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Abstract
The stem cell-like characteristics of tumor cells are not only essential for tumor development and
malignant progression, but also significantly contribute to therapy resistance. However, it remains
poorly understood how cancer cell differentiation or stemness is regulated in vivo. We investigated
the role of the stem cell gene DLK1, or delta-like 1 homolog (Drosophila), in the regulation of
cancer cell differentiation in vivo using neuroblastoma (NB) xenografts as a model. We found that
loss-of-function mutants of DLK1 significantly enhanced NB cell differentiation in vivo likely by
increasing the basal phosphorylation of MEK and ERK kinases, a mechanism that has been shown
to facilitate neuronal differentiation. We also found that DLK1+ cells are preferentially located in
hypoxic regions. These results clearly demonstrate that DLK1 plays an important role in the
maintenance of undifferentiated, stem cell-like phenotypes of NB cells in vivo.
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1. Introduction
Tumor development and malignant progression are sustained by tumor-initiating cells (TIC)
or cancer stem cells (CSC) that are capable of self-renewal. CSCs/TICs show many
similarities with normal stem or progenitor cells. Several stem cell genes have been shown
to play important roles in tumorigenesis [1; 2; 3; 4]. Because stem-like cancer cells appear to
be more resistant to conventional therapies [5; 6; 7] and because high-grade tumors exhibit a
stem cell gene expression signature [8], understanding molecular mechanisms that regulate
cancer stem cell-like characteristics would have significant impact on the development of
more effective cancer therapeutics. Currently, it remains largely unknown how stem cell
genes regulate tumor cell growth and differentiation in vivo in established tumors or cell
lines.
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Previously, we characterized DLK1, or delta-like 1 homologue (Drosophila), as a bona fide
stem cell gene in neuronal tumors [9]. DLK1, a type-1 transmembrane protein, is highly
expressed in immature embryonic tissues, but not in differentiated adult tissues [10],
suggesting a role of DLK1 in the regulation of stem cells and/or progenitors. We found that
DLK1 was robustly expressed in undifferentiated, but not in differentiated, tumor cells [9].
Inhibition of DLK1 enhances spontaneous neuronal differentiation and decreases
clonogenicity or the colony-forming potential, whereas DLK1 overexpression inhibits
differentiation and enhances clonogenicity [9]. Interestingly, hypoxia strongly induced
DLK1 expression, suggesting that DLK1 may play an important role in the regulation of
cancer cell stemness within the tumor microenvironment [6; 9; 11].

Our current study has examined the role of DLK1 in the regulation of tumor cell
differentiation in vivo using neuroblastoma (NB) xenografts as a model. In xenograft tumors
derived from stable NB cell lines with overexpression of a DLK1 mutant (cytoplasmic
domain deletion or mutations of Tyrosine-339 and Serine-355 in the cytoplasmic domain),
expression of differentiation markers was significantly increased, suggesting that the DLK1
cytoplasmic domain is required for maintaining tumor cells in their undifferentiated state.
Mechanistically, deletion of or loss-of-function mutations in the DLK1 cytoplasmic domain
increased steady-state ERK phosphorylation, which is consistent with the finding that ERK
activation facilitates neuronal differentiation [12; 13; 14]. Our data have clearly
demonstrated that DLK1 plays an essential role in the maintenance of the undifferentiated
cancer stem cell-like phenotype.

2. Materials and Methods
2.1. Plasmids

Retroviral vectors expressing DLK1-FL (full-length DLK1), DLK1-ΔCyto (deletion of
DLK1 cytoplasmic domain), and DLK1-DM (Y339F/S355A mutations in DLK1
cytoplasmic domain) have been described in our previous publication [9].

2.2. Cell lines and tumor xenografts
SK-N-BE(2)C [BE(2)C] and SK-N-ER (ER) NB cell lines were maintained in Minimum
Essential Medium and F12 (1:1). Cells were transduced with retrovirus (DLK1-FL, DLK1-
ΔCyto, DLK1-DM or vector control) and then purified by FACS for the expression of green
fluorescent protein (GFP).

Athymic mice were fed ad libitum with food and water and were maintained under
pathogen-free conditions. All animal protocols were reviewed and approved by the Yale
Institutional Animal Care and Use Committee. Tumor xenografts were generated from the
above NB cells via subcutaneous implantation on the back of NU/J mice (6-wk-old males;
Jackson Laboratory) as previously described [9]. To label hypoxic regions, pimonidazole
hydrochloride (Hypoxyprobe-1, HPI, Inc. Burlington, MA) was injected intraperitoneally at
60 mg/kg body weight one hour before harvesting the tumors according to manufacturer’s
recommended protocol.

2.3. Western blot
Western blots were analyzed as described previously [9] with the following antibodies:
polyclonal rabbit anti-DLK1 (1:2,000; Millipore, Billerica, MA); polyclonal rabbit anti-
phosphoMEK1/2 (1:1,000; Cell Signaling, Danvers, MA), polyclonal rabbit anti-
phosphoERK1/2 (1:1,000; Cell Signaling), polyclonal rabbit anti-total ERK1/2 (1:1,000;
Cell Signaling), polyclonal rabbit anti-phosphoAKT-Ser473 (1:1,000; Cell Signaling);
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polyclonal rabbit anti-total AKT (1:1,000; Cell Signaling), and mouse anti-glyceraldehyde
3-phosphate dehydrogenase (anti-GAPDH, clone 6C5, 1:5,000; Abcam, Cambridge, MA).

2.4. Cell proliferation assay
FACS-sorted BE(2)C cells with DLK1-DM, DLK1-ΔCyto, or vector control were seeded at
a density of 1 × 104 cells per well in 96-well plates. After overnight incubation, cells were
treated with or without 1 nM of retinoic acid (RA). Cell growth was then analyzed every day
post RA-treatment using the MTS assay kit (Promega, Madison, WI) according to the
manufacturer’s recommended protocol.

2.5. Immunohistochemistry (IHC)
Paraffin-embedded sections (5 µm) were de-waxed and rehydrated. Antigen retrieval was
done by heating tumor sections in a citrate buffer (10mM Citric Acid, 0.05% Tween 20, pH
6.0) for 10 min at 95°–100°C. Endogenous peroxidase activities were quenched in 1%
hydrogen peroxide for 30 minutes and non-specific binding was blocked in 5% horse serum
for 60 minutes. Slides were then incubated with the following antibodies: anti-Ki67 (1:100
dilution; Biocare Medical CRM-325), anti-neurofilament (NF, 1:4 dilution;
DakoCytomation N-1591, clone 2F11), anti-glial fibrilar acidic protein GFAP (1:100
dilution; Thermo, clone ASTRO6), or anti-von Willebrand Factor (vWF, 1:4000 dilution;
DakoCytomation A0082) overnight at 4°C, followed by incubation with a horseradish
peroxidase (HRP)-conjugated secondary antibody (DAKO Envision kit). Antigen-antibody
reactions were visualized with 0.2% diaminobenzidine tetrahydrochloride and hydrogen
peroxide. Slides were counterstained with Mayer's hematoxylin.

2.6. Immunofluorescence
For double immunofluorescence staining of DLK1 and neurofilament, frozen tumor sections
(7µm) were fixed for 20 minutes with ice-cold acetone and air-dried. After 60-minute
incubation in 10% horse serum, tumor sections were incubated overnight at 4°C with rabbit
anti-DLK1 (AB3511, 1:100; Millipore) and mouse anti-neurofilament-H (clone RMdO 20,
1:400; Cell Signaling), followed by incubation with Alexa 594-conjugated goat-anti-rabbit
IgG (1:500; Invitrogen, Carlsbad, CA) and Alexa 488-conjugated donkey-anti-mouse IgG
(1:500; Invitrogen), respectively. Hoechst 33342 (2 µg/mL) was used for nuclear staining.

For double immunofluorescence staining of DLK1 or Hypoxyprobe with blood vessels in
frozen sections, DLK1 was detected using rabbit anti-DLK1 and Alexa 488-conjugated
goat-anti-rabbit IgG (1:500 Invitrogen); while tumor hypoxia was detected by incubating
tumor sections overnight with rabbit anti-pimonidazole (PAb2627, HPI, Inc.) followed by
incubation with Alexa 488–conjugated donkey-anti-mouse IgG. Blood vessels were stained
using rat anti-mouse CD31 (1:25, BD Pharmingen, San Diego, CA) followed by Alexa-594-
conjugated anti-rat IgG.

2.7. Statistics
Statistical differences between two groups were analyzed using the two-tailed, unpaired
Student's t test using Prizm 3.0 (GraphPad Software, Inc.)

3. Results
3.1. DLK1 is required for maintaining NB cells in undifferentiated states in vivo

As we previously found [9], knocking down DLK1 resulted in spontaneous differentiation of
NB cells in vitro, as well as reduced tumorigenicity and tumor growth in vivo, which led to
the hypothesis that DLK1 is required for maintaining the undifferentiated phenotype of NB
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cells in vivo. Toward this end, we examined xenograft tumors derived from stable NB cell
lines expressing wild-type or mutant DLK1. For stable cell lines from BE(2)C cells with
high endogenous DLK1 expression, we used DLK1-DM (Y339F/S355A mutations at the
putative phosphorylation sites of the cytoplasmic domain) and DLK1-ΔCyto (without the
cytoplasmic domain) to suppress the functions of endogenous DLK1. Using Western blots,
we found that the overall levels of DLK1 protein were increased in stable BE(2)C cell lines
with DLK1-DM or DLK1-ΔCyto, albeit the endogenous DLK1 protein levels were lower in
DLK1-ΔCyto cells than in controls (Supplementary Figure 1). In addition, we established a
stable cell line with overexpression of the full-length DLK1 (DLK1-FL) in SK-N-ER (ER)
cells with low endogenous DLK1 expression. Our previous study showed that stable BE(2)C
cell lines expressing DLK1-DM or DLK1-ΔCyto exhibited lower tumor-take rates and
slower growth of subcutaneous xenografts in immune-compromised mice [9], suggesting an
inhibitory effect of DLK1-DM and DLK1-ΔCyto on endogenous DLK1.

Because NB cells can undergo neuronal and glial differentiation [15; 16], we examined the
impact of DLK1 on differentiation of NB cells in xenografts by analyzing the expression of
neurofilament (NF, neuronal differentiation) and glial fibrilar acidic protein (GFAP, glial
differentiation). As shown in Figure 1a, xenograft tumors derived from BE(2)C cells with
either DLK1-DM or DLK1-ΔCyto showed robust staining by an anti-NF antibody compared
to the control cells, suggesting that the cytoplasmic domain, especially the two putative
phosphorylation sites Y339 and S355, is required for maintaining BE(2)C cells in an
undifferentiated state. Furthermore, we found that DLK1 and neurofilament were expressed
in a mutually exclusive manner in vivo (Figure 1c), further indicating that down-regulation
of DLK1 is required for NB cell differentiation in vivo.

Similarly, tumors derived from BE(2)C cells with either DLK1-DM or DLK1-ΔCyto
showed significantly higher levels of GFAP expression in vivo (Figure 2a), suggesting
increased differentiation toward the glial lineage. It appears that BE(2)C cells with
constitutive expression of DLK1-ΔCyto have higher tendency toward neuronal (Figure 1a)
than glial (Figure 2a) differentiation; whereas DLK1-DM sensitizes BE(2)C cells to both
neuronal and glial differentiation without much preference. These observations suggest that
the DLK1 cytoplasmic domain with both Y339F and S355A mutations might still interact
with yet unidentified proteins to regulate cell fate decisions. Consistent with these
observations, we found that xenograft tumors derived from BE(2)C cells transduced with
lentivirus containing a DLK1-specific shRNA or shDLK1 [9] also showed increased
expression of neurofilament and GFAP (Supplemental Figure 2). However, overexpression
of DLK1 in ER cells did not significantly affect either neuronal (Figure 1b) or glial (Figure
2b) differentiation in vivo, suggesting that overexpression of DLK1 alone is not sufficient to
block spontaneous differentiation of NB cells in vivo.

3.2. DLK1 facilitates tumor growth by promoting proliferation in vivo
We examined the impact of DLK1 on NB cell proliferation in xenografts by analyzing the
expression of the proliferation-associated nuclear antigen Ki67. As shown in Figure 3a, the
percentages of Ki67+ cells were significantly reduced in xenografts derived from BE(2)C
cells with either DLK1-DM or DLK1-ΔCyto. The reduced tumor cell proliferation is highly
consistent with the increased spontaneous in vivo differentiation (Figures 1a and 2a) in these
tumors. Similarly, tumors derived from BE(2)C cells transduced with shDLK1 lentivirus
contained fewer Ki67+ cells per microscopic field (Supplemental Figure 2). In contrast,
overexpression of the full-length DLK1 significantly enhanced the percentage of Ki67+ or
proliferating tumor cells (Figure 3b). In light of the observations in Figures 1b and 2b, these
findings suggest that DLK1 overexpression may have the potential to promote clonal
expansion without significant impact on cell fate decisions in vivo.
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3.3. NB cell-expressed DLK1 regulates tumor angiogenesis
The observations that DLK1 loss-of-function enhances NB cell differentiation in vivo
suggest that the DLK1 status in NB cells may regulate tumor-host interactions and thus the
development of tumor microenvironment. Using immunohistochemical staining of NB
xenografts with anti-von Willebrand Factor (vWF) to detect blood vessels, we found that
expression of DLK1-DM or DLK1-ΔCyto in BE(2)C cells significantly reduced blood
vessel densities in xenografts as compared to control (Figure 4a). Tumors derived from
lentiviral shDLK1-transduced BE(2)C cells also had reduced blood vessel density
(Supplemental Figure 2). In comparison, overexpression of the full-length DLK1
significantly increased angiogenesis in NB xenografts (Figure 4b). However, by quantitative
RT-PCR, we found that the expression of vascular endothelial growth factor (VEGFA),
angiopoietin (Ang1 and Ang2) and placental growth factor (PlGF) was not significantly
changed in DLK1-DM, DLK1-ΔCyto cells or DLK1-FL cells (data not shown). The
observed changes in angiogenesis in vivo may result from different rates of tumor growth.

3.4. DLK1+ NB cells are preferentially localized in hypoxic regions
Previously, we found that DLK1 expression was strongly increased under hypoxia in a HIF-
dependent manner [9]. Here, we examined the in vivo relationship between DLK1
expression and hypoxia in serial sections of BE(2)C xenografts (Figure 5). In hypoxic areas
recognized by anti-Hypoxyprobe (Figure 5i), there was an enrichment of DLK1+ cells
(Figure 5i’). In contrast, the well-oxygenated regions with little staining by anti-
Hypoxyprobe (Figure 5ii) contained few DLK1+ cells (Figure 5ii’). It is possible that
increased DLK1 expression in hypoxic cells likely results from a combination of hypoxia-
enhanced DLK1 transcription [9] and hypoxia-suppressed differentiation [9; 17; 18; 19; 20].
Tumor cells located in well-oxygenated areas may be under strong stresses from host-
derived factors to undergo differentiation, which may consequently result in loss of DLK1
expression. These observations strongly suggest that tumor hypoxia has the potential to
inhibit tumor cell differentiation and maintain tumor cell stemness in vivo.

3.5. DLK1 intracellular domain regulates the ERK pathway
Our findings strongly suggest that the intracellular domain of DLK1 is potentially involved
in intracellular signal transduction that regulates cell fate decisions. It has been previously
shown that persistent activation of the MEK/ERK pathway promotes differentiation and
decreases self-renewal of embryonal stem cells [12; 13; 14]. Increased ERK1/2
phosphorylation occurs during differentiation of neuronal progenitor cells [21]. Consistent
with this observation, we found that DLK1-DM and DLK1-ΔCyto strongly increased the
basal levels of phosphorylated ERK1/2 (p42 and p44) under both normal growth conditions
(Lanes 1–3, Figure 6a) and serum deprivation (Lanes 4–6, Figure 6a). Levels of
phosphorylated MEK1/2 were also slightly increased under the same conditions. In contrast,
DLK1-DM or DLK1-ΔCyto did not significantly alter AKT phosphorylation under serum
deprivation although they appear to have differential effects on AKT phosphorylation under
normal growth conditions. Nonetheless, these data demonstrate that the DLK1 cytoplasmic
domain, especially the putative phosphorylation sites Y339 and S355, play a critical role in
regulating activation of the MEK-ERK pathway in NB cells.

Although retinoic acid (RA) causes growth arrest and induces cell differentiation at
pharmacological (µM) concentrations [22; 23], it can promote cell proliferation at
physiological (low nM) concentrations [24; 25; 26; 27]. We found (Figure 6b) that 1 nM RA
robustly increased growth of the vector control BE(2)C cells (Vector), but by and large
failed to enhance the growth of cells expressing DLK1-DM (DM) or DLK1-ΔCyto (ΔCyto).
Consistent with these observations, we found that at a low concentration (1 nM) RA did not
significantly affect ERK phosphorylation in control BE(2)C cells; whereas a high
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concentration of RA induced robust ERK phosphorylation (Figure 6c,d). In contrast, ERK
phosphorylation was more readily induced even at 1–100 nM RA in BE(2)C cells expressing
DLK1-DM or DLK1-ΔCyto (Figure 6c and d). These results are consistent with the
observations that increased ERK1/2 phosphorylation is associated with differentiation of
neuronal progenitor cells [21] and decreased self-renewal of embryonal stem cells [12; 13;
14]. Our data also indicate that wild-type DLK1 may play an important role promoting self-
renewal and/or clonal expansion of NB cells.

4. Discussion
Tumor cell stemness is not only essential for tumor initiation, growth, and malignant
progression, but also promotes resistance to conventional therapy [5]. The important concept
of the CSC/TIC paradigm is that tumor cells can lose their clonogenic and tumorigenic
potentials via differentiation. Therefore, identifying genes and molecular pathways that
regulate cancer cell stemness will facilitate the development of effective therapy, as well as
further our understanding of mechanisms of malignant tumor progression.

DLK1 is a member of the epidermal growth factor (EGF)-like homeotic supergene family
with homologies to members of the notch/delta/serrate family [28]. Also known as pref-1,
fetal antigen (FA1), pG2 and ZOG, DLK1 is a developmentally regulated gene with strong
expression in immature embryonic cells [10; 29; 30], suggesting an important role of DLK1
in stem cells and progenitors. Elevated expression of DLK1 is also found in a variety of
tumor cells, including neuroblastoma, gliomas, breast cancer, colon cancer, pancreatic
cancer, small-cell lung carcinoma, and leukemia [31; 32; 33; 34; 35; 36; 37]. Studies have
shown that DLK1 is capable of inhibiting in vitro cell differentiation, including
mesenchymal progenitor cells [29; 38; 39] and hematopoietic stem cells [34; 35]. The role of
DLK1 in regulating tumor cell differentiation in vitro has also been reported in glioma cells
[33] and hematopoietic tumors [34]. Nonetheless, the role of DLK1 in the regulation of
tumor cell differentiation in vivo had not previously been investigated.

In this study, we have demonstrated that DLK1 plays a critical role in regulating tumor cell
differentiation in vivo using xenografts derived from NB cell lines stably expressing either
the wild-type full-length DLK1 or one of the following dominant-negative DLK1 mutants:
DLK1-ΔCyto without the cytoplasmic domain and DLK1-DM with Y339F/S355A
mutations in the cytoplasmic domain. Y339 and S355 are two putative phosphorylation sites
highly conserved among mammals [9]. Here we found that xenograft tumors derived from
NB cells with stable expression of DLK1-ΔCyto or DLK1-DM showed significantly higher
expression of the neuronal differentiation marker neurofilament and the glial differentiation
marker GFAP. Interestingly, NB cells express DLK1 and neurofilament in a mutually
exclusive manner. These observations suggest that loss of DLK1 function sensitizes NB
cells to undergo differentiation in vivo. However, it should be noted that the increased
expression of neurofilament and/or GFAP in NB cells simply suggests that these tumor cells
have engaged in the processes of differentiation. It does not mean that NF+ and/or GFAP+

NB cells have undergone terminal differentiation like normal neuronal stem/progenitor cells
because tumor cells do not follow the exact pathways of normal cell differentiation.
Nonetheless, increased expression of differentiation markers strongly correlate with
decreased numbers of proliferating (Ki67+) cells and vWF+ blood vessel density,
demonstrating that increased differentiation likely accounts for the reduced tumor growth in
vivo. Interestingly, overexpression of DLK1 does not significantly alter cell fate decision in
vivo, suggesting that DLK1 alone is not sufficient to overcome the pro-differentiation
stresses in the tumor microenvironment.
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Consistent with our findings, a recent mouse genetic study has shown that DLK1 is required
for self-renewal of neuronal stem cells [40]. Together, these findings strongly suggest that
DLK1 plays a significant role in the maintenance of stemness, perhaps by functioning as a
gatekeeper at “differentiation checkpoints.” Loss or inhibition of wild-type DLK1 would
sensitize stem cells to engage in differentiation induced by environmental stresses. The
terminal lineage-specific differentiation is likely determined by additional differentiation
signals. In this study, the increased expression of both neuronal and glial differentiation
markers may simply reflect an altered differentiation program in NB cells. It is also possible
that the DLK1 mutants sensitize NB cells to acquire a more differentiated progenitor
phenotype before terminal differentiation.

Decreased oxygenation, or hypoxia, is a common feature of the tumor microenvironment in
solid tumors and is an independent prognostic factor for advanced disease progression and
poor clinical outcome [41; 42; 43]. Our studies and those of others have shown that hypoxia
inhibits cell differentiation [20; 44; 45] and is able to arrest progenitor cells in an
undifferentiated state [18]. We found that hypoxia strongly increased DLK1 expression in
neuronal tumor cells in vitro [9]. Here, we found that robust DLK1 expression correlated
with tumor hypoxia. These observations suggest that DLK1 may synergize with hypoxia to
repress tumor cell differentiation in vivo.

The requirement for the DLK1 cytoplasmic domain, especially the conserved Y339 and
S355 residues, suggests that DLK1 is an important signal transducer or mediator for stem
cell maintenance. As shown in this study, DLK1ΔCyto and DLK1-DM can increase the
basal phosphorylation of ERKs, but not that of AKT. This result is consistent with the
previous reports that increased ERK phosphorylation is associated with differentiation of
neuronal progenitor cells [21] and that activation of the MEK/ERK pathway facilitates
differentiation but reduces self-renewal of embryonal stem cells [12; 13; 14]. Since the
MEK/ERK pathway can promote growth as well as differentiation, these findings strongly
suggest that DLK1 can potentially play a critical role in regulating the MEK/ERK pathway
in cell fate decision-making.

Together, our current work and our previous study [9] have provided strong evidence
demonstrating a critical role of DLK1 in the maintenance of NB cell stemness. Since DLK1
is overexpressed in many types of cancers, it will be interesting to investigate whether
CSCs/TICs from spontaneous tumors express higher levels of DLK1 than non-stem-like
tumor cells do. In addition, our findings suggest that DLK1 may be further explored as a
potential therapeutic target to induce differentiation of stem cell-like tumorigenic cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DLK1 loss-of-function in NB cells increases the potential for neuronal differentiation in
vivo
Parafin-embedded sections of (a) BE(2)C xenografts (Ctrl, DLK1-DM or DLK1-ΔCyto) or
(b) ER xenografts (Ctrl or DLK-FL) were incubated with an anti-neurofilament (NF)
antibody as described in Materials and Methods. Bar = 100 µm. NF+ cells were counted
from three random fields (mean ± sem, **p<0.001; ***p<0.0001 versus control). (c) Co-
immunofluorescence of DLK1 (red) and neurofilament (green) was performed in frozen
tumor sections as described in Materials and Methods (bar = 100 µm). DLK1+ cells (white
triangles) do not express NF whereas NF+ cells (yellow arrowheads) do not express DLK1.
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Figure 2. DLK1 loss-of-function in NB cells enhances the potential for glial differentiation in vivo
Parafin-embedded sections of (a) BE(2)C xenografts (Ctrl, DLK1-DM or DLK1-ΔCyto) or
(b) ER xenografts (Ctrl or DLK-FL) were incubated with an anti-glial fibrilar acidic protein
(GFAP) antibody as described in Materials and Methods. Bar = 100 µm. GFAP+ cells were
counted from three random fields (mean ± sem, *p<0.01; ***p<0.0001 versus control).
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Figure 3. DLK1 promotes NB cell proliferation in vivo
Parafin-embedded sections of (a) BE(2)C xenografts (Ctrl, DLK1-DM or DLK1-ΔCyto) or
(b) ER xenografts (Ctrl or DLK-FL) were incubated with an anti-Ki67 antibody as described
in Materials and Methods. Bar = 100 µm. Ki67+ cells were counted from three random
fields (mean ± sem, *p<0.01; **p<0.001 versus control).
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Figure 4. DLK1 enhances angiogenesis in NB xenografts
Parafin-embedded sections of (a) BE(2)C xenografts (Ctrl, DLK1-DM or DLK1-ΔCyto) or
(b) ER xenografts (Ctrl or DLK-FL) were incubated with an anti-von Willebrand Factor
(vWF) antibody as described in Materials and Methods. Bar = 100 µm. vWF+ cells were
counted from three random fields (mean ± sem, **p<0.001 versus control).
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Figure 5. DLK1+ NB cells are preferentially localized in hypoxic regions
Serial frozen sections of a BE(2)C xenograft tumor were subjected to double
immunofluorescence staining of (a, i, ii) Hypoxyprobe (green) and CD31 (red) or b, I’, ii’)
DLK1 (green) and CD31 (red) as described in Materials and Methods. Bars: 200 µm (a, b);
100 µm (i, ii, i’, ii’).
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Figure 6. DLK1 loss-of-function increases ERK phosphorylation
(a) Cell lysates were prepared from BE(2)C-Ctrl, DLK1-DM and DLK1-ΔCyto cells either
under normal growth conditions (control) or after 16-hour serum deprivation.
Phosphorylated and total proteins were examined using Western blots as described in
Materials and Methods. One of three independent experiments is shown. (b) BE(2)C cells
with stable expression of DLK1-DM, DLK1-ΔCyto or vector control were seeded at a
density of 1 × 104 cells per well in 96-well plates in the presence or absence of 1 nM
retinoic acid (RA). Cell growth was analyzed by the MTS assay (Promega). Data shown are
mean ± sem from three independent experiments. *p<0.02; **p<0.007 versus control at each
time point. (c) BE(2)C cells with stable expression of DLK1-DM, DLK1-ΔCyto or vector
control were incubated with 1nM, 100nM, 1µM RA for 48 hours. Phosphorylated and total
ERK proteins were examined using Western blots. (d) Ratios of phophorylated to total p42
ERK protein were calculated using density measurements by NIH Image J. One of three
experiments was shown.
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