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Abstract 

Angiogenesis is essential for the progression of cancer, but its involvement in the initial phase of 
colon tumorigenesis is not well understood. Using intravital endomicroscopy, we visualized the 
natural history of early pre-tumorous lesions and adenomas in the colon of conditional 
Apc-knockout and Apc/Kras double mutant mouse models. Early lesions emerged about 4 weeks 
after the onset of somatic mutations, accompanying vascular dilation when the size of lesions 
reached about 200 µm, but most lesions regressed spontaneously and cleared within 10 weeks 
after their emergence. Anti-angiogenic treatments with vascular endothelial growth factor re-
ceptor (VEGFR) antagonists reduced the size of the early lesions and the number of polyps. We 
found surprisingly that anti-angiogenic treatments delayed the natural clearance of transient lesions 
by up to several weeks in both genetic models. The results represent the previously unexpected 
role of early angiogenesis on the spontaneous regression of early-stage colon tumors. 

Key words: Angiogenesis,tumorigenesis, colon tumor  

Introduction 
In cancer development, angiogenesis is essential 

for the growth of tumor. Angiogenesis plays a critical 
role by supplying oxygen and nutrients to the cancer 
and other cells constituting the tumor [1, 2]. In colo-
rectal cancer, angiogenesis is generally known to 
begin in a quite early stage of tumorigenesis, com-
pared to other types of cancer [3, 4]. Some hallmarks 

of angiogenesis, such as increased vascular density, 
appear even in aberrant crypt foci (ACF) [5-7]. Ther-
apy aimed at inhibiting angiogenesis has promise for 
the treatment for colon cancer. Most clinical and basic 
research on angiogenesis and anti-angiogenic therapy 
has focused on the late stages of malignant carcino-
mas and metastasis. Understanding the role of angi-
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ogenesis in early colon tumorigenesis is expected to 
provide insights into early intervention or preventive 
care of colon cancer.  

Here, we describe an in vivo imaging study of 
angiogenesis in conditionally inducible, genetically 
modified murine models of colon tumor. Conditional 
knockout of the adenomatous polyposis coli (Apc) 
gene in the colon mimics a somatic mutation found in 
the majority of patients with colon cancer [8]. Further 
mutations in specific oncogenes and tu-
mor-suppressor genes, such as Kras and p53, promote 
the development of colon cancer by increasing the 
aggressiveness of cancer [9, 10]. In this study, we used 
two transgenic mouse models in which inactivation of 
Apc and expression of mutated-Kras can be induced 
by administration of Cre into the colon, and the mu-
tated cells are tagged by constitutive expression of 
enhanced green fluorescent protein (eGFP) [11]. The 
use of fluorescent proteins and developments in op-
tical imaging technology permit the direct observation 
of cancer cells in their original sites [12, 13] and ob-
serve the dynamic processes of tumor growth [14]. 
Here, we used our recently developed, confocal en-
domicroscope [15] to track the natural history of in-
dividual tumors in vivo and over time during spon-
taneous tumorigenesis in the murine colon. We lon-
gitudinally monitored the tumors in mice treated with 
anti-angiogenic agents, DC101, a monoclonal anti-
body against murine vascular endothelial growth 
factor receptor (VEGFR) 2 [16], and sunitinib, a tyro-
sine kinase inhibitor that blocks VEGFRs [17]. Our 
finding revealed remarkable, unexpected effects of 
anti-angiogenic therapy on the natural clearance of 
micro-adenomas.  

Results  
Mouse models of spontaneous colon tumor-
igenesis show regression of initial lesions 

We used two different transgenic mouse models 
in which the administration of adeno-Cre into the 
distal colon induces Apc knockout alone (the Apc 
mouse) or both Apc knockout and mutant Kras (G12D) 
activation (the Apc-Kras mouse), accompanied by 
eGFP expression (see Materials and Methods section) 
[11]. Using in vivo confocal endomicroscopy, we 
monitored the growth pattern of eGFP-expressing 
tumors from the week of administration for 3–4 
months at intervals of 1–2 weeks. In Apc mice, within 
1–3 weeks after adeno-Cre administration, many small 
eGFP-expressing legions appeared in the colon (Fig. 
1A). Some legions apparently consisted of a single or a 

few cells at the time of their first detection. Most of 
these lesions regressed or disappeared before week 10 
[15]. However, the rest, remaining lesions grew to 
become large adenomas (Fig. 1B). Apc/Kras mice ex-
hibited a similar growth pattern, but they developed 
about 3 times more lesions than the Apc mice (Fig. 1C 
and D). Also, the growth speed of the lesions ap-
peared to be faster than the Apc mice. At weeks 4 to 5, 
the typical size of the lesions ranged from 200 to 600 
µm in diameter in the Apc/Kras mice, compared to the 
size of 200 to 400 µm in the Apc mice (Fig. 1D and S1). 
Similar to the Apc mice, most lesions in the Apc/Kras 
mice disappeared by week 12 (Supplementary Mate-
rial: Fig. S1). 

After week 12, the remaining adenomas grew to 
a size greater than 1 mm and protruded from the co-
lon wall. In this later stage of tumorigenesis, we used 
white-light mouse colonoscopy [18] to measure tumor 
sizes (Fig. 1E). Of 92 total lesions in Apc mice (n=6) 
and Apc/Kras mice (n=6), 86% (36/42) in the Apc mice 
and 83% (48/58) in the Apc/Kras mice cleared by week 
12 (Fig. 1F). At week 20, the Apc mice had, on average, 
one polyp per mouse in the distal colon, whereas the 
Apc/Kras mice had 2–3 polyps per mouse (Fig. 1G). Ex 
vivo examinations performed at weeks 12–20 con-
firmed the expression of eGFP in the polyps (Fig. 1H 
and I). 

Vessel dilation and leakage in the elevated le-
sions 

As the lesions grew in size, the distance between 
blood vessels and the diameter of the vessels in-
creased in both Apc and Apc/Kras mice (Fig. 1B and 
D). The relative density of vessels was time invariant 
(Supplementary Material: Fig. S2). The apparent 
vascular dilation and leakage of intravascular fluo-
rescence dye, which are signs of angiogenesis, were 
observed as early as week 4 in the lesions that were 
larger than 100–200 µm, similar to a typical oxy-
gen-diffusion distance of 100 µm in tissue. When tu-
mor size exceeded about 200 µm, the tumors exhibited 
typical characteristics of tumor vessels, such as tor-
tuous patterns and vascular dilation (Fig. 1B and D). 
The vasculature around the transient lesions was 
qualitatively changed out of shape (Fig. 2). Interest-
ingly, after the transient lesions regressed and disap-
peared, the blood vessels appeared to regain normal 
morphology over time (Fig. 2; see the region marked 
with yellow circle in Week 8) or to be abated com-
pared with before (Fig. 2; see the region marked with 
blue circle in Week 8). 
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Figure 1. In vivo visualization of the natural evolution of colorectal tumors following conditional genetic modification in situ. A, In vivo confocal 
fluorescence image showing two GFP-positive lesions (green) in the colon of an Apc mouse at week 2 after adeno-cre administration. Blood vessels were visualized 
with TRITC-Dextran (red). Arrow and dotted circle indicate the eGFP expression at the single-cell level. B, Time-lapse images of a growing adenoma in an Apc mouse. 
C, In vivo image of a group of GFP-positive micro-adenomas in the colon of an Apc/Kras mouse at week 2. D, Time-lapse images of a continuously growing adenoma 
in an Apc/Kras mouse. E, A colonoscopy image showing a polyp in an Apc mouse at week 20. F, The percentage of transient lesions among the total lesions. The 
remaining lesions became polyps. G, The number of polyps per mouse was counted at week 20. Error bars represent standard deviations. ***, P < 0.001. The number 
(n) of mice is indicated. H, Excised tissue section showing a polyp at week 20. I, Fluorescence immunohistochemistry image of a eGFP-positive macro-adenoma. Scale 
bars, 250 µm in A-D, 5 mm in H, and 1 mm in I. 

 
Figure 2. In vivo tracing of transient tumors in an Apc/Kras double mutant mouse. Top panels show two-color fluorescence images of approximately the 
same region in the colon imaged biweekly after adeno-cre administration. Green, eGFP-positive tumors; red, Rhodamine dextran-positive blood vessels. Lower panel 
shows tracing (arrows) of individual tumors identified with reference to the vasculature and distribution of lesions. Blue or yellow-dotted regions show the region 
where tumor disappeared. Scale bar, 250 µm.  
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The effects of anti-angiogenic therapy on the 
growth of transient micro-adenomas 

The observation of early angiogenesis led us to 
inquire whether anti-angiogenic therapy affected the 
development and kinetics of transient lesions. We 
treated Apc mice (n=3) and Apc/Kras mice (n=3) from 
week 1 with DC101 (10 or 40 mg/kg, once every three 
days) or sunitinib (40 mg/kg, every day). We tracked 
individual eGFP-positive regions in the treated and 
untreated animal groups by endomicroscopy every 
week. From the time-lapse images, the growth pro-
files of individual lesions were determined (Fig. 
3A–D). The lifespan of transient lesions before com-
plete disappearance ranged from 6 to 9 week for Apc 
mice and 8 to 10 weeks for Apc/Kras mice (Fig. 3A). 
Anti-angiogenic treatments substantially altered the 
growth kinetics (Fig. 3B–D). The average peak size of 
the lesions commonly showed decreasing propensity 
in Apc or Apc/Kras mice when anti-angiogenic treat-
ments were administered (Fig. 3E). The growth period 
of the lesions, the duration from their first appearance 

till reaching a peak size, was 3–4 weeks for the Apc 
mice and 4–6 weeks for the Apc/Kras mice in the ab-
sence of treatment. Anti-angiogenic treatment 
lengthened the growth period by 1–3 weeks (Fig. 3F). 
Interestingly, the total lifespan of the lesions increased 
significantly from 6–10 weeks without the treatments 
to 14–18 weeks with the treatments (Fig S3). This ex-
tended period is mostly due to the slower rate of re-
gression. For the Apc mice, treatment with a low dose 
of DC101 (10 mg/kg) or sunitinib delayed the lesion 
clearance by 2–3 weeks, and high-dose DC101 (40 
mg/kg) treatment lengthened the existence of the 
transient lesions by 3–4 weeks (Fig. 3G and Supple-
mentary Material: Fig. S3). In Apc/Kras mice, the life 
time was extended by approximately 2 weeks with 
the treatment with low-dose DC101 or sunitinib, and 
by 4 weeks with high-dose DC101 treatment (Fig. 3H 
and Supplementary Material: Fig. S3). Taken togeth-
er, our data indicate that the anti-angiogenic treat-
ments significantly influenced not only the growth 
but also the clearance of early transient adenomas. 

 

 
Figure 3. Quantitative time-lapse measurement of transient micro-adenomas after anti-angiogenic treatment. A–D, The measured growth curves 
of individual eGFP-positive lesions in the Apc (upper panel) and Apc/Kras (lower panel) mice in different treatment groups: (A) non-treated control and treated with 
(B) low-dose DC101 (10 mg/kg), (C) high-dose DC101 (40 mg/kg), and (D) sunitinib (40 mg/kg). The numbers in parentheses in (A–D) indicate the number of 
microadenoma examined for each case. E, The maximum tumor area from each mouse was measured from the longitudinal monitoring data in Fig. 3A-D. The 
differences between animal groups were statistically analyzed using Wilcoxon rank sum test. ns, not significant; *, P < 0.05.F, The time point of maximum growth of 
micro-adenomas after genetic mutation. ns, not significant; *, P < 0.05; **, P < 0.005. G–H, Regression curve of tumor size normalized to the peak size for (G) Apc 
and (H) Apc/Kras mice.  



 Theranostics 2015, Vol. 5, Issue 7 

 
http://www.thno.org 

728 

 
Figure 4. The effects of anti-angiogenic therapy on continuously growing tumors. A, Tumor area at week 8. ns, not significant; *, P < 0.05. B, The number 
of polyps at week 20. Snb, sunitinib (40 mg/kg); DC101 Hi, high dose (40 mg/kg); DC101 Lo, low dose (10 mg/kg); ns, not significant; *, P < 0.05; **, P < 0.005. C, The 
incidence of polyps at week 10. Statistics was calculated on the different responsiveness between Apc and Apc/Kras using Wilcoxon signed rank test. P<0.05 D, Blood 
vessels in macroscopic adenomas in an Apc mouse before (at week 8) and after (at week 12) DC101 treatment. White arrows indicate dilated or torturous vessels, 
and yellow arrows indicate apparently normal vessels in the tumor regions. E, Fluorescence images of the blood vessels in macro-adenomas in an Apc mouse with and 
without treatment with sunitinib. Blue, DAPI-stained nucleus; red, CD31-stained blood vessels. F, The measured relative vascular area with and without an-
ti-angiogenic therapy. **, P < 0.01. Scale bars, 250 µm in D and 50 µm in E. 

 
The effects of anti-angiogenic therapy on 
macro-adenomas 

To investigate the growth and incidence rate of 
macro-adenomas, we treated Apc mice (n=5) and 
Apc/Kras mice (n=5) from week 1 with DC101 once 
every three days or with sunitinib every day. At week 
8 in untreated controls, the average size of 
non-transient, continuously growing adenomas in 
untreated Apc mice was approximately 400–500 µm in 
diameter or 0.2 mm2 in area (Fig. 4A). The tumor size 
in untreated Apc/Kras mice were slightly but not sta-
tistically significantly larger than that of Apc tumor 
(Fig. 4A). In the Apc mice treated with DC101 or 
sunitinib, the tumor size at week 8 was approximately 
30% smaller than in untreated mice on average (Fig. 
4A). Similarly, the treated Apc/Kras mice showed 40% 
reduction in tumor area (Fig. 4A).  

All the adenomas in both control and treated 
animal eventually grew to become macro-adenomas 
or polyps, as confirmed both by colonoscopy and 
histology. At week 20, the treated Apc mice had one or 

no polyps, whereas untreated animals had one poly 
on average (Fig. 4B). The number of polyps in the 
Apc/Kras mice decreased statistically significantly in 
all treatment groups (Fig. 4B). The incidence rate of 
polyps was 5 of 6 (83%) for the untreated Apc mice 
and 5 of 5 (100%) for the untreated Apc/Kras mice (Fig. 
4C). In Apc mice, the incidence rates decreased to 60% 
and 40% in the groups treated with low and high 
doses of DC101, respectively, and to 20% in the 
sunitinib-treated group. By stark contrast, the treat-
ment did not significantly affected the incidence rate 
(>80%) in the Apc/Kras mice (Fig. 4C). Overall, these 
data demonstrated that anti-angiogenesis therapy 
suppressed the development of polyps in the Apc 
single mutant mouse model of colon tumorigenesis 
but to a lesser degree for Apc/Kras double mutant 
mice. 

To determine the effect of anti-angiogenic ther-
apy on blood vessels in our mouse models, we per-
formed time-lapse confocal endomicroscopy in Apc 
mice treated with DC101 (30 mg/kg, once every three 
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days) or sunitinib (40 mg/kg, every day) from week 8 
for 4 weeks. In vivo images showed apparent reduc-
tions in vascular diameters and tortuosity after DC101 
treatment (Fig. 4D). The mean vascular density de-
creased from 56% to 40%. Histological analysis of 
adenoma tissues collected at week 12 showed signifi-
cantly smaller CD31-positive areas (Fig. 4E), indicat-
ing lower vascular density, in the mice treated with 
sunitinib that those in the untreated mice (Fig. 4F). 
These findings are consistent with the previous ob-
servation that anti-angiogenic therapy inhibits angi-
ogenesis in adenomatous polyps [19-21]. 

Anti-VEGFR2 treatment reduced proliferation 
and apoptosis of adenomas. 

We evaluated the rate of proliferation and 
apoptosis to gain mechanistic insights into how the 
anti-angiogenic treatment affected tumor growth in 
micro and macro adenomas. The number of Ki-67+ 
proliferative cells was found to be reduced in DC101 
treated groups significantly both in microadenoma 
and polyps (Fig. 5A–B). TUNEL assay showed that 
apoptosis signal was significantly stronger in polyps 
than microadenomas in both untreated and treated 
animals (Fig. 5C–D). However, the apoptosis signal 
strength is significantly reduced in DC101-treated 
animals than untreated animals (Fig. 5C–D).  

 

 
Figure 5. Reduction of apoptosis and proliferation rates in tumors by DC101 treatment. A, Ki-67 antibody-stained immunohistology images of mi-
croadenoma and polyps of control and DC101-treated animals. B, The number of Ki-67 positive cells per field of view (FOV, 20X) (n=4). C, TUNEL-stained images 
of microadenoma and polyps of control and DC101-treated animals. D, The number of TUNEL-positive spots per FOV. Scale bars, 100 µm in A and C. *, P < 0.05; 
**, P < 0.01 in B and D. 

 

Discussion 
The development of colon cancer involves mul-

tiple stages, which takes several to a few tens of years 
from an initial somatic mutation. Clinical data have 
showed that whether a colon tumor remains benign or 

develops to a macroscopic adenoma is decided during 
its micro-adenoma stage [5, 7]. Angiogenesis is essen-
tial for the transformation of micro-adenomas to 
macro-adenomas [6]. In our study, using two genetic 
mouse models of spontaneous colon tumor and in vivo 
endoscopic imaging we observed the natural pro-
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gression of transient lesions, which apparently mimic 
the micro-adenomas and ACF found in patients. 
Characteristic vascular dilations were observed in the 
transient lesions as early as 4 weeks after the onset of 
somatic mutation, when the radius of the lesions 
reached the oxygen diffusion distance of ~100 µm in 
tissue. Angiogenesis in such small lesions in the hu-
man colon has been reported [6]. 

In molecular epidemiological studies of colon 
cancer, the deficiency of Apc was frequently observed 
in early adenomas, whereas the frequency of Kras 
mutation generally increased in intermediate grade 
tumors [10, 22]. With deletion of Apc gene, additional 
mutation of Kras (G12D) not only enhances colon tu-
morigenesis but also impedes the response to an-
ti-angiogenic therapies. Although the rates of mi-
cro-adenoma to macro-adenoma conversion were 
similar in Apc single mutant and Apc/Kras double 
mutant mice, there were significant differences in 
terms of the growth and regression of mi-
cro-adenomas. The micro-adenomas grew larger and 
survived longer in mice with the Kras mutation.  

The phenotypes of the micro-adenomas showed 
substantial differences beginning at weeks 4–6, when 
some transient lesions started to shrink or suddenly 
disappear; other lesions grew to become polyps at 
week 20. After anti-angiogenic treatment with DC101 
or sunitinib, vessel diameter and vascular area de-
creased, vessel morphology normalized, and the 
number of polyps declined. Anti-angiogenic therapy 
slowed the growth of transient lesions by up to 3 
weeks and reduced their peak sizes by a factor of 2–3. 
The stronger growth suppressing effect on both micro 
and macro adenomas were observed in Apc single 
mutant mice than in Apc/Kras double mutant mice. 
This may be explained by that Kras mutation involves 
the overexpression of other angiogenic factors, such 
as platelet-derived growth factor (PDGF), fibroblast 
growth factor (FGF), and their receptors [23, 24]. The 
biphasic effect of antiangiogenic therapy in early tu-
morigenesis may be specific to the colon and rectum, 
and perhaps small intestines, where the turnover rate 
of epithelium is fast and various immune cells are 
abundant. 

Unexpectedly, we found that anti-angiogenic 
therapy delayed the process of spontaneous regres-
sion significantly by 4 to 8 weeks depending on the 
specific drug dose and genetic type. The precise 
mechanism for this phenomenon is not currently un-
derstood. In colon tumorigenesis, early angiogenesis 
may provide a channel for anti-tumoral cells or cyto-
kines to the initial lesions. It has previously been re-
ported that anti-angiogenic therapy can inhibit infil-
tration of immune cells into tumors [25, 26]. A reduc-
tion in the number of anti-tumoral immune cells can 

extend tumor cell survival. In addition to this hy-
pothesis, another potential mechanism for natural 
clearance may be natural crypt generation. The cells in 
the crypt bottom continuously proliferate and migrate 
up towards the luminal surface [27, 28], which may 
exert physical pressure on the transient lesions. The 
anti-angiogenic agents may hamper crypt regenera-
tion [29], thereby delaying clearance of the transient 
micro-adenomas. 

Materials and Methods  
Animals and anti-angiogenesis therapy 

Conditional Apc KO (Apc CKO) and Apc 
CKO/LSL-Kras (heterozygous for the G12D mutant 
allele) mice were kind gifts from Dr. Raju Kucher-
lapati (Harvard Medical School, Boston, MA, USA). 
Apc inactivation and Kras activation were initiated by 
administering adeno-Cre as previously described [11]. 
This change is accompanied by the constitutive ex-
pression of eGFP. Tumors were monitored by eGFP 
expression in the egfp-Apc or egfp-Kras mice. Sunitinib 
and DC101 were purchased Sigma Aldrich (St. Louis, 
MO, USA) and Bio X Cell (West Lebanon, NH, USA), 
respectively. Mice were orally administered 0.9% sa-
line or sunitinib (40 mg/kg) once a day for 12 weeks 
from week 1. For DC101 treatment, mice were intra-
peritoneally injected with 10 mg/kg (Lo) or 40 mg/kg 
(Hi) DC101 once every 3 days for 12 weeks. Adeno-
mas from mice were isolated and monitored (n=2 to 5 
for each group). All animal experiments were per-
formed in compliance with institutional guidelines 
and were approved by the subcommittee on research 
animal care at Massachusetts General Hospital. 

Endomicroscopy system  
The endoscope probe was fabricated by using 

three GRIN lenses and a right-angle micro prism for 
side view imaging [30]. The designed endoscope was 
mounted and aligned on a custom-built confocal mi-
croscope system using a precise XYZ translational 
stage and rotational stage. The system has three con-
tinuous-wave excitation lasers at center wavelengths 
of 491, 532, and 635 nm, respectively, and three detec-
tion channels covering spectral ranges of 505-548 nm, 
562-610 nm, and 635-725 nm, respectively [30].  

Optical imaging  
Mice were starved for 24 hours before imaging to 

eliminate auto-fluorescence from excrement and di-
gested food. The colon was cleaned by injecting 0.5 ml 
of 0.9% saline via enema using a rubber-tipped needle 
before in vivo imaging. Mice were anesthetized by 
intraperitoneal injection of ketamine and xylazine (90 
mg and 9 mg per kg body weight, respectively). Mice 
were placed on the heated plate of a motorized XYZ 
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translational stage. For vasculature imaging, tetra-
methylrhodamine (TAMRA) dextran conjugates (5 
µg/µl, 2,000,000 MW; Invitrogen, Carlsbad, CA, USA) 
were injected intravenously. Images were typically 
acquired within 5 to 40 minutes after the injection. 
eGFP-expressing cells were visualized by excitation at 
491 nm and detection through a bandpass filter at 
502–537 nm (Semrock, Rochester, NY, USA). TAMRA 
was imaged by excitation at 532 nm and detection 
through a bandpass filter at 562–596 nm (Semrock). At 
each time point, vascular parameters, including vas-
cular density, average diameter, and branch number, 
were analyzed, and the degree of deviation from the 
normal hexagonal structure was calculated by spatial 
correlation analysis using the MATLAB and ImageJ 
programs.  

Immunohistochemistry and TUNEL assay 
Isolated tissue sections were paraffinized. De-

paraffinized tissues were blocked with 3% H2O2 in 
methanol to inactivate endogenous peroxidases. 
Slides were washed with phosphate-buffered saline, 
incubated for 20 min in protein-blocking solution 
supplemented with 4% normal bovine serum albu-
min, incubated overnight at 4 °C with primary anti-
bodies against Ki-67 and counterstained with 
4′,6-diamidino-2-phenylindole (DAPI). To detect 
apoptosis in tissues, we used Apoptag kit (Millipore) 
following the manufacturer’s instruction. Briefly, after 
deparaffinizing the sections and digesting proteins 
with proteinase K, the slides were incubated in the 
equilibration buffer containing TdT enzyme, followed 
by stop/wash buffer. Then 50 μl of an-
ti-digoxigenin-fluorescein was added and the slides 
were covered with mounting solution containing 0.5 
μg/ml propidium iodide. Vessel density was ana-
lyzed using ImageJ 2.0. 

Tumor growth analysis 
The distance-dependent magnification of colon-

oscopy was calibrated by imaging a ruler at a prede-
termined distance from the sample. The width and 
height of each were measured from 3-chip video im-
ages, and the tumor volume was calculated to be two 
times the product of the measured width and height 
[31]. The difference in tumor growth between animal 
groups was analyzed by using the Wilcoxon rank sum 
test. 

Supplementary Material 
Fig.S1 -Fig.S3. http://www.thno.org/v05p0724s1.pdf 
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