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Tumor blood vessels are thought to contain geneti-

cally normal and stable endothelial cells (ECs), unlike

tumor cells, which typically display genetic instabil-

ity. Yet, chromosomal aberration in human tumor-

associated ECs (hTECs) in carcinoma has not yet been

investigated. Here we isolated TECs from 20 human

renal cell carcinomas and analyzed their cytogenetic

abnormalities. The degree of aneuploidy was ana-

lyzed by fluorescence in situ hybridization using

chromosome 7 and chromosome 8 DNA probes in

isolated hTECs. In human renal cell carcinomas, 22–

58% (median, 33%) of uncultured hTECs were aneu-

ploid, whereas normal ECs were diploid. The mech-

anisms governing TEC aneuploidy were then studied

using mouse TECs (mTECs) isolated from xenografts

of human epithelial tumors. To investigate the contri-

bution of progenitor cells to aneuploidy in mTECs,

CD133� and CD133� mTECs were compared for an-

euploidy. CD133� mTECs showed aneuploidy more

frequently than CD133� mTECs. This is the first report

showing cytogenetic abnormality of hTECs in carci-

noma, contrary to traditional belief. Cytogenetic alter-

ations in tumor vessels of carcinoma therefore can

occur and may play a significant role in modifying tumor-

stromal interactions. (Am J Pathol 2009, 175:2657–2667;

DOI: 10.2353/ajpath.2009.090202)

Tumor angiogenesis is necessary for solid tumor pro-

gression and metastasis.1 Inhibiting the development of

abnormal blood vessels associated with cancer is a

promising therapeutic strategy for treating cancer. Bev-

acizumab, an antivascular endothelial growth factor-neu-

tralizing antibody, prolongs the survival of patients with

advanced cancer of the colon,2 breast,3 or kidney4 when

used with conventional chemotherapeutic drugs. How-

ever, such therapeutic treatments are not sufficient to

cure cancer. One of the probable reasons is drug resis-

tance caused by the compensatory response of tumor

cells.5 Long-term suppression of the expression of one

angiogenic protein can lead to the emergence of the

expression of other angiogenic proteins. Secondary ac-

quisition of resistance to antiangiogenic drugs by endo-

thelial cells (ECs) might be another reason.

An important concept in tumor angiogenesis is that

tumor blood vessels contain ECs that are genetically

normal and stable, unlike tumor cells, which typically

display genetic instability.6 However, tumor vessels and

tumor-associated ECs (TECs) differ from their normal

counterparts in many respects.7–12 Tumor vessels have

different structural characteristics, such as fewer peri-

cytes, leakiness, and uneven thickness of the basement

membrane.9 Furthermore, some studies have reported that

TECs possess molecular characteristics distinct from those

of normal ECs (NECs).8,10,11 In addition, ECs derived from

human renal cell carcinomas (RCCs) express biological

features that are different from those of NECs.13

It has been reported that ECs from hematopoietic tumors

harbor chromosomal aberrations. In these tumors, TECs

may transdifferentiate from hematopoietic tumor cells.12,14

We have reported that ECs in nonhematopoietic ma-

lignant tumors (melanoma and liposarcoma) are cytoge-
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netically abnormal. In mouse xenograft models, fluores-

cence in situ hybridization (FISH) analysis shows that

freshly isolated mouse TECs (mTECs) are aneuploid and

have abnormal multiple centrosomes.15,16 Our previous

study showed that mTECs, unlike ECs in lymphomas with

hematopoietic origin, did not transdifferentiate to or fuse

with tumor cells because there were no human chromo-

somes from tumor cells in the mTEC nuclei. However, it

remains to be elucidated whether these cytogenetic ab-

errations in mTECs isolated from malignant tumors are

relevant to human TECs (hTECs) from human epithelial

malignant tumors.

In the present study, we investigated chromosomal ab-

erration in hTECs freshly isolated from RCCs (spontaneous

human tumors) by FISH analysis. To study the mechanism

of TEC aneuploidy, we analyzed cell-cell fusion and the

relationship between progenitor marker-positive cells and

TEC aneuploidy in cross-species tumor models.

Materials and Methods

Human Tissue Samples

Tissues from 20 cases of renal tumor clinically diagnosed

as RCC were resected surgically (histological types: 16

clear cell carcinomas, 2 papillary carcinomas, 1 chromo-

phobe RCC, and 1 clear cell carcinoma with sarcomatoid

changes). Age of the patients ranged from 37 to 81 years.

Samples were obtained from 16 males and 4 females (Ta-

ble 1). The protocols were approved by the Institutional

Ethics Committee, and written informed consent was ob-

tained from each patient before surgery. Samples were

excised immediately after operation, from the tumor tissues,

and when possible, from corresponding normal renal tis-

sues 5–10 cm away from the tumor. One portion of the

sample was immediately snap-frozen in liquid nitrogen and

stored at �80°C for immunohistology, and another portion

was placed in HBSS on ice until EC isolation. Final diagno-

sis of RCC was confirmed by pathological examination of

formalin-fixed surgical specimens (Figure 1).

Table 1. Background in 20 RCC Samples and Aneuploidy Rate in hTECs and hNECs

Sample
no. M/F

Age
(yr) TNM* Subtype Grade,† INF, v

Chr.7 in
hTEC
(%)

Chr.8 in
hNEC
(%)

Chr.7 in
hNEC
(%)

Chr.8 in
hNEC
(%)

1 M 61 T1a, Nx, M0 Clear cell G2, INFb, v(�) 37 37 NA NA
2‡ M 80 T3a, Nx, M0 Clear cell G2, INFa, v(�) 43 38 5 3
3 F 56 T1a, N0, M0 Choromophobe G3, INFa, v(�) 38 32 NA NA
4 M 65 T2, N0, M1 (bone) Clear cell G2, INFa, v(�) 48 35 NA NA
5‡ M 60 T1a, N0, M0 Clear cell G2, INFa, v(�) 31 33 5 4
6 F 72 T1a, Nx, M0 Clear cell G2, INFa, v(�) 40 47 NA NA
7‡ M 75 T1a, Nx, M0 Clear cell G2, INFa, v(�) 28 33 4 4
8 M 37 T1a, Nx, M0 Clear cell G2, INFa, v(�) 27 33 NA NA
9‡ M 55 T3a, N0, M0 Clear cell G3, INFb, v(�) 31 45 4 3

10‡ M 70 T1a, N0, M0 Clear cell G3, INFa, v(�) 22 23 4 2
11‡ F 58 T3a, Nx, M1 (bone) Clear cell; sarcomatoid G3 �� 2, INFb, v(�) 22 27 4 4
12 M 62 T1a, Nx, M0 Papillary type2 INFb, v(�) 58 43 NA NA
13‡ M 69 T1b, Nx, M0 Clear cell G2, INFa, v(�) 27 41 4 4
14‡ M 44 T1a, Nx, M0 Clear cell G2, INFa, v(�) 31 37 3 3
15‡ M 57 T1b, Nx, M0 Clear cell G2, INFa, v(�) 26 30 5 3
16 M 81 T1a, Nx, M0 Clear cell G1, INFa, v(�) 29 33 NA NA
17‡ F 37 T1b, Nx, M0 Clear cell G2 � 3, INFa, v(�) 31 38 5 2
18‡ M 73 T1a, Nx, M0 Clear cell G2, INFa, v(�) 26 25 5 3
19‡ M 73 T3a, Nx, M0 Clear cell G2, INFa, v(�) 36 30 5 3
20‡ M 58 T1b, Nx, M0 Clear cell G2, INFa, v(�) 31 37 5 2

M/F, male/female; NA, not available; INF, infiltration pattern.
*According to 1997 tumor-node-metastasis (TNM) staging guidelines.
†According to Fuhrman system.
‡Magnetic beads cell sorting of normal renal endothelial cells were performed.

Figure 1. Schematic representation of hTEC and hNEC isolation. One por-
tion of RCC or normal kidney tissue was immediately snap-frozen for immu-
nohistology and FISH analysis. Another portion of RCC or normal kidney
tissue was immediately processed to isolate ECs by MACS. hTECs were
freshly isolated from RCC tissue. hNECs were also isolated from normal
kidney tissue, apart from the tumor in the same specimens. FISH analysis was
performed to investigate aneuploidy in tumor cell-free conditions. MNC,
mononuclear cell.
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Isolation of hTECs and Human NECs

Excised human tumor and normal kidney tissues in HBSS

were processed using a magnetic cell sorting system

(MACS; Miltenyi Biotec, Tokyo, Japan) to isolate hTECs

and human NECs (hNECs) promptly, as described pre-

viously.15 Briefly, excised tissues were minced and di-

gested with collagenase II (Worthington, Freehold, NJ).

Blood cells were removed by single sucrose step-gradi-

ent centrifugation with Histopaque 1077 (Sigma-Aldrich,

St. Louis, MO), and cell suspensions were filtered. The

cells were then incubated with anti-human CD31 antibody

(eBioscience, San Diego, CA), and hTECs or hNECs were

isolated by MACS according to the manufacturer’s in-

structions, using anti-mouse IgG microbeads (Miltenyi

Biotec). They were plated and grown in EGM-2MV (Clo-

netics, San Diego, CA) and 15% fetal bovine serum

(FBS). To improve the purity of hTECs or hNECs, mag-

netic sorting was performed using two MACS columns

set up in series (Figure 1).

Cell Culture

The HSC-3 human oral squamous cell carcinoma line

was supplied by the Japanese Cancer Research Bank

(Tokyo, Japan). Cells were cultured in Dulbecco’s mod-

ified Eagle’s medium (Sigma-Aldrich) supplemented with

10% heat-inactivated FBS. The OSRC-2 human RCC cell

line was purchased from the Riken Cell Bank (Tsukuba,

Japan). The cells were cultured in RPMI 1640 medium

(Sigma-Aldrich) supplemented with 10% heat-inactivated

FBS. Human umbilical vascular ECs (HUVECs) and hu-

man microvascular ECs were purchased from Clonetics.

The cells were cultured in EGM-2MV. MS-1 cells (mouse

EC line) were purchased from the American Type Culture

Collection (Manassas, VA). The cells were cultured in

Dulbecco’s modified Eagle’s medium supplemented with

10% heat-inactivated FBS.

Isolation of mTECs and Mouse NECs

All animal procedures were performed in compliance

with Hokkaido University guidelines, and the protocols

were approved by the Institutional Animal Care and Use

Committee. mTECs were isolated from epithelial tumors

and OSRC-2 and HSC-3 cell xenografts in 8- to 10-week-

old nude mice (Sankyo Labo, Tokyo, Japan) using

MACS. Mouse NECs (mNECs) were isolated from mouse

dermal tissue as control. To isolate mTECs or mNECs, we

used fluorescein isothiocyanate (FITC)-anti-mouse CD31

antibody (BD Pharmingen, San Diego, CA) and anti-FITC

microbeads (Miltenyi Biotec) following the procedure de-

scribed above. mTECs and mNECs were plated onto

1.5% gelatin-coated culture plates and grown in EGM-

2MV and 15% FBS. Diphtheria toxin (500 ng/ml; Calbio-

chem, San Diego, CA) was added to mTEC subcultures

to kill any remaining human tumor cells.17

Immunochemistry

The frozen specimens obtained from human tissue sam-

ples were sectioned at a thickness of 8 �m. Freshly

isolated hTECs, hNECs, mTECs, and mNECs (1 � 104 of

each cell type) were cytospun onto a glass slide for

immunocytostaining and FISH, using Shandon Cytospin

4 (Thermo Shandon, Pittsburgh, PA).

Immunofluorescence was performed after fixation with

100% ice-cold acetone for 10 minutes and blocking with

2% goat and 5% sheep serum in PBS for 30 minutes. The

following primary antibodies were used: anti-human

CD31, anti-human VE-cadherin (BD Pharmingen), anti-

human carbonic anhydrase IX (CA IX; R&D Systems,

Minneapolis, MN), anti-mouse CD31 (BD Pharmingen),

and FITC-anti-mouse CD133 (eBioscience). As sec-

ondary antibodies, Alexa Fluor 488 anti-mouse IgG,

Alexa Fluor 568 anti-mouse IgG, and Alexa Fluor 488

anti-rat IgG (Molecular Probes, Eugene, OR) were

used as required.

To analyze microvessel density in tumor sections, the

number of CD31-stained vessels per unit area in tissue

sections was determined using MetaMorph software (Mo-

lecular Devices, Tokyo, Japan).

FISH

After immunostaining of CD31, VE-cadherin, CA IX, or

CD133, samples on glass slides were fixed for 45 min-

utes using Histochoice (Amresco, Solon, OH) as

described previously.18 FISH was performed using a

Cy3-human chromosome 7 locus-specific BAC probe

(RPCI11-88E13) and a Cy3/Spectrum Green-human

chromosome 8 BAC probe (RP11-89M20) in human sam-

ples and a Cy3-mouse chromosome 17 locus-specific

BAC probe (RP23-146B6) and FITC-human Cot-1 in

mouse samples (Chromosome Science, Sapporo, Ja-

pan). All samples were counterstained with 4�,6-di-

amidino-2-phenylindole (DAPI; Roche, Indianapolis, IN).

Hybridization signals were observed and analyzed using

an Olympus IX71 fluorescence microscope (Olympus,

Tokyo, Japan) for each experiment. Chromosomes were

counted in at least 100 nuclei in each sample. Aneuploid

cells were counted three times in each sample. Cells with

a single signal of each probe were not included in the

analysis because it was difficult to judge whether the

single signal was due to monosomy or incomplete hybrid-

ization. Statistical analysis was performed using the

Mann-Whitney U-test. A P value of �0.05 was considered

significant.

Isolation of RNA and Quantitative RT-PCR

RNA was isolated using the RNeasy micro kit (Qiagen,

Valencia, CA), according to the manufacturer’s instruc-

tions. The RNase-free DNase set (Qiagen) treatment was

incorporated into RNA isolation according to the protocol.

The primers were as follows: mouse centromere-associated

protein-E (CENP-E), forward 5�-TGAGCAGCAGAAA-

GAAAGCA-3�, reverse 5�-TCCATCTCCACCTTTTCCAG-3�;

Aneuploidy in TECs 2659
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Figure 2. FISH analysis in human RCC and normal renal tissue sections. A: CA IX immunostaining in RCC tissue and normal kidney tissue. Upper panels show
CD31 staining in vascular ECs. Lower panels show that CA IX was expressed in tumor cells in RCC tissue but not in normal kidney tissue. Scale bar, 100 �m.
B and C: FISH analysis in RCC tissue and normal kidney tissue immunostained for CD31 and CA IX. RCC tissue (B) and normal kidney (C) were stained for CD31
and CA IX. After immunohistochemistry, FISH was performed using a chromosome 7 DNA probe (red). Nuclei were counterstained with DAPI (blue). B shows
that CD31 was expressed on ECs and CA IX was expressed on tumor cells separately in RCC tissue. ECs (green) with 3 or more chromosome 7 signals (red) were
detected in RCC vessels (white arrows). C shows lack of CA IX expression in normal renal tissue sections. No aneuploid ECs were evident in normal renal vessels.
Scale bars, 100 �m.
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mouse glyceraldehyde-3-phosphate dehydrogenase,

forward 5�-TCTGACGTGCCGCCTGGAG-3�, reverse 5�-

TCGCAGGAGACAACCTGGTC-3�; human CENP-E,

forward 5�-GAAGAGATCCCAGTGCTTCA-3�, reverse

5�-TGAGTCCTTGGTTGTGGACT-3�; and human glyceral-

dehyde-3-phosphate dehydrogenase, forward 5�-TCAA-

GAAGGTGGTGAAGCAG-3�, reverse 5�-AAAGGTGGAG-

GAGTGGGTGT-3�. Five micrograms of RNA was used in a

15-�l reaction, and quantitative RT-PCR was performed

using the DyNAmo SYBR green qPCR kit (Finnzymes, Es-

Figure 3. FISH analysis in freshly isolated and cytospun hTECs and hNECs. A and B: FISH
analysis of freshly isolated and cytospun hTECs and hNECs. hTECs (A) and hNECs (B)
were stained for CD31, VE-cadherin, or the RCC marker CA IX. FISH was performed using
chromosome 7 (red) and chromosome 8 (yellow) DNA probes. Nuclei were counter-
stained with DAPI (blue). hNECs and hTECs were positive for VE-cadherin as well as
CD31. No CA IX expression was observed in hNECs and hTECs. In FISH analysis, three
or more chromosome 7 (red) and chromosome 8 (yellow) signals were detected in
hTECs, indicating aneuploidy (A). On the other hand, hNECs showed two signals,
indicating diploidy (B). C: Tumor cells (CA IX�CD31� cells with aneuploidy) were
detected in the negative fraction of primary EC isolates. D: Aneuploidy was observed in
isolated hTECs in all RCC samples by FISH analysis using chromosome 7 and chromo-
some 8 DNA probes. hTECs harbored more aneuploid cells compared with hNECs (�P �

0.001, †P � 0.001). Scale bars, 10 �m. To determine the percentage of aneuploid cells, 100
nuclei were evaluated in each sample. Aneuploid cells were counted three times in each
sample. Statistical analysis was performed using the Mann-Whitney U-test. A value of P �

0.05 was considered significant.

Aneuploidy in TECs 2661
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poo, Finland), according to the manufacturer’s instructions.

Cycling conditions were set according to the manufactur-

er’s instructions, based on the use of Opticon Monitor ver-

sion 3.0 (Bio-Rad, Hercules, CA). Briefly, the cycling sched-

ule was as follows: polymerase activation for 15 minutes at

95°C and then PCR for 30 cycles of 15 seconds at 95°C, 15

seconds at 57°C, and 20 seconds at 72°C. Expression

levels of CENP-E mRNA were normalized to glyceralde-

hyde-3-phosphate dehydrogenase.

Results

Aneuploid ECs in Human RCC Tissue Sections

We tested the hypothesis that ECs in human RCC have

chromosomal aberrations. Immunostaining was per-

formed to identify microvascular ECs with anti-CD31 an-

tibody and tumor cells with anti-CA IX antibody, followed

by FISH on 20 frozen tumor sections. It has been reported

that CA IX is a marker of RCC.19 We confirmed that CA IX

staining was positive in only tumor cells but not in tumor

vessels in RCC tissue (Figure 2A). CA IX expression was

not detected in normal kidney tissue. Thus, we could

distinguish tumor cells from ECs and reject the possibility

of contamination of tumor cells in hTECs using anti-CA IX

and anti-CD31 antibodies.

FISH analysis of immunostained samples confirmed

the presence of CD31� aneuploid cells, determined as

aneuploid ECs, in tumor vessels at higher magnification

(Figure 2B, white arrow). In contrast, there were no ane-

uploid ECs in normal renal vessels (Figure 2C). These

results suggest that ECs in RCC vessels harbor cytoge-

netic alterations.

Aneuploidy in Freshly Isolated, Uncultured

Human RCC ECs

Since aneuploid ECs in a frozen section could represent

the overlapping of aneuploid tumor cells, we freshly iso-

lated hTECs and investigated their aneuploidy in tumor

cell-free conditions. hTECs were isolated from all 20

specimens by MACS with antiCD31 antibody. In 13 of 20

specimens, hNECs were isolated from normal renal tis-

sue apart from the tumor as a normal counterpart. In all

samples, �98% of hTECs and hNECs were positive for

CD31 as well as another endothelial marker, VE-cad-

herin. However, CA IX (RCC marker) expression was not

observed in either hTECs or hNECs (Figure 3, A and B).

Furthermore, CA IX�CD31� cells (tumor cells) were de-

tected only in the negative fraction of primary EC isolates

(Figure 3C). These results indicated that all hTECs were

isolated with high purity. FISH analysis of hTECs and

hNECs showed that the nuclei of hTECs harbored three

or more signals of chromosome 7 and chromosome 8

probes, thus showing aneuploidy, in all 20 samples (Fig-

ure 3A), whereas the nuclei of hNECs had two signals,

showing diploidy (Figure 3B). The percentages of aneu-

ploid cells were 33.1 � 8.8% (chromosome 7) and 35.3 �

6.2% (chromosome 8) among hTECs (n � 20), and 4.4 �

0.7% (chromosome 7) and 3.2 � 0.8% (Chr 8) among

hNECs (n � 13). A significant (P � 0.001) difference was

observed in the percentage of aneuploid cells between

hTECs and hNECs (Figure 3D). There was no correlation

between the percentage of aneuploid cells and tumor

stage, tumor grade, patient’s age, or sex (data not

shown). FISH analysis of freshly isolated and cytospun

samples strengthened the evidence of TEC aneuploidy in

human RCC tissue sections.

Aneuploidy in mTECs

mTECs were isolated from human epithelial tumor xeno-

grafts grown in nude mice. OSRC-2-ECs and HSC-3-ECs

were isolated from renal clear cell carcinoma (OSRC-2)

and oral squamous cell carcinoma (HSC-3) xenografts,

respectively. mNECs (skin ECs) were isolated from

mouse dermal tissue as a control. More than 98% of

uncultured mTECs and mNECs were positive for CD31,

as shown by immunostaining (Figure 4). FISH analysis of

purified mouse ECs before culture showed that the nuclei

Figure 4. FISH analysis in uncultured and cul-
tured mTECs and mNECs. mTECs isolated from
xenografts of human epithelial tumors were ane-
uploid. Cultured and uncultured mTECs were
positive for CD31 (green). Nuclei were counter-
stained with DAPI (blue). Three or more chro-
mosome 17 signals (red) were detected among un-
cultured mTECs (white arrows). Scale bar, 10 �m.
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of OSRC-2-ECs and HSC-3-ECs had three or more chro-

mosome 17 signals.

In contrast, skin ECs had two signals, showing diploidy

(Figure 4). Quantitative analysis indicated that 55% of

OSRC-2-ECs and 36% of HSC-3-ECs were aneuploid.

When the cells were cultured, FISH analysis showed that

the frequency of mTEC aneuploidy increased to 96 and

55% for OSRC-2-ECs (passage 13) and HSC-3-ECs

(passage 11), respectively (Table 2). These results are

consistent with our previously reported demonstration of

aneuploidy in mTECs isolated from nonepithelial tumors,

liposarcoma, and melanoma.15 These results suggested

that ECs in various types of tumors, epithelial or nonepi-

thelial, can sometimes be aneuploid. We performed the

following experiments using these uncultured mTECs

(OSRC-2-ECs and HSC-3-ECs) to address the mecha-

nism of TEC aneuploidy.

Absence of Fusion between ECs and Human

Tumor Cells in OSRC-2-ECs and HSC-3-ECs

Mouse fibroblasts can be polyploid, harboring both

mouse and human chromosomes, in human breast car-

cinoma xenografts grown in mice.20 To clarify the fusion

between mouse ECs and human tumor cells in mTECs

before culture, uncultured mTECs (OSRC-2-ECs and

HSC-3-ECs) were cytospun onto glass slides, immuno-

stained with mouse anti-CD31 (red), and probed with

green (human) fluorescent Cot-1. Furthermore, to deter-

mine whether fusion occurred between aneuploid mTECs

and human tumor cells, dual-color FISH analysis was

performed, using Cy3-mouse chromosome 17 locus-spe-

cific probes (red) and FITC-human Cot-1 (green). Before

analyzing the mTECs, we performed a dual-color FISH

procedure on human EC (HUVECs) and mouse EC

(MS-1) samples and confirmed that human Cot-1 hybrid-

ized with nuclei in �97% of HUVECs in a diffuse manner

but not with nuclei in MS-1 (Figure 5A). Dual-color FISH

analysis performed on mTECs showed that the CD31�

mTECs that were stained with Alexa Fluor 568 (red) had

three signals of the mouse chromosome 17 probe la-

beled with Cy3 (red), showing aneuploidy in both OSRC-

2-ECs and HSC-3-ECs (Figure 5B, white arrow). How-

ever, no nuclei of aneuploid mTECs hybridized to human

Cot-1 (green, 0%; Figure 5B, white arrow). In this exper-

iment, we analyzed 300 aneuploid mTECs stained with

anti-CD31 in each sample. In fact, no human FISH signal

Table 2. Percentage of Aneuploid Cells in mTEC and mNECs

Percentage of aneuploid cells

mTEC

mNEC
skin-EC

OSRC-2-
EC HSC-3-EC

Uncultured 55% (P0) 38% (P0) 3% (P0)
Cultured 96% (P13) 55% (P11) 8% (P12)

When cultured, the degree of mTEC aneuploidy increased in both
OSRC-2-ECs and HSC-3-ECs compared with skin ECs.

Figure 5. Immunocytochemistry and dual-probe
FISH analysis in uncultured mTECs. A: Probes for
dual-probe FISH were tested for specificity before
use with mTECs. An FITC-human Cot-1 DNA
probe hybridized in human ECs and HUVECs but
not in mouse ECs (MS-1). On the other hand, a
Cy-3-mouse chromosome 17 locus-specific probe
hybridized in MS-1 cells but not HUVECs. Scale
bar, 10 �m. B: Uncultured mTECs were immuno-
stained with anti-CD31, followed by dual-probe
FISH using a Cy3 mouse chromosome 17 locus-
specific probe and a FITC-human Cot-1 DNA
probe. Nuclei were counterstained with DAPI
(blue). CD31� cells (red) with three or more chro-
mosome 17 signals (red), identifying them as ane-
uploid mTECs, were detected (white arrows).
Aneuploid mTECs did not hybridize with human
Cot-1 (green), suggesting there was no fusion
between human tumor cells and mTECs. Scale
bar, 10 �m.

Aneuploidy in TECs 2663
AJP December 2009, Vol. 175, No. 6



in mTECs was detected, including aneuploid mTECs that

were stained with mouse anti-CD31 and hybridized with a

mouse chromosome 17 probe. These results showed that

there was no fusion between mTECs and human tumor

cells in our cross-species tumor xenograft model.

Aneuploidy in CD133� mTECs

Next, to analyze the involvement of endothelial progenitor

cells (EPCs) in mTECs in vivo, we investigated the

percentage of progenitor marker-positive cells among

freshly isolated mTECs and its correlation with aneu-

ploidy. We also investigated the percentage of progenitor

marker-positive cells among mNECs freshly isolated from

mouse dermal tissue. The percentage of CD133� cells

was 26% in OSRC-2-ECs, 31% in HSC-3-ECs, and 16% in

skin ECs (Figure 6A). FISH analysis showed aneuploidy

in CD133� mTECs (Figure 6B). The percentage of

aneuploid cells detected among CD133� mTECs

(CD31�CD133�) was 59.1 � 3.5% (OSRC-2-ECs) and

27.4 � 0.6% (HSC-3-ECs), whereas that among CD133�

mTECs (CD31�CD133�) was 31.5 � 3.2% (OSRC-2-

ECs) and 13.0 � 1.0% (HSC-3-ECs; Figure 6C). There

was a significant difference in the percentage of aneu-

ploid cells between CD31�CD133� and CD31�CD133�

cells in mTECs (P � 0.05). On the other hand, the aneu-

ploidy rate was 3.0 � 0.9% in CD133� mNECs

(CD31�CD133�) and 3.0 � 1.0% in CD133� mNECs

(CD31�CD133�), both of which are within the normal

range for FISH analysis with this probe. These results

suggest that aneuploidy of mTECs may be related to

stem cell-related marker-expressing cells.

Down-Regulation of CENP-E Expression in

Aneuploid TECs

It has been reported that CENP-E is related to aneu-

ploidy; cells with a reduced level of CENP-E become

aneuploid because of the random missegregation of

chromosomes.21 Levels of CENP-E mRNA were analyzed

in mTECs and mNECs by quantitative RT-PCR. The

CENP-E mRNA level was significantly lower in mTECs (in

both OSRC-2-ECs and HSC-3-ECs) compared with

mNECs (skin ECs; Figure 7A). Furthermore, we analyzed

CENP-E expression in human ECs, for which we could

expand cell number in culture. hTECs showed lower lev-

els of CENP-E mRNA expression than hNECs (Figure 7B).

These results suggest the possibility that aneuploidy,

which is one of the results of chromosome missegrega-

tion, may result from down-regulation of CENP-E in both

mTECs and hTECs.

Discussion

In the present study, we demonstrated several new lines

of evidence: i) hTECs isolated from human RCC show

aneuploidy, ii) mTECs isolated from epithelial tumor xeno-

grafts are aneuploid (there was no transdifferentiation or

fusion of human tumor cells with mTECs), iii) CD133�

mTECs display more aneuploidy than CD133� mTECs,

and iv) the CENP-E gene, which is related to the misseg-

regation of chromosomes, is down-regulated in hTECs

and mTECs.

Figure 6. Percentage of CD133� cells among mTECs/mNECs and its correlation with aneuploidy. A: The percentage of CD133� cells in mTECs was 26%
(OSRC-2-ECs) and 31% (HSC-3-ECs), whereas that in mNECs was 16%. B: Uncultured mTECs or mNECs were immunostained with CD133 followed by FISH. Nuclei
were counterstained with DAPI (blue). Three or more chromosome 17 signals (red) were detected in CD133� (green) and CD133� mTECs (white arrows),
whereas CD133� and CD133� mNECs cells were diploid. C: Among mTECs, aneuploid cells were observed more frequently in CD31�CD133� cells than in
CD31�CD133� cells (�P � 0.05). Scale bar, 10 �m.
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We previously reported aneuploidy in mTECs isolated

from nonepithelial tumors, liposarcoma, and melan-

oma.15 However, chromosomal aberrations of hTECs iso-

lated from human malignant epithelial tumors have not

been reported.

In this study, we used CA IX as a tumor marker in RCC.

CA IX expression serves as a strong biomarker for kidney

cancer, but it is uniformly negative in nontumor tissue.19

In our immunohistochemical studies, CA IX was posi-

tively immunostained in tumor cells but not in micro-

vascular ECs in RCC. We could distinguish tumor cells

from ECs using CA IX and CD31. Aneuploid cells de-

tected in CD31�CA IX� cells were identified as aneu-

ploid ECs in RCC vessels (CD31�CA IX� cells) by FISH

analysis.

However, it could be argued that these signals result

from tumor cell overlapping. Another concern is that

whole EC nuclei are not always included in a single

section because the diameter of tumor EC nuclei often

exceeds 8 �m, which is the thickness of the frozen sec-

tion. To evaluate the ploidy of hTECs quantitatively, we

used hTECs freshly isolated from human RCC tissues.

FISH analysis of freshly isolated and cytospun ECs pro-

vided additional evidence of hTEC aneuploidy in human

RCC tissue sections. For comparative analysis, we also

isolated hNECs from locations in the same specimens,

apart from the tumor, during total nephrectomy. hTECs

showed aneuploidy (average 33% with chromosome 7

probes and 35% with chromosome 8 probes) in all 20

samples, whereas hNECs were diploid with the 3–4%

score, which is in normal range and is considered to be

background.

The aneuploid hTECs described here provide new

evidence for chromosomal instability in ECs in human

epithelial tumors. In human hematopoietic tumors such

as leukemias and lymphomas, TECs harbor the same

chromosomal aberrations as tumors; for example, 	40%

of TECs harbor lymphoma-specific chromosomal trans-

locations in B cell lymphomas.12 In these tumors, the

mechanism of chromosomal aberrations in TECs was

assumed to be transdifferentiation of tumor cells into ECs

or derivation from common hemangioblasts.

However, the mechanisms underlying TEC aneuploidy

in malignant epithelial tumors are not yet understood. We

addressed the mechanisms of TEC aneuploidy using

cross-species tumor models that allow host cells to be

distinguished from tumor cells. In the mouse epithelial

tumor xenograft model, �35% of mTECs were aneuploid,

even when not cultured. Because of the species speci-

ficity when using anti-mouse CD31 in immunocytochem-

istry and the mouse chromosome 17 FISH probe, we

were able to confirm that CD31� aneuploid mTECs were

of mouse origin. This result is consistent with our previ-

ously reported demonstrations of aneuploidy in mTECs

isolated from nonepithelial tumors, liposarcoma, and mel-

anoma.15 ECs in various types of tumors, epithelial or

nonepithelial, may be aneuploid, suggesting chromo-

somal instability of mTECs.

In the human breast carcinoma xenograft model in

mice, the mouse fibroblasts isolated from xenografts of

human breast carcinoma were aneuploid, harboring both

mouse and human chromosomes. This result suggests

that the fibroblasts fused with tumor cells.20 In our uncul-

tured mTECs, fusion between mTECs and human tumor

cells was not seen because aneuploid mTECs were not

found to hybridize with human Cot-1 in the dual-probe

FISH analysis.

Bone marrow-derived endothelial progenitor cells are

mobilized by stimulation of tumor-derived angiogenic

factors such as vascular endothelial growth factor, which

induce them to migrate toward the tumor and get incor-

porated into the developing neovasculature.22,23 Endo-

thelial progenitor cells are undifferentiated, highly prolifera-

tive cells24 that have several characteristics distinguishing

them from mature pre-existing or circulating ECs shed from

blood vessel walls. Furthermore, endothelial progenitor

Figure 7. Down-regulation of CENP-E expression in aneuploid TECs. A:
CENP-E mRNA expression levels were compared between mTECs and
mNECs by quantitative RT-PCR. CENP-E expression was significantly lower
in mouse TECs (both OSRC-2-ECs and HSC-3-ECs) compared with mNECs
(skin ECs) (�P � 0.05, †P � 0.05). B: CENP-E mRNA levels in isolated hTECs,
hNECs, human microvascular ECs (HMVECs), and HUVECs. Compared with
all human NECs (hNECs, HMVECs, and HUVECs), hTECs expressed signifi-
cantly lower levels of CENP-E (�P � 0.05).
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cells express endothelial and stem cell markers such as

CD133.25,26

In the present study, we investigated the percentage of

CD133� cells in uncultured and freshly isolated mTECs

and mNECs. In uncultured mTECs, the percentage of

CD31�CD133� cells ranged from 26 to 32%. Interest-

ingly, CD31�CD133� cells showed more aneuploidy

compared with CD31�CD133� cells. On the other hand,

among uncultured mNECs, CD31�CD133� cells did not

include aneuploid cells. We speculate that immature ECs

in tumors may have escaped cell cycle arrest and main-

tained aneuploidy in the tumor microenvironment. Pro-

genitor cells with cell cycle deficiency harbor aneuploidy,

and as the cells mature, their checkpoint efficiency in-

creases.27 Our data demonstrating frequent aneuploidy

in CD31�CD133� cells support the hypothesis that pro-

genitor cells contribute to mTECs aneuploidy.

It has been reported that defects in the mitotic check-

point lead to aneuploidy in tumor cells.28 We therefore

speculated that aneuploid mTECs and hTECs have a

mitotic checkpoint deficiency. We analyzed the mRNA

levels of CENP-E, which has roles in chromosome seg-

regation and modulation of the spindle checkpoint. The

CENP-E expression level in aneuploid TECs was sig-

nificantly lower than that in NECs. Down-regulation of

CENP-E may be one of the mechanisms of TEC

aneuploidy.

Although the consequences of TEC aneuploidy remain

unclear, aneuploidy in TECs provides evidence that TECs

are indeed abnormal, unlike NECs. In fact, we found that

the biological phenotypes of aneuploid mTECs differ from

those of diploid mNECs. The mTECs were more sensitive

to growth factors such as vascular endothelial growth

factor, basic fibroblast growth factor, and epidermal

growth factor.16,29 Furthermore, mTECs showed a differ-

ent phenotype, including a higher growth rate and acti-

vation of growth factor receptors (data not shown; manu-

script in preparation). hTECs with genetic instability may

acquire resistance to chemotherapeutic drugs. Indeed,

TECs can display resistance to the antiangiogenic activ-

ity of interferon �,30 vincristine,13 or doxorubicin.31 Our

mTECs also showed resistance to drugs such as fluoro-

uracil (data not shown; manuscript in preparation). More-

over, survival factors that are abundant in the tumor mi-

croenvironment, such as cytokines and growth factors,

may cause epigenetic changes not only in tumor cells but

also in TECs.32,33

Here we show that hTECs, like tumor cells, are cyto-

genetically abnormal. This is contrary to the traditional

concept that TECs are normal and genetically stable. Our

observations suggest that aneuploidy in TECs is not a

rare phenomenon that is seen only in hematopoietic tu-

mors but is actually a common feature of most malignant

tumors. Regardless of the actual mechanisms involved,

our results showing the presence of chromosomal aber-

rations in hTECs indicate another aspect of abnormality

of tumor stromal cells in carcinoma.

Interactions between cancer cells and the surrounding

stroma can select stromal cells that modulate tumor be-

havior.34,35 Moreover, it was recently shown that genetic

alteration in stromal cells may help account for the clinical

diversity of cancer.36,37 Aneuploid TECs that organize

tumor tissue surrounding the stroma might affect tumor

progression and metastasis. It will be important to target

abnormal tumor stroma to develop more effective cancer

therapies.
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