale bar: 200 pm.)
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Effects of Hypoxia Are Cumulative and Reversible. Single cells of
SW1222 and LS180 were grown in Matrigel for 4 wk in either
normoxia or hypoxia. The resulting large colonies were retrieved,
disaggregated into single cells, replated back into Matrigel, and
then, regrown in either normoxia or hypoxia for another 4 wk. Fig.
3 A and B shows the effects of these four different growth con-
ditions, respectively, (normoxia to normoxia, hypoxia to normoxia,
normoxia to hypoxia, and hypoxia to hypoxia) on clonogenicity.
For both cell lines, 8 wk in hypoxia produced the highest clono-
genicity. Four weeks in hypoxia, whether this came first or second,
had an intermediate effect. As illustrated in Fig. 3C and Fig. S5,
the fact that cells grown for 4 wk in hypoxia and then replated in
normoxia can again produce differentiating colonies shows that
the effects of hypoxia are still reversible after 4 wk.

CDX1 Is Sufficient and Necessary for the Formation of Lumens but Not
for Goblet Cells. As previously shown (15), the HCT116 cell line
does not express CDX1, and its colonies do not form lumen-like
structures; however, when stably transfected with a vector ex-
pressing CDX-1, a proportion of HCT116-CDX1 colonies are
able to form lumen structures in normoxia (Fig. 4 4 and B). We
now show that this ability is maintained even in hypoxia (Fig. 4 4
and C). Staining for PR4D4 (goblet cell mucin) in HCT116-
CDX1 colonies was uniformly negative, suggesting that enter-
ocytes and goblet cells arise from different progenitor lineages
within the crypt. CDX1 is, as expected, expressed in the nucleus
in HCT116-CDX colonies and absent from the nucleus of
HCT116 vector control colonies (Fig. 44). These results suggest
that the hypoxic block on differentiation acts upstream of CDX-1,
and therefore, forced CDX1 expression allows lumen forma-
tion, a marker of columnar cell differentiation, even in hypoxia.

As a complement to the studies with HCT116-CDX1 and
HCT116-vec, we have done similar studies on the pair of lines
LS174T-siCDX1 (in which the normal expression of CDXI is
stably knocked down) and its control, LS174T-vec (16). As shown
in Fig. 4D, after growth in Matrigel for over 3 wk, the proportion
of LS174T-siCDX1 colonies that formed lumens was significantly
less than the vector control (Fisher exact test, P < 0.0001). These
results confirm the role of CDX1 in controlling the proportion of
lumen-forming colonies and therefore, its probable role in co-
lumnar cell differentiation. A comparison of the staining of
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LS174T-siCDX1 with LS174T-vec by PR4D4+ for goblet cell
mucus shows no significant effect of the CDX1 knockdown. This
again shows that CDXI1 is not involved in goblet cell differentia-
tion, supporting the hypothesis that enterocytes and goblet cells
arise from different progenitor lineages (Fig. 4 E and F).

CDX1 Has a Negative Feedback Control on BMI1. Because of the role
of BMI1 in stem cell control, we labeled the two pairs of cell
lines, HCT116-CDX1, HCT116-vec, LS174T-siCDX1, and
LS174T-vec, with a fluorescent anti-BMI1 antibody under both
normoxic and hypoxic conditions and quantified the fluorescence
images. The results, shown in Fig. 5 and Fig. S6, suggest a re-
markable association between the levels of BMI1 and CDX1
expression. For HCT116-vec, the expression of BMI1 signifi-
cantly increases in hypoxia, and for LS174T-vec, there is an in-
crease, although it is not significant. However, when CDX1 is
expressed in HCT116-CDX1, there is no BMI1 increase in
hypoxia, whereas when CDX1 is knocked down in LS174T-
siCDX1, BMI1 is expressed both in hypoxic and normoxic con-
ditions. The combined results suggest that CDX1 may have some
sort of feedback control over the expression of BMI1 that may be
part of a mechanism for controlling the irreversibility of stem cell
differentiation. To investigate this relationship further, we ex-
amined the effects of overexpression of BMI1 and CDX1 on
colony morphology and clonogenicity in the cell lines LS180,
SW1222, DLD1, and HCT116 (Fig. 6). Among the lumen-
forming lines (LS180 and SW1222), transfection of BMI1
enhances clonogenicity and dampens lumen formation, whereas
transfection of CDX1 dampens clonogenicity and enhances lu-
men formation. Among the dense lines (DLD1 and HCT116),
transfection of BMI1 enhances clonogenicity, whereas trans-
fection of CDX1 dampens clonogenicity and stimulates the for-
mation of nascent lumen-containing colonies where none existed
before. These data further support the role of CDX1 in con-
trolling differentiation into lumen-forming colonies and the role
of BMI1 in maintaining the CSC state.

Notch Pathway Inhibition Stimulates the Development of Goblet Cells
in Normoxia and Hypoxia. Dibenzazepine (DBZ), an inhibitor of
y-secretase and therefore, of the Notch pathway, has been shown
to increase the proportion of goblet cells in the mouse intestine
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Fig. 4. CDX1 is sufficient and required for lumen
formation even in hypoxia but not for goblet cell
differentiation. (A-C) Unlike the HCT116 vector
control (HCT116-vec), HCT116-CDX1 forms lumens
in both normoxia and hypoxia. Knockdown of
CDX1 in LS174T (LS174T-siCDX1) reduces the pro-
portion of large colonies that can form lumens
compared with the vector control (LS174T-vec; D)
but has no significant effect on the proportion of
mucin expressing goblet cells. (E and F) Goblet cell
mucin (PR4D4) is green. Nuclei are stained blue with
DAPI. (Magnification: 20x objective.) Fisher’s exact
tests were significant in B, C, and D, but not E. (Scale
bar: 200 pm.)
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Fig. 5. Negative regulation of BMI1 by CDX1. Immunofluorescence staining
for BMI1 for the two pairs of cell lines, HCT116-CDX1, HCT116-vec, LS174T-
vec, and LS174T-siCDX1, in normoxia and hypoxia. Cell lines were grown for
2 (the HCT116 pair) or 3 wk (the LS174T pair) in Matrigel. (Magnification:
20x objective; scale bar: 200 um.) For quantitation of immunofluorescence
images, see Fig. S6.

(17). Fig. 74 shows staining of SW1222 colonies with PR4D4 after
growth in Matrigel with different concentrations of DBZ and in
normoxia and hypoxia. It seems clear that DBZ increases the
proportion of PR4D4 staining cells in both normoxia and hypoxia.

Fig. 7 B and C shows the quantitation of the proportions of
colonies with at least one stained cell compared with those with
none at various DBZ concentrations and in normoxia (Fig. 7B)
and hypoxia (Fig. 7C). These data, which show a dose depen-
dence of the number of stained cells with increasing concen-
trations of DBZ, strongly support the evidence that the Notch
signaling pathway controls goblet cell mucin production, most
probably through the control of goblet cell differentiation from
CSCs. The fact that this effect persists in hypoxia suggests that,
as in the case of CDX1 and columnar cell differentiation, the
control of goblet cell differentiation by Notch is downstream of
the effects of hypoxia on blocking CSC differentiation. DBZ,
however, did not induce goblet cell differentiation in cell lines
such as HCT116, which could not differentiate in the first place.

Hifla Knockdown in Hypoxia Reduces Clonogenicity and Increases
Differentiation of Colonies and Expression of CDX1. Hifla is gen-
erally considered to be the main molecular mediator of hypoxic
effects, whereas CA9 is one of the main targets of Hifla (18).
We, therefore, examined the effects of Hifla and CA9 knock-
down on differentiation of SW1222 in hypoxia. Fig. 84 shows
that the transient transfection of SW1222 with siRNA for Hifla
and CA9 successfully reduced their respective expression after
72 h in hypoxia. The effects of the SW1222 knockdowns followed
by 72 h in hypoxia on colony numbers after 4 wk in Matrigel in
normoxia are shown in Fig. 8B. Only Hifla knockdown sub-
stantially reduced the number of large lumen-forming colonies,
whereas the CA9 knockdown gave the same results as the hyp-
oxic control. There was, as before, some increase in overall
clonogenicity of the SW1222 hypoxic control compared with
normoxia. The results indicate that Hifla is the main mediator of
the increased clonogenicity of SW1222 CSCs in hypoxia and that
CA9 does not play a role. The effect of Hifla knockdown on
differentiation is supported by the observation that the SW1222
cells transiently transfected with siRNA to Hifla and when
grown in hypoxia for 72 h, still give rise to cells that express
CDX1 as in the normoxic control, whereas the CA9 knockdown
and hypoxic control cells show reduced expression of CDX1 (Fig.
8 C and D).
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Fig. 6. Overexpression of BMI1 and CDX1 increases and decreases clono-
genicity of colorectal CSCs, respectively, in (A) lumen-forming and (B) dense-
forming cell lines. Successfully transfected cells expressing BMI1 or CDX1
were selected on the basis of ZsGreen1 reporter expression and grown in
Matrigel for 2 wk (1,000 cells/well) (Figs. S7-S11). The mean proportions of
lumens were compared with the bulk population by Student t tests; all were
significant at P < 0.01. The mean numbers of colonies were compared with
the bulk population by t tests.

Discussion

We provided strong evidence that hypoxia, defined by 1% oxy-
gen, blocks CSC differentiation. Thus, using colony morphology
and antibodies to CDX1 and PR4D4, we showed that hypoxia
prevents lumen formation in the cell lines that typically differ-
entiate and suppresses expression of CDX1 and PR4D4 while
increasing clonogenicity. These changes are accompanied by
increased expression of BMI1 and activated Notch-1, which are
known presumed markers of CRC stem cells (19, 20), suggesting
a key role for BMI1 in maintaining the cancer stem cell state.

The overall results suggest that, in hypoxia, CSCs are maintained
in cell lines that normally have the capacity to differentiate because
their ability to differentiate is blocked. It has recently been shown
that colorectal stem cell division in the mouse is largely symmet-
rical rather than asymmetrical (21). The most obvious explanation
for the effects of hypoxia that we observed is, therefore, that the
proportion of CSC divisions is skewed against differentiated cells.
Identifying the Hifla target (s) that causes this switch should then
help identify the primary molecular basis for the control of CSC
differentiation. These effects of hypoxia on the CRC cell lines
parallel many previous studies that, for example, suggest that hyp-
oxia supports self-renewal of embryonic stem cells (22), stimulates
proliferation of neural precursor (23) and neural crest stem cells
(24), inhibits differentiation of adipocytes (25), maintains an un-
differentiated phenotype in neuroblastomas (12), and increases
the proportion of glioma CSCs (26).

The fact that the effects of only 72 h in hypoxia are still seen in
increased clonogenicity after a further 4 wk of growth in nor-
moxia suggests that hypoxia relatively rapidly induces increased
clonogenicity, which then persists after return to normoxia.
However, even after 4 wk in hypoxia, cells can still reform dif-
ferentiated colonies when returned to normoxia. Thus, the
effects of hypoxia, although they can persist for some time in
normoxia, are still reversible after 4 wk in hypoxia.

Hypoxia also increases clonogenicity in the nondifferentiating
cell lines. Ki67 staining, however, shows that cell division in the
nondifferentiating cell lines persists in hypoxia, whereas the
differentiating cell lines have few dividing cells in their large
colonies after 4 wk in hypoxia, which may seem paradoxical.
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Fig. 7. Notch inhibition of SW1222 induces goblet cell formation in normoxia
and hypoxia. (A) PR4D4 (mucin; colored green) staining of colonies after 4 wk
of growth with increasing doses of DBZ in normoxia and hypoxia. (Magnifica-
tion: 20x objective; scale bar: 200 pm.) (B and C) Percent of PR4D4+ve and —ve
colonies containing at least one (+) or no (-) stained cells in (B) normoxia and
(C) hypoxia. Up to 50 colonies were counted for each growth condition. Fisher’s
test for proportion of +ve vs. —ve colonies was performed.

However, the early effects of hypoxia in blocking differentiation
may lead to an increase in the number of colonies, which then do
not continue to grow. The nondifferentiating cell lines are pre-
sumably better adapted to growth in hypoxic conditions, and this
is correlated with their high CSC content, their lack of differ-
entiation, and their generally “aggressive” growth, which fits in
well with the observation that the more hypoxic-resistant tumors
tend to be more aggressive and have a poorer prognosis. (5, 6).

There is good evidence that CDX1 plays an important role in
normal intestinal epithelial differentiation (15, 16, 27, 28) and
that can then explain downregulation of CDX1 in CRCs through
providing a selective advantage by preventing differentiation
(29). We now further confirmed the role of CDXI1 as a key re-
gulator of columnar cell differentiation by showing that siRNA
knockdown of CDXI1 in the differentiating cell line LS174T
abrogates its ability to form differentiated colonies with lumens.
It does not, however, prevent the formation of mucin producing
goblet cells as detected by the antibody PR4D4, which implies
that the differentiation pathways from the CSCs to columnar
cells and to goblet cells are separately controlled. The fact that
hypoxia does not inhibit lumen formation when CDX1 expres-
sion is forced in HCT116 indicates that the hypoxic block on
CSC differentiation acts upstream of the control of columnar cell
differentiation by CDX1.

The observation that the y-secretase inhibitor, DBZ, signifi-
cantly increases the proportion of goblet cells in SW1222 par-
allels similar effects seen in the mouse (17). The persistence of
this effect in hypoxia suggests, as for forced CDX1 expression,
that hypoxic inhibition of CSC differentiation acts upstream of
the effects of Notch inhibition on goblet cell differentiation,
which is consistent with a contribution of activated Notch-1 to
maintaining the stem cell phenotype.

Assuming that the basic mechanisms of control of stemness
and CSC differentiation in normal tissue will be reflected to a
fair extent in differentiating tumors, our results suggest that, at
some stage in the development of the crypt from normal stem
cells, the pathways of differentiation to columnar and goblet cells
begin to diverge and involve different mediators, namely CDX1
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Fig. 8. Hifla mediates the effects of hypoxia on colorectal CSCs. (A) West-
ern blot of SW1222 cells transiently transfected with siRNA against Hif1a,
CA9, and Hif2a (control) and grown under hypoxic conditions for 72 h shows
successful knockdown of Hifla and CA9. NC, normoxic scrambled control;
HC, hypoxic scrambled control; KO, knockdown, namely siRNA transient
transfection. (B) The effect of siRNA knockdown of Hifla and CA9 on the
production of large lumen-forming colonies by SW1222 cells under 72 h of
hypoxia followed by replating and 4 wk in Matrigel in normoxia (unpaired t
test; 500 cells/well). Average counts for four wells. (C) SW1222 cells knocked
down by siRNA for Hifla and CA9 and then grown in Matrigel for 72 h in
hypoxia are shown. Cells were then recovered from Matrigel and stained for
CDX1 (green). Nuclei were stained blue with DAPI. (Magnification: 20x ob-
jective; scale bar: 200 pm.) (D) Quantitation of immunofluorescence in C and
Fisher's exact test comparing the proportion of CDX1+ vs. CDX1- cells.

and Notch inactivation, respectively. The probability is that this
happens during the amplification of the CSC-derived progenitor
cells. This would be consistent with models of the colorectal
cancer process (30, 31), which suggest that the cell of origin for
CSCs may mostly be a progenitor cell, before the commitment has
been made to a particular differentiation pathway, rather than, as
is often assumed, the normal crypt stem cell (32), and that the
proportion of CSCs in a CRC can be highly variable (33).

The patterns of expression of BMI1 and CDX1 in the paired
cell lines HCT116-CDX1; HCT116-vec and LS174T-siCDX1;
LS174T-vec suggest a remarkable negative correlation, namely
that CDX1 seems to repress the expression of BMIL. This is
consistent with the differentiation marker CDX1 having a feed-
back control over the stem cell maintenance marker, BMI1,
possibly as a mechanism to inhibit reversion from the differen-
tiated state to an uncommitted progenitor cell or even a CSC.

The observations that transient Hifla knockdown countered
the effect of hypoxia in enhancing clonogenicity and also reversed
the inhibition of CDX1 expression suggest that key regulators of
the process of CSC differentiation are Hifla targets. CA9
knockdown had no such effects, indicating that this is not one of
the relevant Hifla targets. Similar results have been published for
glioblastomas, where it as been shown that Hifla knockdown in
glioma cells impairs their ability to form tumor spheroids and
therefore presumably CSCs (34). It has also been shown that the
expression of the cancer stem cell marker CD133 is markedly
increased by hypoxia in glioma cells (35). Hifla may have a direct
inhibitory effect on CDX1 transcription as two putative hypoxia
response element (HRE)-like sequences have been identified in
the 5’ flanking promoter region of human CDX1 (36). Our ob-
servation that hypoxia appears to be associated with activated
Notchl is consistent with studies that have shown Hifla to in-
teract with activated Notch1 and be recruited to Notch responsive
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promoters upon Notch activation under hypoxia (14). As Hif2a
has also been reported to play a role in tumor angiogenesis, it
would also be important to examine its downstream targets (37).

Our results show how careful analysis of the relationship be-
tween colony morphology and the expression of markers of dif-
ferentiation and stemness in normoxia and hypoxia, using a
panel of CRC-derived cell lines, can provide valuable insights to
the controls of CSC function and differentiation. The fact that
our in vitro work on the roles of CDX1, BMI1, Notch, and the
effects of hypoxia support previous findings obtained from pri-
mary mouse tissue, and also that Notch is important for the
survival of CSCs (38) and confers a hypoxic resistance phenotype
(39) in primary human tissue models, strongly suggests, although
does not yet prove, that CSCs in cell lines are equivalent to CSCs
in fresh tumors (15). Our approach can serve as a first step to
better characterization of these processes at the molecular level
in vitro, which can then be extended to the in vivo situation by
further work on primary tissue.

Materials and Methods
Detailed materials and methods can be found in S/ Materials and Methods.

Cell Lines. CRC cell lines HCT116, HT29, SW1222, LS180, LS174T, and CCK81
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