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Hypoxia induced HIF-1a expression promotes
angiogenesis, tumor budding cell survival
and cell proliferation arrest in high-grade
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Abstract: Tumor budding in colorectal cancer is a hallmark of unfavorable tumor biology correlating with advanced
tumor stage, lymphovascular invasion, metastasis and cancer-specific death. Hypoxia, one of the most important
microenvironmental changes in solid tumors, has been found to activate HIF-1a, the key actor of the intracellular
hypoxia pathway, and subsequently promotes tumor progression/metastasis. The aim of the study is to investigate
the association of microenvironment hypoxia and HIF-1a activation in tumor budding and their impact on colorectal
cancer biology. Our data revealed that HIF-1a was strongly expressed in tumor budding cells at the invasive front
of tumor and its expression was significantly increased in HCT116 colon cancer cells after hypoxia exposure. The
microvessel density was significantly increased at the invasive front of high-grade tumor budding group than the low-
grade tumor budding group. Phospho-AKT, a cell survival serine/threonine protein kinase, was strongly expressed in
tumor budding cells and HCT116 colon cancer cells after hypoxia exposure. The proliferation index (Ki-67) of tumor
budding cells is significantly low as compared to the tumor cells from the main tumor. The hypoxic HCT116 colon
cancer cells showed increased cell cycle arrest as compared to those in normoxic condition. Our data demonstrated
that tumor budding cells in hypoxic microenvironment and HCT116 colon cancer cells under hypoxia exposure show
increased expression of HIF-1a, and HIF-1a activation may be a key factor in tumor cell survival, angiogenesis and
therapy resistance and hence confers aggressive behavior of colorectal cancers with high-grade tumor budding.
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Introduction

Tumor budding is defined as the presence of
single tumor cells or small clusters of up to 5
tumor cells at the invasive front of colorectal
cancer [1]. High-grade tumor budding in colo-
rectal cancer is an unfavorable histologic fea-
ture that correlates with advanced tumor stage,
lymphovascular invasion, and metastasis [2-5].
Tumor budding has emerged in recent years as
a promising prognostic indicator in colorectal
cancer [2, 3, 6, 7] as well as in other malignan-
cies [8-14].

The physiological mechanism of tumor budding
and how it translates into increased vascular
and lymph node metastasis is unknown. Tumor
budding initiation is generally considered to be

the histologic reflection of epithelial-mesenchy-
mal transition (EMT), which involves the conver-
sion of epithelial cells into migratory and inva-
sive cells. EMT has been mainly investigated in
vitro, and data on EMT in human samples re-
main sparse, with the exception of some immu-
nohistochemical studies on tumor budding [15,
16]. Recent studies of human colorectal cancer
by microarray analysis or immunohistochemis-
try did not reveal increase of EMT-related mol-
ecules in tumor front budding cells as compared
to tumor center [17, 18]. Therefore, the relation-
ship between tumor budding and EMT remains
controversial.

Hypoxia, one of the most important micro-envi-
ronmental changes in solid tumors, has been
shown to activate hypoxia-induced factor-1a
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Figure 1: HIF-1a expression. A. Representative section shows high- grade tumor budding (arrows) (H&E, 400X). B.
Colorectal cancer cells from the main tumor show rare HIF-1a expression (arrow) (Immunohistochemistry, 400X). C.
Tumor budding cells at the invasive front show increased expression of HIF-1a (arrows) indicating a hypoxic micro-
environment of tumor invasive front (Immunohistochemistry, 400X). D. HCT116 colon cancer cells were exposed to
hypoxia (5% 0,) in different time courses and expression of HIF-1a was assessed by western blot. Similar to tumor
budding cells in colorectal cancer, HIF-1a expression is significantly increased in cultured HCT116 colon cancer

cells after hypoxia exposure (RA, room air control).

(HIF-1x), a key player in the intracellular hypoxia
pathway, and promotes tumor progression/me-
tastasis and induces radio- and chemotherapy
resistance [19, 20]. However, the association
of microenvironment hypoxia and HIF-1a acti-
vation in tumor budding and their impact on
colorectal cancer biology remains unclear.

Materials and methods

Tumor budding assessment and immmunohis-
tochemical stains

The study was approved by appropriate institu-
tional review board. Ten cases of CRC with high-
grade (=10 buds in a 20X objective field) and 9
cases without tumor budding were included in
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this study. The initial evaluation to classify the
cases as high tumor budding versus no tumor
budding was performed on H&E stained sec-
tions. Single to clusters of up to 5 tumor cells
were considered as a tumor bud. Immmuno-
histochemical stain for pancytokeratin AE1/3
(Chemicon, 1:4000) was performed to high-
light/confirm the tumor budding seen in H&E
stained slides (Figure 1A). The count was per-
formed on the invasive tumor front based on
H&E stained sections. Similar to pancytokera-
tin AE1/3, immmunohistochemical stains for
HIF-1a (Abcam, 1:100), Ki-67 (Dako, 1:300), ph-
ospho-Akt (Thr3%8) (Cell Signaling, 1:100), and
CD31 (JC70A, neat, Dako) were performed on
representative sections of colorectal cancers
with and without high-grade tumor budding.

Int J Clin Exp Pathol 2016;9(12):13047-13055
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Tumor cell proliferation

Budding tumor cell proliferation status was
evaluated by Ki-67 immunohistochemical stain.
For analyzation of tumor cell proliferation index
(Ki-67), 3 high power fields (400X) of tumor
budding cells and tumor cells of the main tumor
were counted and the proliferation index was
calculated as percentage of Ki-67 positive cells
out of total cells.

Microvessel density evaluation

Immunohistochemical stain for CD31 was used
for microvessel staining [21]. For calculation of
microvessel density (MVD), thin walled vessels
with well-formed lumina, highlighted by CD31
staining, were considered as microvessels. Th-
ree high power field (400X) areas with highest
microvessel density of tumor front with or with-
out high-grade tumor budding were chosen for
calculation. The MVD count was documented
as number of microvessels/mm?>.

Cell culture and hypoxia exposure

The HCT116 colon cancer cells (ATCC) were cul-
tured in DMEM/F12 media supplemented with
10% FCS, 100 units /mL penicillin G, and 100
pg/mL streptomycin at 37°C under air/5% CO,,.
The cells were used when approaching 90%
confluence on P60 cell culture dishes. For hy-
poxia, a model previously established, cells we-
re exposed to 95% N, 5% CO, in a sealed mod-
ular chamber (Billup-Rothberg) with continuous
monitoring and adjustment to maintain <0.5%
0, (BioSpherix) for different time courses, as
described previously [22].

Cell cycle analysis

The HCT116 colon cancer cells were collected
at the different time points and stained with
propidium iodide as previously described [23].
Cell cycle distributions were determined by flu-
orescence-activated cell sorter (FACS, BD Bio-
sciences) analysis. Quantitation of the fraction
of cells in different cell cycle phases was done
using FlowJo software. The numbers of cells in
G1 (2n DNA), S phase (>2n and <4n DNA), and
G2/M (4n DNA) were quantified, and the per-
cent fraction of cells in each phase was cal-
culated.

Western blot analysis

As described previously [24], protein was ex-
tracted from HCT116 colon cancer cells, elec-
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trotransferred, and immunoblotted with HIF-
1a or phospho-Akt (Thri%®) antibody (Cell Sig-
naling). Detection was performed with a Pho-
totope-horseradish peroxidase Western detec-
tion system (Cell Signaling). Equivalent sample
loading was confirmed by stripping membranes
with blot restore membrane rejuvenation solu-
tion (Thermo Scientific) and reprobed with anti-
B-actin or Akt antibody.

Statistics

Data were expressed as means + SE and sta-
tistically significant difference was accepted at
P < 0.05.

Results

Tumor budding cells and in vitro hypoxia
exposed colon cancer cells show increased
expression of HIF-1«x

Hypoxia is a common feature in most solid
human tumors. Hypoxiainducible factorla
(HIF1x), a regulatory transcription factor, plays
a crucial role for tumor cells in responding to
lower oxygen in their resident microenviron-
ment. Increased HIF-1a induced by hypoxia can
commit the adaptive changes in gene expres-
sions of tumor cells. HIF-mediated gene expres-
sion regulates many critical aspects of tumor
biology, including cell survival, metabolic pro-
gramming, angiogenesis, metastasis, and ther-
apy resistance [25, 26]. However, the role of
hypoxia and associated HIF-1a expression in
tumor budding in colorectal cancers are still
unclear. We first investigated if there is incre-
ased HIF-1a expression in tumor buds compar-
ing to that of tumor cells from the main tumor.
Tumor budding cells show increased expres-
sion of HIF-1a comparing to tumor cells from
the main tumor (Figure 1B and 1C). Next, we
investigated if there is increased HIF-1a expres-
sion in HCT116 human colon cancer cells in
hypoxic environment. The HCT116 human co-
lon cancer cells were exposed to hypoxia in dif-
ferent time courses and expression of HIF-1a
was assessed by western blot. Similar to tumor
budding cells in colorectal carcinomas, HIF-1a
expression is significantly increased in cultured
colon carcinoma cells after hypoxia exposure
comparing to cultured control cells in room air
(Figure 1D). These data indicate that hypoxia
induces HIF-1a expression and tumor budding
cells exist in a hypoxic microenvironment in the
tumor front.

Int J Clin Exp Pathol 2016;9(12):13047-13055
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Figure 2. Cell cycle arrest. A. Tumor budding cells show a significantly decreased proliferation index as compared to
adjacent tumor gland epithelial cells assessed by Ki-67 immunohistochemical stain (Immunohistochemistry, 400X).
B. Graphical quantitation of Ki-67-positive cells in tumor budding cells and tumor cells from adjacent tumor glands.
Data are expressed as mean * S.E. *p=0.001, compared with high-grade tumor budding group. C. Cultured HCT116
colon cancer cells showed significant increase of cell cycle arrest (GO/G1 phase) after 24 h hypoxia exposure com-

paring to that of room air (RA) cells. D. Graphical quantitation

of GO/G1 cycle of HCT116 colon cancer cells with or

without hypoxia. Data are expressed as mean * S.E. *p=0.003, compared with RA.

Tumor budding cells and in vitro hypoxia
exposed colon cancer cells show proliferation
arrest

It is well accepted that high proliferation index
is associated with tumor progression, lympho-
vascular invasion and metastasis. Tumor bud-
ding in colorectal cancer correlates with ad-
vanced tumor stage, lymphovascular invasion
and metastasis. We investigated if there is
increased proliferation index of tumor budding
cells by counting Ki-67 positive cells. The ex-
pression of Ki-67 is strongly associated with
tumor cell proliferation and growth, and is wide-
ly used in routine pathological investigation as
a proliferation marker. To our surprise, tumor
budding cells in colorectal cancers show signifi-
cantly decreased proliferation index compared
to adjacent tumor gland epithelial cells asse-
ssed by Ki-67 immunohistochemistry (6.7% +
2.0 vs. 73.7% * 9.4, p=0.001) (Figure 2A and

13050

2B). Studies have shown that hypoxia inhibits
cell proliferation via HIF-1a [27]. Next we inves-
tigated if hypoxia inhibits cell proliferation in
vitro. Cultured HCT116 colon cancer cells sh-
owed significant increase of cell cycle arrest
(GO/G1 phase) after 24 h hypoxia exposure as
compared to that of room air control cells
(61.90% + 2.45 vs. 39.36% + 1.73, p=0.003)
(Figure 2C and 2D). These data indicate that
tumor budding cells have a low proliferation
index. Tumor hypoxia microenvironment may
play an important role in maintaining the low
proliferation status of tumor budding cells in
colorectal cancers.

Tumor budding cells and in vitro hypoxia
exposed colon cancer cells show increased
expression of p-Akt

Phospho-Akt, a Serine/Threonine protein kin-
ase, activated by phosphorylation at Thr3°® or

Int J Clin Exp Pathol 2016;9(12):13047-13055
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Figure 3. Phospho-Akt expression. A. Colorectal cancer cells from the main tumor show focal and weak p-Akt Thr3°8
expression (arrow) (Immunohistochemistry, 400X). B. Tumor budding cells at the invasive front show strong p-Akt
Thr3% expression (arrows) (Immunohistochemistry, 400X). C. HCT116 colon cancer cells were exposed to hypoxia
in different time courses and expression of p-Akt Thr®%® was assessed by western blot. Expression of p-Akt Thr3% is

significantly increased in cultured colon carcinoma cells after hypoxia exposure.

Ser*™®, plays a critical role in promoting cell sur-
vival in different cell types by inhibition of apop-
tosis [28]. Studies have shown cell survival in
hypoxic condition is mediated through activa-
tion of HIF-1a/Akt pathway [29]. We, thus,
assessed whether hypoxia affects Akt activa-
tion. We first investigated if there is increased
Akt activation in tumor budding cells compared
to that of tumor cells from the main tumor.
Tumor budding cells show strong phospho-Akt
(p-Akt) Thr3%® expression by immunohistochem-
istry (Figure 3A and 3B). We then exposed the
HCT116 human colon cancer cells in hypoxia at
different time courses and observed a strong
Akt activation (p-Akt Thr3%8) after a 4 h expo-
sure compared to room air control cells. Total
Akt was unaffected (Figure 3C). These data
indicate that tumor hypoxia microenvironment
activates survival molecule, p-Akt, that main-
tains tumor budding cell survival in a hypoxia
condition.

Significant high microvessel density at the tu-
mor invasive front in high-grade tumor budding
colorectal cancers

The activation of HIF-1a in hypoxic microenvi-
ronment plays important role in angiogenesis.
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We have observed increased expression of HIF-
1a in tumor budding cells, thus we tried to
investigate if there is increased angiogenesis in
tumor invasive front with high-grade tumor bud-
ding cells. Angiogenesis was evaluated by mi-
crovessel density using CD31 immunohisto-
chemistry atthe tumor invasive front. Colorectal
cancers with high-grade tumor budding show
significantly increased microvessel density as
compared to that of control group (114.95 +
36.01 vs. 58.43 + 15.84, p=0.015) (Figure
4A-C). These data indicate that tumor hypoxia
microenvironment induces HIF-1a expression
in the tumor budding cell and stimulates angio-
genesis at the tumor invasive front, by which
the tumor budding cells obtain nutrients and
gain access to newly formed lymphovascular
channel leading to lymphovascular invasion
and metastasis.

Discussion

The concept of tumor budding first appeared in
the 1950s in Japanese literature described by
Imai, who postulated that the presence of
‘sprouting’ at the invasive edge of carcinomas
reflected a more active tumor growth [30]. After
this early description, the concept of “sprout-

Int J Clin Exp Pathol 2016;9(12):13047-13055
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ing” remained dormant, until Morodomi et al.
described “tumor budding” in terms of microtu-
bular cancer nests and undifferentiated cancer
cells in 1989. They reported an important role
of these tumor budding cells in predicting the
presence of lymphovascular invasion and ly-
mph node metastasis in advanced rectal can-
cer [31]. In 1993, Hase et al. determined the
potential prognostic value of tumor budding,
which they described as small clusters of undif-
ferentiated cancer cells in the invasive front of
the colorectal cancers [32]. In 2002, Ueno et
al. first introduced a more quantitative defini-
tion: tumor budding as isolated single cancer
cells and clusters composed of fewer than 5
cancer cells [33]. Though immunohistochemis-
try for cytokeratin has been used to facilitate
the assessment of the degree of budding,
especially for pathologist who is not experi-
enced or does not have enough confidence in
the assessment of budding [34], studies have
shown that tumor budding detection by immu-
nohistochemical staining is not superior to
hematoxylin and eosin staining for predicting
lymph node metastasis in colorectal cancer
[35]. Tumor budding has been significantly
associated with lymphatic invasion, vascular
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Figure 4. Microvessel density (MVD): Angiogen-
esis was evaluated by microvessel density using
CD31 immunohistochemical stain in the tumor in-
vasive front. High-grade tumor budding (A) group
shows significantly increased microvessel density
comparing that of low-grade tumor budding (B)
group (Immunohistochemistry, 100X). (C) Graphi-
cal quantitation of microvessels in tumor invasive
front from high-grade and low-grade tumor bud-
ding colorectal carcinoma groups. Data are ex-
pressed as mean + S.E. *p=0.015, compared with
high-grade tumor budding group.

invasion, tumor recurrence and metastases, as
well as worse overall and disease-free survival
[5, 7, 16]. Therefore, the presence of tumor
budding at the invasive front of primary tumor
may provide an early warning of the subsequent
aggressive behavior of the tumor.

It is well known that hypoxia microenvironment
in solid tumors promotes tumor progression/
metastasis and induces radio- and chemother-
apy resistance [19, 20]. Tumors with more
hypoxic areas have a more aggressive behav-
ior. This adverse behavior has been attributed
to increased expression of HIF-1a, which has a
role in regulating the pathways mediating angio-
genesis, glycolysis, metabolic reprogramming,
apoptosis and cell cycle arrest [36]. Inhibition
of HIF-1a has been proposed as a therapeutic
target in cancer [37, 38]. In our current study,
we demonstrated HIF-1a activation in colon
cell line by exposure to hypoxia. Similarly, tu-
mor budding cells showed increased expres-
sion of HIF-1a indicating tumor budding cells
are exposed to a hypoxic microenvironment in
the tissue. Our current study also demonstrat-
ed that a significant increase of microvessel
density is present at tumor invasive front in

Int J Clin Exp Pathol 2016;9(12):13047-13055
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colorectal cancers with high-grade tumor bud-
ding. One of the important roles of HIF-1« is to
stimulate the proliferation and migration of
endothelial cells and angiogenesis, by incre-
ased expression of vascular endothelial growth
factor (VEGF). The increased microvessel den-
sity, at tumor invasive front where the tumor
budding cells are present, can not only provide
oxygen and nutrient to maintain the budding
tumor cell survival, but also provide the oppor-
tunity of lymphovascular invasion. Other stud-
ies have shown that tumor budding cells are
often found adjacent to areas with newly for-
med microvessels [39, 40]. We also observed
the same phenomenon in our current study.

Another interesting phenomenon occurring in
tumor budding cells is the reduced proliferation
index detected by Ki-67 immunohistochemical
stain. Similarly, cultured colon cancer cells in
vitro also showed cell cycle arrest after hypoxia
exposure. These data indicate that the hypoxic
microenvironment may contribute to the de-
creased proliferation index of tumor budding
cells. The decreased proliferation index may
facilitate tumor budding cell survival by reduc-
ing energy consumption. The cell arrest in GO/
G1 cycle may also be associated with insensi-
tivity and resistance to neoadjuvant therapy.
Akt is an anti-apoptotic pro-survival kinase that
is implicated in the molecular pathogenesis of
many malignancies [41]. Studies have shown
cell survival in hypoxia condition is mediated
through activation of HIF-1a/Akt pathway [29].
In our current study, we identified increased
expression of active form Akt, p-Akt, in the
tumor budding cells as compared to the carci-
noma cells in the main tumor. These findings
indicate that the tumor budding cells are even
less likely to undergo apoptosis than the carci-
noma cells from the main tumor, which confers
a greater survival advantage to the tumor bud-
ding cells which are in a cell cycle arrest/low
proliferation stage.

In conclusion, our results may suggest that the
hypoxic microenvironment is associated with
tumor budding and increased angiogenesis.
Increased microvessel density may facilitate
lymphovascular invasion and metastasis. Inc-
reased expression of p-AKT can promote cell
survival in a low proliferation state in the hypox-
ic microenvironment, and hence confer resis-
tance to neoadjuvant therapy. HIF-1a activation
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may be a key factor in tumor budding cell sur-
vival, angiogenesis and neoadjuvant therapy
resistance, and hence confers aggressive
behavior in colorectal cancers with high-grade
tumor budding.
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