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Evolution of immortalized cell populations growing in tissue 
culture to cells that become tumorigenic represents an accumula-
tion of cellular phenotypic changes and selection for increased 
neoplastic traits. Characterizing the phenotypes expressed by 
immortalized (neoplastically transformed) cells growing in tissue 
culture, understanding the processes of neoplastic development 
as they occur during in vitro passage,6,30 and characterizing the 
nature of a tumorigenic phenotype can provide fundamental in-
sights into the biology of neoplasia. The evolution of MDCK cells 
from presumptively normal kidney cells to immortalized cells 
that become tumorigenic is an example of neoplastic develop-
ment in vitro. Toward the goal of understanding neoplastic devel-
opment in vitro, we are characterizing the tumorigenic phenotype 
expressed by Madin–Darby canine kidney (MDCK) cells. The 
data presented here outline a quantitative analysis of the tumor-
forming capacity exhibited by unmodified commercially obtained 
MDCK cells.

The establishment of the MDCK cell line in 1958 at the Naval 
Research Laboratory (University of California, Berkeley) was not 
described in a published report, although the methods used by 
that laboratory to establish mammalian cells in tissue culture and 
the application of these methods to establish 2 other cell lines, 

Madin–Darby bovine kidney cells and Madin–Darby ovine kid-
ney cells, were the subjects of independent publications.17,18 At 
tissue-culture passage 49, the MDCK cell line was submitted to 
the Registry of Animal Cell Lines Certified by the Cell Culture 
Collection Committee (First Edition, 1964), the forerunner of the 
American Type Culture Collection (ATCC), to become Certified 
Cell Line 34. The description and the conditions used in the pas-
sage of the MDCK cells that were submitted to the ATCC as well 
as a report by Gaush and colleagues4 represent the information 
available on the establishment, early passage history, and karyo-
type of MDCK cells.

Over the years, there have been conflicting data regarding the 
tumorigenic capacity of MDCK cells. MDCK cells intravenously 
inoculated into chicken embryos formed tumors in the embryonic 
brain and nodules on the chorioallantoic membrane.12 However, 
these cells did not form progressively growing tumors in adult 
BALB/c nude mice,33 although viable MDCK cells persisted for 
as long as 2 mo at the injection site. In contrast, newborn BALB/c 
nude mice inoculated with MDCK cells developed nodules that 
expanded until the pups attained an adult body mass, at which 
point nodule expansion ceased; whether the nodules in these ma-
turing mice resolved was not reported.33 Histology revealed that 
nodules that had developed from MDCK cells in newborn nude 
mice were adenocarcinomas.28 Their apparent immortality and 
reportedly nontumorigenic phenotype (at least in nude mice) led 
to the use of MDCK cells in studies addressing alteration of the 
neoplastic cell phenotype.1,8,10,11,23,35,38
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vest cells, monolayers were washed twice with PBS (Mediatech) 
and trypsinized by incubation in 6 mL 0.25% trypsin with 0.53 
mM EDTA at 37 °C. After the reaction was stopped by adding 
6 mL DMEM10 or EMEM10, cell suspensions from individual 
flasks were combined, washed twice with PBS, and resuspended 
in 10 mL PBS. A 100-μL sample was taken from this cell suspen-
sion, diluted 1:20, and 20 to 25 μL was used to determine the via-
ble cell concentration (Cellometer Auto T4, Nexcelom Bioscience, 
Lawrence, MA). Cells were brought to a concentration of 1 × 108 
cells/mL in PBS. Nude mice were each inoculated with 0.1 mL 
(1 × 107 cells) of this cell suspension. For dose–response assays to 
determine the tumor-forming capacity of MDCK cells, the 1 × 108 
cells/mL cell suspension was diluted 10-fold serially in PBS.

Animal studies. Homozygous (nu/nu) female athymic nude 
mice (age, 4 to 6 wk) were obtained from the National Cancer 
Institute Animal Production Program (Frederick, MD). BALB/c 
nude mice (age, 4 to 6 wk) were obtained from Charles River Lab-
oratories (Wilmington, MA). For experiments with newborn nude 
mice, heterozygous (nu/+) pregnant mice were obtained from 
the National Cancer Institute at approximately 19 d gestation. 
All mice were maintained on autoclaved water and γ-irradiated 
bedding and food (Prolab Isopro RMH 3000, PMI International, 
Brentwood, MO) in Micro-VENT caging systems (Allentown Inc., 
Allentown, NJ) on 12:12-h light:dark cycles at a room temperature 
of 18 to 22 °C. Husbandry procedures met all of the recommen-
dations of the Guide for the Care and Use of Laboratory Animals.7 
Adult mice were inoculated subcutaneously above the scapulae 
or by intraperitoneal injection with 0.1 mL cells in PBS. Newborn 
mice were inoculated subcutaneously over the scapulae with 0.1 
mL cells in PBS between 24 and 48 h after birth. Control animals 
received 0.1 mL PBS. Mice were examined daily, and tumor de-
velopment was monitored weekly for 6 mo. Tumor size was esti-
mated visually (for tumors 10 mm and smaller) or determined in 
its maximal dimension by using calipers (for large tumors). Mice 
were euthanized and necropsied when tumors reached approxi-
mately 20 mm in any dimension (for subcutaneously inoculated 
mice) or when abdominal distention was noted (for intraperito-
neally inoculated mice). The use of animals for these studies was 
approved by the Center for Biologics Evaluation and Research 
Animal Care and Use Committee.

Necropsy. Tumor-bearing mice were euthanized by CO2 in-
halation and topically disinfected by using at least 3 alternating 
washes with Wescodyne (Steris, St Louis, MO) and 70% etha-
nol. Tumors and major organs (spleen, kidney, liver, lungs, heart 
and mediastinum) were removed and fixed in 10% formalin. All 
formalin-fixed tissue samples were sent to American HistoLabs 
(Gaithersburg, MD) for paraffin embedding, sectioning, and 
staining with hematoxylin and eosin.

Data processing. The tumorigenicity of MDCK cells was evalu-
ated by measuring 2 independently expressed parameters that 
represent the tumorigenic phenotype: tumor-forming capac-
ity and tumor latency.14 Tumor-forming capacity is defined by 
quantitative, dose–response, tumorigenicity assays that yield the 
tumor-producing dose as log10 50% endpoint (TPD50; estimated by 
the Spearman–Karber method22) values. TPD50 values represent 
the limiting or threshold dose of cells that form tumors in 50% 
of the animals. Tumor-incidence data used to estimate the TPD50 
values for the cells from vials 1, 2, and 3 were obtained weekly 
and recorded in spread sheets (Excel, Microsoft, Redmond, WA). 
To compare tumor-forming capacity of the cell lines, mean TPD50 

In other studies, MDCK cells that were adapted to grow in sus-
pension or on microcarrier beads formed tumors in nude mice. 
The MDCK cells adapted to grow in suspension formed tumors 
with doses of as few as 10 cells per mouse, whereas MDCK 
cells adapted to grow on microcarrier beads required doses of 
105 (100,000) cells to form tumors in athymic nude mice.20,39,40,41 
Notably, the dose of cells inoculated did not correlate with the 
incidence of tumors resulting from either of these MDCK cell de-
rivatives. Furthermore, some mice failed to develop progressively 
growing tumors, and several tumor nodules that initially devel-
oped at the inoculation site regressed.

These variations in the reported tumor-forming capacities of 
MDCK cells prompted us to undertake a detailed evaluation of 
the capacity of MDCK cells to form tumors in vivo by using quan-
titative tumor-induction comparisons. The results showed that 
cells from 3 different lots of unmodified MDCK cells (obtained 
from the ATCC in 2004, 2006, and 2007) were all tumorigenic in 
athymic nude mice but that the tumor-forming capacity and tu-
mor latency of the cells differed between lots. These data indicate 
that the well-known diversity of MDCK cell populations extends 
to differences in their tumorigencity and provides reference in-
formation that may be useful for future characterization of dif-
ferent MDCK cell lots and subclones. Such data provide the basis 
for a variety of purposes including studies of the biologic and 
molecular characteristics of the MDCK cell neoplastic phenotype 
as well as the evaluation of MDCK cells as reagents for vaccine 
manufacture.

Materials and Methods
Cell lines. We obtained 3 vials of MDCK cells (NBL2 catalog 

no., CCL34) from ATCC (Manassas, VA). Vial 1 (lot no. 3563161; 
frozen 30 January 2004) was received at passage 55 and main-
tained in DMEM (Mediatech, Manassas, VA) supplemented with 
10% FBS (lot no. AQG24425, ARB25716, ARB25880, ASE29663, or 
ASL31024; Hyclone, Logan, UT) and 2 mM L-glutamine (Mediat-
ech; DMEM10). Vials 2 (lot no. 4398972; frozen Jan 20, 2006) and 3 
(lot no. 7643577; frozen July 20, 2007) were received at passages 56 
and 55, respectively, and maintained in ATCC-formulated EMEM 
supplemented with 10% FBS (EMEM10). Each of these cell lots 
was established at the ATCC by independent passage of cells 
from cell banks (‘token’ lots) generated from the original MDCK 
cell line for the purpose of preparing cell lots for commercial dis-
tribution. The lots represented by vials 1 and 2 were developed 
from the same token lot that was established at passage 52; vial 
3 cells were established from a different token lot that was also 
at passage 52. Cells obtained from the ATCC were recovered by 
thawing in a 37 °C waterbath, expanded through 2 or 3 passages 
in culture, and frozen in liquid nitrogen (in culture medium with 
7.5% DMSO; approximately 2 × 106 cells per vial) as small work-
ing cell banks. The cells in these 3 lots were shown to be free of 31 
rodent agents and Mycoplasma species (Impact VIII PCR profile, 
Research Animal Diagnostic Laboratory, Columbia, MO). The 
cells were confirmed to be of canine origin by PCR using prim-
ers that recognize canine short interspersed elements.3 In addi-
tion, modal chromosome numbers obtained through cytogenetic 
analysis (Cell Culture Characterization Service, Orion Township, 
MI) were consistent with the cells being MDCK cells.

For in vivo assays, MDCK cells were propagated in 150 cm2 
canted neck, vented flasks (catalog no. 430825, Corning Incorpo-
rated, Corning, NY) to confluence (2 × 107 cells per flask). To har-
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The other method to evaluate tumor latency was to determine 
the time from inoculation to tumor appearance (in weeks) for 
each mouse in the dose–response assays. Average times to tumor 
appearance were estimated for each cell dose by dividing the total 
number of weeks (sum of number of weeks for each mouse) by 
the number of mice that developed tumors at that cell dose. Mean 
times for tumor appearance for each assay were developed by 
determining the means of the cell dose-determined averages. To 
compare tumor latency, the average means (of the replicate assays 
on the cells from each vial) were compared by 2-tailed Student t 
test by using GraphPad Prism 4.

Results
This study was done to expand the database on the tumorige-

nicity of unmodified MDCK cells and to characterize their tumori-
genic phenotype. For this study, we compared the tumor-forming 
capacity and tumor latency of 3 lots of MDCK cells in athymic 
nude mice. Cells were assayed at 3 to 8 passages (58 through 63) 
beyond the passage levels of commercially obtained MDCK cells 
by using 2 strains of nude mice (athymic and BALB/c) and by 2 
routes of inoculation (subcutaneous and intraperitoneal).

Tumor incidence as an indicator of phenotypic heterogeneity. 
Adult, female, athymic nude mice were inoculated with a 10-fold 
series of doses (1 × 104 to 1 × 107 cells/mouse) of MDCK cells to 
determine dose response. Results from initial experiments relat-
ing tumor-cell dose to tumor incidence suggested lot-associated 
differences in tumor formation. To determine whether these dif-
ferences were explained by assay-to-assay variations or differ-
ences among nude-mouse cohorts, replicate assays were done 
by using the different lots of MDCK cells in mice from different 
cohorts (Table 1; vial 1, experiments 1 through 4; vial 2, experi-
ments 1 and 2; and vial 3, experiment 1) or the same cohort (Table 
1; vials 1 and 2 in experiments 5 and 3, respectively). For purposes 
of assay and cell-lot comparison, TPD50 values were determined 
for cells from the lots represented by vials 1 through 3 (Table 1). 

values obtained after 26 wk of observation were compared by 
a 2-tailed Student t test by using GraphPad Prism 4 (GraphPad 
Software, La Jolla, CA).

Tumor latency is the time to tumor appearance.14 Because the 
contribution of the tumor-latency trait to the neoplastic cell tum-
origenic phenotype is not well established, we used 2 different 
methods to compare tumor latency. In one method, tumor-inci-
dence data obtained weekly for cohorts of mice challenged with 
10-fold serial dilutions of MDCK cells and used to estimate the 
TPD50 values were converted to survival curves14 by using Graph-
Pad Prism 4. Because the occurrence of a tumor is a terminal 
event, these survival curves, which represent average percentage 
survival, also represent the average time to tumor appearance (tu-
mor latency) at weekly intervals. Differences between the survival 
curves can be estimated by Kaplan–Meier analysis. Because the 
survival curves are derived from the tumor-incidence data (used 
to determine the TPD50) for cells from each vial, these curves char-
acterize their tumorigenic phenotype14 as determined in the adult, 
athymic, nude mouse model.

Table 1. Dose–response data on the tumor-forming capacity of 3 different lots of CCL34 MDCK cells in adult athymic nude mice

Experiment no. 
(passage [p] level)

Tumor incidence at indicated cell dose (log10) after subcutaneous inoculation
(no. mice in which tumors formed/total no. of mice inoculated) TPD50

a 
(log10)

Mean TPD50 
(log10)7 6 5 4 3

Vial 1 1 (p58) 17/18b 6/9 8/10 0/10 not tested 5.1 5.2
2 (p60) 20/20 19/20 12/20 not tested not tested 5.0
3 (p61) 10/10 9/10b 4/10b 0/10 not tested 5.2
4 (p62) 9/10b 8/10 4/10 0/10 not tested 5.4
5 (p61) 5/5 4/5 1/5 0/5 not tested 5.5

Total incidence 61/63 46/54 29/55 0/35

Vial 2 1 (p62) 10/10 10/10 10/10 4/10 0/5 4.1 4.4
2 (p64) 9/10b 10/10 9/10 0/10 0/5 4.7
3 (p62) 5/5 5/5 5/5 1/4 not tested 4.3

Total incidence 24/25 25/25 24/25 5/24 0/10

Vial 3 1 (p61) 10/10 7/10 0/10 0/10 0/10 5.8 not applicable

The difference between mean TPD50 values for vials 1 and 2 is significant (P = 0.0027).
aThe TPD50 represents the threshold (endpoint) cell dose required for tumor-forming activity by populations of neoplastic cells that express tumorigenic 
phenotypes.
bComplete regression occurred with one tumor in these experiments.

Figure 1. Adult athymic nude mouse with a multinodular tumor that 
developed from subcutaneous injection of 107 MDCK cells.

cm10000104.indd   245 6/13/2011   3:00:48 PM



Vol 61, No 3
Comparative Medicine
June 2011

246246

ferences were not due to animal variability, because vial 1 experi-
ment 5 and vial 2 experiment 3 were tested in the same cohort of 
athymic nude mice and generated TPD50 values that were similar 
to those developed in different mouse cohorts over a 2-y period.

Tumor latency as an indicator of phenotypic heterogeneity. 
Tumor latency is the time to tumor formation and is a charac-
teristic of the neoplastic cell tumorigenic phenotype that can be 
expressed independently of the limiting or threshold cell dose.14 
As an independent trait, tumor latency can be used to examine 
the heterogeneity of the phenotype. For this purpose, we exam-
ined the time to tumor formation required by MDCK cells from 
each of the vials (lots) used in this study (Table 2).

To evaluate average tumor latency, we determined the mean 
times to tumor appearance for each dose of MDCK cells and ex-
amined the differences in the averages of these means (Table 2). 
At cell doses of 106 per mouse, cells from vial 2 formed tumors 
more rapidly than did those from vial 1 (mean time to tumor: vial 
2, 1.8 wk; vial 1, 7.7 wk; P = 0.0043). In the single assay with cells 
from vial 3, the average time to tumor appearance after receiving 
106 cells per mouse was 6.3 wk compared with 7.7 wk for cells 
from vial 1.

To further evaluate tumor latency, the tumor incidence data 
from Table 1 were converted to percentage survival and plotted 
over the 26-wk observation period (Figure 2). Because tumor de-
velopment was the terminal event that was used to generate these 
survival curves, the curves could be used to compare average 
times to tumor appearance (tumor latency) and to represent the 
tumorigenic phenotype of the cells from a given vial. Inspection 
of the curves suggested differences between the cells in vials 1 
and 2 (Kaplan–Meier, P ≤ 0.0001) and between those in vials 2 
and 3 (P ≤ 0.0040). In contrast, differences between vials 1 and 3 
appeared to be negligible (P = 0.1495), suggesting that the tumor 
latency traits expressed by the cells from these vials were similar.

Because traits that determine the TPD50 and tumor latency are 
independent variables of the tumorigenic phenotype,14 our data 
indicate that MDCK cells from vial 3 were less efficient at tumor 
formation (higher TPD50) than were cells from vials 1 and 2 but 
expressed a tumor-latency trait that was similar to that of the cells 
in vial 1. In summary, the tumorigenic phenotypes expressed by 

The majority of tumors that developed in these experiments grew 
progressively to 20 mm, occasionally appearing as multinodular 
masses (Figure 1). However, in 3 of the experiments using vial 
1 cells and 1 experiment using vial 2 cells, 4 of 140 and 1 of 79 
tumors, respectively, regressed completely.

MDCK cells from vial 2 were more efficient in forming tumors 
in adult nude mice than were cells from vial 1 (mean TPD50: vial 2, 
4.4 [25,000 cells]; vial 1, 5.2 [160,000 cells; P = 0.0027). In contrast, 
in a single assay, MDCK cells from vial 3 appeared to be less tu-
morigenic (TPD50, 5.8 [630,000 cells]) than were cells from either 
of the other 2 vials.

The 3 lots of MDCK cells differed in the threshold dose needed 
to form tumors in adult, athymic nude mice (Table 1). These dif-

Table 2. Time to tumor formation (tumor latency) of 3 different lots of MDCK cells in adult athymic nude mice

Experiment no.

Average time (wk) to appearance of tumors at indicated cell doses (log10)

Meana Average mean7 6 5 4

Vial 1 1 1.4 10.8 14.1 ND 8.8 6.6
2 2.0 7.9 11.5 ND 7.1
3 1.0 4.5 7.6 ND 4.4
4 1.5 7.8 14.0 ND 7.8
5 1.6 7.5 6.0 ND 5.0

Mean (range) 1.5 (1–2) 7. 7 (3–25) 10.6 (7–26) not done

Vial 2 1 1.0 1.6 2.8 7.5 3.2 2.9
2 1.0 1.7 3.8 ND 2.2
3 1.0 2.0 4.4 6.0 3.4

Mean (range) 1.0 (1) 1.8 (1–3) 3.7 (2–4) 6.8 (5–9)

Vial 3 1 1.2 6.3 ND ND 3.8 not applicable

ND, not determined due to the absence of tumors at the indicated cell dose
The difference in average mean tumor latency between vials 1 and 2 is statistically significant (P = 0.0043).

Figure 2. Average percentage survival (tumor latency) curves depicting 
tumor formation in adult athymic nude mice over time in response to 
the dose of MDCK cells injected from vial 1 (mean of 5 assays), vial 2 
(mean of 3 assays), and vial 3 (1 assay). Average survival values were 
estimated from the tumor incidence recorded weekly. Kaplan–Meier 
analysis indicated that the differences between the average tumor-la-
tency data for vial 1 compared with vial 2 were significant (P ≤ 0.0001) 
as were those between vials 2 and 3 (P ≤ 0.0040), whereas the differences 
between vials 1 and 3 were nonsignificant (P = 0.1495).
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irregular, and some tubules had small papillary ingrowths (Fig-
ure 3 A; arrow), resembling renal carcinomas. Other tumors had 
no evidence of tubule formation but instead had areas of densely 
packed polygonal cells (Figure 3 B) frequently accompanied by 
prominent areas of fusiform cells arranged in interwoven bundles 
(Figure 3 C; arrow). These histopathologic patterns were present 
in tumors that formed in both adult (Figure 3 A to C) and new-
born athymic nude mice (data not shown).

Discussion
Delineating the characteristics of the tumorigenic phenotype 

expressed by neoplastic cells growing in tissue culture requires 
tumor-incidence data derived from dose–response tumorigenic-
ity assays.14,34 Such assays can be performed by using different 
animal models (for example, syngeneic animals, immunosup-
pressed allogeneic or immunosuppressed xenogeneic animals) 
or rodents exhibiting variations in immunocompetence (for ex-
ample, athymic nude mice, SCID mice, NOD–SCID mice, CD3ε 
mice). Once these tumor-challenge models are set, observations 
of tumor development over time in dose–response assays can be 
used to define the efficiency (TPD50 at the limiting cell dose) and 
rate (latency) as 2 independent parameters of tumor formation 
that, when combined, provide a model-specific signature of the 
tumorigenic phenotype.14 Tumorigenic phenotypes characterized 
by this method provide baseline information for evaluating the 
significance of phenotypic changes that occur spontaneously or 
that are induced experimentally.

Our results characterize the tumorigenic phenotypes in adult 
athymic nude mice of 3 different lots of MDCK cells obtained 
from the ATCC. Despite the fact that the lots differed by only 1 
passage level, differences were detected in their efficiencies in 
forming tumors in athymic nude mice. An earlier study33 found 
that MDCK cells failed to form progressively growing tumors 
in adult BALB/c nude mice (a mouse with a different genetic 
background to the athymic nude mouse) but did form nodules 
in newborn BALB/c nude mice that grew progressively until the 
pups reached maturity, at which time tumor growth ceased. The 
differences between our results and the earlier data33 prompted 
us to evaluate the tumor-forming capacity of our ATCC-derived 
MDCK cells in BALB/c nude mice. The ability of MDCK cells 
from vial 1 to form tumors did not appear to be dependent on 
the strain of the nude mouse, given that the adult BALB/c nude 
mice in our study supported progressive tumor formation (TPD50, 
4.9 [80,000 cells]). In addition, similar to previous reports28,33, we 
found that MDCK cells form tumors when injected into newborn 
athymic nude mice. However, in contrast to the earlier studies, we 

MDCK cells from vials 1 and 3 were less aggressive than that of 
cells from vial 2, as evidenced by parameters of both tumor-form-
ing capacity and tumor latency.

Tumor development in a different strain of nude mice and by 
a different inoculation route. Because an earlier study showed 
that MDCK cells were nontumorigenic in adult BALB/c nude 
mice,33 but we found that MDCK cells were tumorigenic in the 
athymic nude mouse, which is on a Swiss mouse background, we 
repeated the tumorigenicity assay in adult BALB/c nude mice 
by using vial 1 cells. Tumors developed in 100% (10 of 10 mice at 
107 cells per mouse), 80% (4 of 5 mice at 106 cells per mouse), 80% 
(4 of 5 mice at 105 cells per mouse), and 40% (2 of 5 mice at 104 
cells/mouse) of the mice challenged with the indicated cell doses. 
Therefore, vial 1 cells produced tumors with approximately the 
same efficiency in BALB/c nude mice (TPD50, 4.9 [80,000 cells]) as 
was observed in athymic nude mice (TPD50, 5.2 [160,000 cells]).

A comparative experiment was done to determine whether 
MDCK cell tumor-forming capacity varied with the route of in-
oculation. Adult, athymic nude mice were inoculated intraperito-
neally with 10-fold serial dilutions of cells from vial 1. Mice that 
developed abdominal distention were euthanized and necropsied 
to confirm tumor formation. Vial 1 cells injected intraperitoneally 
formed tumors with essentially the same efficiency (TPD50, 5.3 
[200,000 cells]) as they did by subcutaneous inoculation (mean 
TPD50, 5.2 [160,000 cells]) in athymic nude mice.

Tumor formation in newborn nude mice. Newborn nude mice 
are more sensitive than adult nude mice for tumorigenicity stud-
ies.19,33 Therefore, we evaluated newborn nude mice for their abil-
ity to support tumor formation by MDCK cells (vial 1). Tumors 
developed in 96% (47 of 49 mice at 107 cells per mouse), 97% (34 
of 35 at 106 cells per mouse), 91% (20 of 22 mice at 105 cells per 
mouse), 86% (6 of 7 at 104 cells per mouse), and 14% (1 of 7 at 103 
cells per mouse) of newborn mice challenged with the indicated 
doses of MDCK cells, yielding a TPD50 of 3.7 (5000 cells; Table 3).
 An indication of the increased sensitivity of the newborn nude 
mouse was that tumors developed in mouse pups injected with 
as few as 1000 cells, whereas in most experiments in adult mice, 
mice had to be inoculated with 105 cells or more (vial 1). The dif-
ference between the mean TPD50 values of tumors in adults and 
newborns was statistically significant (P = 0.0012).

Necropsy and tumor histopathology of adult nude mice. Nude 
mice were euthanized once the subcutaneous tumor growth pro-
gressed to 2 cm. None of the mice had tumor metastasis to the 
lungs or other organs by either gross or histopathologic exami-
nation. Many of the tumors that formed during this study had 
a tubular adenocarcinoma appearance. Tubular formation was 

Table 3. Dose–response data on the tumor-forming capacity of vial 1 MDCK cells in newborn athymic nude mice

Experiment no.

Tumor incidence at indicated cell dose (log10;
no. mice in which tumors formed/total no. of mice inoculated)

TPD50 (log10)7 6 5 4 3

1 NT 1/1 5/5 5/5 1/4 3.3
2 NT 7/7 Losta 1/2 0/5 4.0
3 NT 14/15 9/11 NT NT ND
Overall incidence 47/49b 34/35b 20/22b 6/7 1/9 3.7

ND, not determined; NT, not tested
aLost due to maternal neglect
bTotal includes data from independent single-dose assays
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did not note a cessation in tumor growth as the mice matured; tu-
mors that developed from injection of 106 or fewer cells expanded 
progressively to 20 mm in diameter, at which point the mice were 
euthanized. Interestingly, MDCK cells injected at a dose of 107 
cells in newborn athymic nude mice frequently did not develop 
into multilobular tumor masses within the subcutaneous tissue 
of the back but instead were highly invasive into the underly-
ing musculature. The nude mouse pups carrying these invasive 
tumors developed a ‘failure-to-thrive’ syndrome, which will be 
described in another report.

Although some studies on the tumorigenicity of MDCK cells 
have failed to confirm their ability to form tumors in nude mice,31 
other studies have found the cells capable of forming tumors in 
chicken embryos and nude mice.13,20 Collectively, the data pub-
lished on MDCK cell tumorigenicity suggest that the phenotype 
can be quite variable. Our data support and extend these findings 
by showing that variations can occur in the expression of tum-
origenic phenotypes as defined by dose–response tumorigenic-
ity assays among sublines derived from the original MDCK cell 
line. Other studies have indicated that MDCK cells are hetero-
geneous with respect to other properties5,27,42 with subtypes that 
differ in their ciliation,24,42 expression of α1- and β2-adrenergic re-
ceptors,21 prostaglandin production,16 membrane architecture,27,32 
electrophysical properties,5,27,42 susceptibility to transformation 
by alkaline stress, and sensitivity to renal hormones.5,27 In addi-
tion, MDCK cell populations have been noted to be composed of 
cells with epithelial and mesenchymal morphologies,27,42 findings 
that are consistent with our observations that cells from vials 1, 2, 
and 3 exhibit mixtures of epithelial and mesenchymal cell types 
with differences in the relative proportions of these types of cells. 
However, it is difficult to correlate this morphologic heterogene-
ity with the differences in their tumor-forming capacities, given 
that both epithelial and mesenchymal cells were present in the 
tumors formed in vivo by cells from these vials.

Although the molecular mechanisms that underlie the differ-
ences in the tumorigenic phenotypes of MDCK cells are unknown 
and are the subject of current studies, several explanations are 
possible. One possibility is that mutations conferring growth ad-
vantages and tumorigenic phenotypes may have developed in the 
MDCK cell population during its propagation, and the subcul-
tures we received from the ATCC may represent populations of 
cells that had been selected for these evolving populations. Under 
these circumstances, the proportion of tumor-forming cells in the 
population would be expected to continue to increase during se-
rial passage in our laboratory. However, the TPD50 values did not 
decrease (that is, tumorigenicity did not increase) during the serial 
passages in this study (Table 1), making this possibility unlikely.

Another possible explanation is that different cell lots contain 
varying subpopulations of stem cells that express tumorigenic 
phenotypes, each with a defined capacity (as exhibited by the 
TPD50 value) to form tumors in vivo. The proportion of tumor-
forming cells in such populations might be expected to remain 
constant over the number of passages that occurred in the cur-
rent study, as was apparent from the data on the cells from vials 
1 and 2.

Other explanations for the heterogeneity of the tumorigenic 
phenotypes of these MDCK cells could involve epigenetic events. 
Because MDCK cells are composed of cells that have different 
sensitivities to hormones and other stimuli, as mentioned earlier, 
these cells may interact with their microenvironment differently, 

Figure 3. Histopathology of an MDCK cell tumor in an adult nude 
mouse. (A) An epithelial portion of tumor with irregular tubule forma-
tion, some with papillary ingrowths (arrow). (B) Tumor with polygonal 
cells. (C) Tumor with fusiform cells arranged in interwoven bundles (ar-
row). The tumors were fixed in formalin, paraffin-embedded, sectioned, 
stained with hematoxylin and eosin, and photographed under a 10× 
objective.
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 8. Jorda M, Vinyals A, Marazuela A, Cubillo E, Olmeda D, Valero 
E, Cano A, Fabra A. 2007. ID1 is induced in MDCK epithelial cells 
by activated Erk–MAPK pathway in response to expression of the 
Snail and E47 transcription factors. Exp Cell Res 313:2389–2403. 

 9. Joyce JA, Pollard JW. 2009. Microenvironmental regulation of me-
tastasis. Nat Rev Cancer 9:239–252. 

 10. Kadono Y, Okada Y, Namiki M, Seiki M, Sato H. 1998. Transforma-
tion of epithelial Madin–Darby canine kidney cells with p60(v-src) 
induces expression of membrane-type 1 matrix metalloproteinase 
and invasiveness. Cancer Res 58:2240–2244.

 11. Kim KR, Yoshizaki T, Miyamori H, Hasegawa K, Horikawa T, 
Furukawa M, Harada S, Seiki M, Sato H. 2000. Transformation of 
Madin–Darby canine kidney (MDCK) epithelial cells by Epstein–Barr 
virus latent membrane protein 1 (LMP1) induces expression of Ets1 
and invasive growth. Oncogene 19:1764–1771. 

 12. Leighton J, Brada Z, Estes LW, Justh G. 1969. Secretory activity 
and oncogenicity of a cell line (MDCK) derived from canine kidney. 
Science 163:472–473. 

 13. Leighton J, Estes LW, Mansukhani S, Brada Z. 1970. A cell line 
derived from normal dog kidney (MDCK) exhibiting qualities of 
papillary adenocarcinoma and of renal tubular epithelium. Cancer 
26:1022–1028. 

 14. Lewis AM Jr, Alling DW, Banks SM, Soddu S, Cook JL. 1999. 
Evaluating virus-transformed cell tumorigenicity. J Virol Methods 
79:41–50. 

 15. Lewis AM Jr, Cook JL. 1985. A new role for DNA virus early proteins 
in viral carcinogenesis. Science 227:15–20. 

 16. Lewis MG, Spector AA. 1981. Differences in types of prostaglandins 
produced by 2 MDCK canine kidney cell sublines. Prostaglandins 
21:1025–1032. 

 17. Madin SH, Andriese PC, Darby NB. 1957. The in vitro cultiva-
tion of tissues of domestic and laboratory animals. Am J Vet Res 
18:932–941.

 18. Madin SH, Darby NB Jr. 1958. Established kidney cell lines of normal 
adult bovine and ovine origin. Proc Soc Exp Biol Med 98:574–576.

 19. Manohar M, Orrison B, Peden K, Lewis AM Jr. 2008. Assessing the 
tumorigenic phenotype of VERO cells in adult and newborn nude 
mice. Biologicals 36:65–72. 

 20. Medema JK, Meijer J, Kersten AJ, Horton R. 2006. Safety assessment 
of Madin–Darby canine kidney cells as vaccine substrate. Dev Biol 
(Basel) 123:243–250, discussion 265–266.

 21. Meier KE, Snavely MD, Brown SL, Brown JH, Insel PA. 1983. α1- 
and β2-adrenergic receptor expression in the Madin–Darby canine 
kidney epithelial cell line. J Cell Biol 97:405–415. 

 22. Miller RG. 1973. Nonparametric estimators of the mean tolerance 
in bioassay. Biometrika 60:535–542. 

 23. Oberleithner H, Westphale HJ, Gassner B. 1991. Alkaline stress 
transforms Madin–Darby canine kidney cells. Pflugers Arch 
419:418–420. 

 24. Pfaller W, Gstraunthaler G, Kersting U, Oberleithner H. 1989. Car-
bonic anhydrase activity in Madin–Darby canine kidney cells. Evidence 
for intercalated cell properties. Ren Physiol Biochem 12:328–337.

 25. Polyak K, Haviv I, Campbell IG. 2009. Coevolution of tumor cells 
and their microenvironment. Trends Genet 25:30–38. 

 26. Polyak K, Weinberg RA. 2009. Transitions between epithelial and 
mesenchymal states: acquisition of malignant and stem cell traits. 
Nat Rev Cancer 9:265–273. 

 27. Richardson JC, Scalera V, Simmons NL. 1981. Identification of 
2 strains of MDCK cells which resemble separate nephron tubule 
segments. Biochim Biophys Acta 673:26–36.

 28. Rindler MJ, Chuman LM, Shaffer L, Saier MH Jr. 1979. Retention 
of differentiated properties in an established dog kidney epithelial 
cell line (MDCK). J Cell Biol 81:635–648. 

 29. Routes JM, Ryan JC, Ryan S, Nakamura M. 2001. MHC class I 
molecules on adenovirus E1A-expressing tumor cells inhibit NK 
cell killing but not NK cell-mediated tumor rejection. Int Immunol 
13:1301–1307. 

resulting in populations of tumorigenic and nontumorigenic 
cells or cell populations with different tumorigenic phenotypes. 
The proportions of the different subpopulations present in the 3 
lots of MDCK cells may differ, yielding differences in their TPD50 
values. In addition, epigenetic events might induce epithelial–
mesenchymal transition and mesenchymal–epithelial transition. 
Both transitions have been reported to play a role in the induc-
tion of stem-cell properties,37 tumor development, and invasion 
and metastasis.9,25,26,36,37 Studies have been initiated to examine the 
possible role of subpopulation selection, the presence of tumor 
stem cells, and genetic and epigenetic processes in establishing 
the tumorigenic phenotypes expressed by the MDCK cells in vi-
als 1, 2, and 3.

Our studies establish the heterogeneity of the tumorigenic phe-
notypes of 3 lots of MDCK cells. This degree of variability in the 
tumorigenicity of different lots of the same cell type at similar 
passage levels and maintained under similar conditions during 
limited tissue-culture passage did not occur with virus-trans-
formed rodent cells or other neoplastic cell lines that have been 
studied.2,15,29 The application of the quantitative assays of tumori-
genicity we present herein provides both the methodology and 
the reference data on MDCK cell-lot comparisons that can be used 
for an analysis of the in vivo relevance of candidate mechanisms 
emerging from future studies.
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