


by Ad12 than were HEK cells (3), Fallaux et al. (4, 5) isolated several Ad5-transformed HER 
cell lines, and Schiedner et al. (6) have recently reported that primary human amniocytes can be 
efficiently transformed by Ad5 E1. 
 
We grew 293 cells because they were reported to contain significant amounts of endogenous $-
adrenergic receptor kinase 1 (7). We raised monoclonal antibodies (mAbs) to this kinase and 
tested hybridoma supernatants on 293 cells immunocytochemically. For a presumed negative 
control, we used a mAb against the major neurofilament (NF) subunit NF-M (8). Unexpectedly, 
this mAb gave a strong and clearly filamentous staining pattern on 293 cells, suggesting that the 
cells express an NF subunit. Because NF protein expression is characteristic of neuronal lineage 
cells, this finding was surprising for a kidney-derived cell line. Here, we describe a series of 
studies that show that 293 and several other Ad-transformed HEK lines are related to neuronal 
cells and conclude that this cell type is a preferred target for transformation by Ad.     
 
MATERIALS AND METHODS 
 
Immunocytochemistry 
 
Cells grown in six-well dishes were fixed in 3.7% formalin in phospate-buffered saline (PBS) for 
1 min, followed by ñ20%C methanol for 1 min. Cells were incubated in PBS plus 1% goat serum 
for 30 min to block nonspecific binding. mAbs to NF-L (DA2) and NF-M (3H11, 5B12, and 
IG12) were generated in the Shaw laboratory and have been fully characterized (8). 2E3, a mAb 
to ! -internexin, was recently generated in the Shaw laboratory (9). mAbs NN18, specific for NF-
M, and N52, specific for dephosphorylated NF-H, were obtained from Sigma (St. Louis, MO) . 
mAbs V9, GA5, DE-U10, M20, and CY-90 are specific for vimentin, glial fibrillary acidic 
protein (GFAP), desmin, keratin 8, and keratin 18, respectively, and were all obtained from 
Sigma. We also used Sigmaís pan-keratin mix of mAbs (catalog number C-2562), which 
recognizes all keratin subunits. Polyclonal antibodies to NF-M were raised in rabbits by 
immunization with the C-terminus of purified recombinant rat NF-M as described previously (8) 
and were affinity purified on an NF-M affinity column. Rabbit polyclonal antibodies specific for 
neurogranin, calcitonin gene-regulated peptide (CGRP), and serotonin were obtained from 
Chemicon (Temecula, CA), Peninsula Laboratories (Belmont, CA), and Diasorin (Saluggia, 
Italy), respectively. Second antibodies were extensively cross-adsorbed with goat anti-mouse and 
goat anti-rabbit ALEXA 482 and ALEXA 594 conjugates obtained from Molecular Probes 
(Eugene, OR) and were used at concentrations of 1:2000, equivalent to 1 &g/ml. Cells were 
mounted in Vectashield mounting medium, which includes DAPI fluorescent nuclear stain 
(Vector Labs, Burlingame, CA). Specimens were viewed on a Zeiss (Goettingen, Germany) 
Axiophot microscope, and images were captured with a Spot II digital camera (Diagnostic 
Instruments, Sterling Heights, MI) and processed in Adobe Photoshop. 
 
Biochemistry 
 
HEK 293 cells were grown to confluency in 10-cm dishes. Cultures were washed twice in PBS, 
and 500 &l of boiling Laemmli buffer was added to each dish. The viscous cell homogenate was 
scraped from the dish with a rubber policemanand passed several times through a 27-gauge 
hypodermic needle. Protein blotting was performed using standard techniques with peroxidase-



conjugated goat anti-mouse and goat anti-rabbit antibodies from Sigma. Antibody binding was 
visualized using chemiluminescent reagents from New England Nuclear/Perkin Elmer (Boston, 
MA). 
 
Microarray analysis 
 
We initially obtained Atlas Human Neurobiology arrays from Clontech (Palo Alto, CA), 
containing 588 human cDNAs of relevance to studies of the nervous system. We used the 
Clontech Atlas Pure Total RNA labeling system to purify and radiolabel the mRNA from 75% 
confluent cultures of 293 cells. The radiolabeled cDNAs were then incubated with the Clontech 
array and extensively washed, and bound radioactivity was visualized using a Bio-Rad 
(Hercules, CA) FX imaging system. The resulting digital data were processed with the Clontech 
Atlas Image version 1.0 software. In subsequent studies, we used the U95A Genechip arrays 
from Affymetrix (Santa Clara, CA), which probes for ~12,000 characterized human genes. Cells 
were grown to 75% confluence, washed in cold PBS, detached with citric saline (1g KCl, 0.44 
g/l sodium citrate), pelleted, and washed by recentrifugation in ice-cold PBS. The mRNA was 
extracted using the Qiagen (Basel, Switzerland) RNAeasy kit and used to generate cRNA, using 
the standard Affymetrix protocol. Data were collated and interpreted using Affymetrix software. 
 
RESULTS 
 
Immunocytochemistry  
 
Our initial observations were made with 293 cells, grown at the University of Florida, which had 
been passaged 36 times. The cells showed strong and obviously cytoplasmic and filamentous 
staining with 3H11, a mAb specific for the major NF subunit NF-M (Fig. 1A), and further study 
revealed similar strong and filamentous staining by several other mAbs that bind to distinct 
epitopes on NF-M (data not shown). In many cells, NF-M staining was localized to strongly 
stained filament-associated swellings close to the nucleus that may correspond to the perinuclear 
ovoid bodies noted in the original description of these cells (1). This staining pattern was distinct 
from that seen with antibodies to tubulin and actin, and it resembled a typical intermediate 
filament distribution (data not shown). Double immunolabeling with an antibody to NF-M, 
visualized in the red channel here and in subsequent experiments, and to NF-L, visualized in the 
green channel, produced a combined orange signal, indicating an exact overlap for these two 
proteins (Fig. 1B). 
 
In a similar experiment, we noted less striking but still convincing staining for ! -internexin 
(a.k.a. NF66), a third NF subunit, which also overlapped with NF-M (Fig. 1C). The ! -internexin 
signal was more concentrated in regions of dense NF-M immunoreactivity, most likely 
indicating a relatively low level of expression of this protein. The staining pattern for NF-H, a 
fourth NF subunit, was unusual, with a few cells (~1% in typical cultures, shown in green in Fig. 
1D) showing very strong staining against a background of NF-H-negative but NF-M-positive 
cells. No staining was detected with antibodies specific for desmin, GFAP, or nestin (data not 
shown). Staining of 293 cells with vimentin mAb was very clear (green in Fig. 1E) and 
sometimes relatively stronger than that with the NF-M antibody (red), although some individual 
cells were relatively much richer in NF-M. Similarly, a pan-keratin antibody mix, mAb-specific 



for keratin 8 and mAb-specific for keratin 18, stained 293 cells but in a somewhat heterogeneous 
fashion. Figure 1F shows an example of this and documents that although many cells express 
high levels of both proteins (Fig. 1F, orange cells), some show relatively much more NF-M (Fig. 
1 F, red cells) or keratin 18 (Fig. 1F, green cells). We tested several 293 lines from other 
University of Florida laboratories and obtained similar immunocytochemical results. Passage 28 
and 29 cells from the Graham laboratory also showed the same NF phenotype, suggesting that 
NF expression is a defining feature of 293 cells independent of the immediate source or local 
culture conditions. 
 
Immunoblotting 
 
Extracts of 293 cells were prepared for immunoblotting (Fig. 2, lane 3) and compared with 
preparations of rat spinal cord (Fig. 2, lane 1) and human brain homogenate (Fig. 2, lane 2), both 
rich sources of NF subunits. NF-M and NF-L bands were strongly stained in all three 
preparations, confirming the presence of these proteins in 293 cells. The 293 homogenate 
showed a detectable, but rather weak, ! -internexin band, in line with the weak signal detected 
immunocytochemically. Because NF-L, NF-M and ! -internexin all exhibit small differences in 
SDS-PAGE mobility across species boundaries (10), the rat and human proteins do not exactly 
comigrate in the gel (see Fig. 2). Immunoblots of 293 extracts showed strong staining for 
vimentin and keratins 8 and 18, indicating that 293 cells express the two so-called primitive 
keratins characteristic of early differentiating cells. Immunoblots of 293 homogenates with NF-H 
antibodies resulted in extremely weak signals (data not shown). 
 
Additional kidney-derived cells 
 
We extended the immunocytochemical survey to a collection of other Ad-transformed cell lines 
of human and rodent origin and to SV40-transformed HEK cell lines (Table 1). The three 
additional HEK lines were generated by transfection of primary HEK cells with cloned Ad5 
DNA (218HEKC10 and 218HEKC20) or Ad12 DNA (HEKMH12). It is of interest that all three 
of these HEK lines expressed clearly filamentous staining with antibodies to NF-M, NF-L, 
keratin 8, keratin 18, and vimentin as did 293 cells. As an example (Fig. 3A), HEKMH12 cells 
double-labeled for NF-M and vimentin showed considerable coexpression but also some 
heterogeneity of expression, exactly as in 293 cells. Similar findings were made with NF-M and 
keratin double-label, again as in 293 cells (Fig. 3B). We also screened HER224, a cell line 
derived by Ad5 transformation of HER cells. Two different passages were tested, and both were 
found to have essentially the same intermediate filament phenotype as 293 cells, expressing NF-
M, NF-L, vimentin, and keratins 8 and 18, with lesser or questionable expression of ! -
internexin. Figure 3C shows coexpression of NF-M (red) and vimentin (green) in HER224 cells. 
Thus, the intermediate filament cytoskeleton of all Ad-transformed human kidney- and retina-
derived lines analyzed is similar.  
 
We next examined the intermediate filament staining patterns of HA1, HA2, and HA5 cells, all 
derived from primary HEK cells by transformation with the SV40 early region (11). None of 
these cell lines showed expression of any neuronal intermediate filament markers but instead 
expressed keratin polypeptides and/or vimentin, a result expected for a typical kidney-derived 
cell line (micrographs not shown, data summarized in Table 1). 



 
Ad5-transformed cell lines are much easier to generate from rat kidney (RK) and mouse kidney 
(MK) than from HEK cultures, raising the possibility that different kidney cell subpopulations 
may be differentially susceptible to Ad in a species-specific fashion. Our studies of six RK and 
MK lines revealed two distinct phenotypes.  RK637-C3, RK822-C2, MK691-C2, and MK691-C3 
cells, all transformed by Ad5, revealed a typical epithelial phenotype characterized by vimentin 
and/or keratin expression with no NF subunits detected. In contrast, RK702-C2 and RK925-C2 
cells, both generated by transformation with Ad12, showed strong expression of NF-M, NF-L, 
NF-H, vimentin, and ! -internexin, a typical neuronal expression pattern. Figure 3D shows 
RK925-C2 cells stained for NF-M (red) and vimentin (green). In these cultures, we frequently 
noted individual vimentin-positive/NF-M-negative cells (Fig. 3D, green) and clumps of cells, 
most of which coexpressed vimentin and NF-M (Fig. 3D, orange), suggesting that NF-M 
expression may be triggered by cell-to-cell contact. NF-M (Fig. 3E, red) was strongly 
coexpressed with ! -internexin (Fig. 3E, green) in a few cells in these clumps (Fig. 3E, orange), 
suggesting that cell-to-cell contact may induce expression of the ! -internexin gene also. Like 
transformed HEK cells, RK702-C2 and RK925-C2 cells could not be stained with GFAP or 
nestin antibodies. However, unlike the human cells, neither of these rodent lines could be stained 
with pan-keratin antibodies or with antibodies to keratins 8 and 18, revealing a distinctly 
different, although still neuron-related, intermediate filament phenotype. 
 
We also tested primary untransformed HEK cells, the cell type from which 293 cells were 
derived. Most of these cells had a clearly epithelial morphology comprising rather large and flat 
cells with a circumferential ruffled margin. These cells stained strongly with antibodies to 
vimentin (Fig. 3F) and keratins 8 and 18 but showed no staining with any of the NF antibodies 
used here. 
 
Microarray analysis 
 
In agreement with the immunocytochemical results presented previously, we detected significant 
amounts of mRNA for NF-M, NF-L, ! -internexin, vimentin, keratin 8, and keratin 18 and no 
mRNA for GFAP and desmin. A very weak signal was found for NF-H, consistent with low 
protein expression in a few cells, as previously noted. A summary of the most relevant findings 
is deposited at www.mbi.ufl.edu/~shaw/293.html. We were interested to see whether 293 cells 
expressed other mRNAs suggestive of a neuronal phenotype. The Affymetrix array (results for a 
few selected proteins are presented in Table 2) detected mRNA for neuron-specific enolase 
(ENO2, X51956) but not nonneuronal enolase (ENO1, X66610) or muscle-specific enolase 
(ENO3, X56832). Similarly, this array failed to detect hexokinase III (U51333) or hexokinase II 
(Z46376) mRNA, whereas the Clontech array detected mRNA for hexokinase I (P19367), the 
brain-specific isoform of this enzyme, a finding also recently made by another laboratory (12).  
 
Although neurons differ from other cells in that they are electrically excitable, 293 cells are 
thought to reveal little spontaneous electrical activity (discussed in ref 13). However, we 
detected mRNA encoding the subunits of several ion channel proteins (Table 2), some of which 
are heavily expressed in brain but not in kidney (14). Previous electrophysiological studies 
showed that 293 cells express several endogenous voltage-activated ion currents (13), a 
surprising finding for true epithelial cells, but less surprising in light of our present findings. 



Several mRNAs encoding neuronal-specific synaptic-vesicle-associated proteins were also 
detected, although mRNAs encoding some prominent synaptic components of mature neurons, 
such as the synapsin proteins, were not . We also noted, with both the Clontech and Affymetrix 
arrays, strong expression of mRNA for neurogranin (X99076), a protein kinase C substrate 
expressed heavily in brain neurons but not detectable in mature kidney (15). 
 
The Affymetrix array also detected expression of numerous cell-surface receptor molecules, as 
shown in the supplementary data on the Web site. The most abundant receptor tyrosine kinase 
was the discoidin domain receptor 1 (U48705), known to be up-regulated in Ad-transfected cells. 
The data on other receptor tyrosine kinases suggest that 293 cells should respond to fibroblast 
growth factor, epidermal growth factor, insulin, insulin-like growth factor, certain ephrins, and 
possibly a member of the glial cell line derived growth factor (GDNF) family, because we 
detected mRNA encoding the protooncogene ret (X12949). This is the tyrosine kinase 
component of the receptor complex for the GDNF family of neurotrophic factors, normally 
expressed in certain neurons of the brain, spinal cord, and neural crest cells. However, because 
the arrays used did not exhaustively probe for all members of the GDNF family coreceptors, we 
do not know which of these growth factors are likely to elicit responses from 293 cells. We did 
not detect mRNA encoding any of the Trk family of neurotrophin receptor tyrosine kinases, 
although we did detect mRNA encoding the low affinity nerve growth factor receptor p75 
(M14764), which, however, lacks kinase activity. The G protein-coupled receptor producing the 
strongest mRNA signal was the metabotropic glutamate 4 receptor, reported to be G! i linked 
and expressed only in brain (16). We also noted expression of mRNA encoding the metabotropic 
glutamate 1 receptor, and another group reported expression of mRNA encoding metabotropic 
glutamate 3 receptor (12), suggesting that 293 cells should respond strongly to glutamate. 
Furthermore, we detected mRNA encoding several G protein-coupled receptors and several 
ligand gated ion channels, which have been detected in a human medulloblastoma cell line (17) 
or are normally expressed only in neurons (18). Inspection of the data revealed the expression of 
many other mRNAs normally expressed predominantly or exclusively in neurons, including 
some mRNAs associated with synaptic vesicles and electrically excitable membranes (see 
http://www.mbi.ufl.edu/~shaw/293.html). 
 
Because we do not have evidence for expression of most of these mRNAs by using non-array-
based techniques and do not know whether each mRNA detected makes a functional protein, we 
tried to confirm some of our findings at the protein level. Both the Clontech and Affymetrix 
arrays provided evidence that 293 cells expressed abundant neurogranin mRNA, and staining 
with neurogranin antibody revealed clear punctate cytoplasmic staining (Fig. 3G, red).  The 
Affymetrix array detected significant amounts of mRNA (X02404) for CGRP-related peptide, a 
neuropeptide almost identical to CGRP in amino acid sequence. As shown in Figure 3H (green 
channel), an antibody to CGRP known to cross-react with CGRP-related peptide revealed strong 
punctate cytoplasmic staining in 293 cells. Furthermore, the most abundant mRNA detected with 
the Clontech array encoded the 5HTT gene (X70697), a sodium-dependent membrane-spanning 
transporter for serotonin (19). The presence of this molecule suggests that 293 cells should 
contain serotonin, and antibody to this neurotransmitter revealed very strong and clearly 
vesicular cytoplasmic staining (Fig. 3I, green channel). 

 
DISCUSSION  



 
The results presented here show that 293 cells express significant amounts of protein and mRNA 
for NF-M, NF-L, and ! -internexin, three of the four major NF  proteins. The most sensitive 
technique used in our study is undoubtedly immunocytochemistry, and this also provided 
evidence for the expression of small amounts of NF-H, the fourth NF subunit. The expression 
patterns of each NF protein have been studied in great detail, and, with very few apparently 
aberrant exceptions, each is found only in neurons. The presence of all of these proteins in 293 
cells therefore strongly argues that these and the other Ad-transformed HEK and HER lines 
studied belong to the neuronal lineage. Early in the development of the mammalian central 
nervous system, neuroepithelial cells express vimentin and nestin intermediate filament proteins 
(20, 21), but as development progresses, neuronal lineage cells lose nestin and then vimentin and 
typically turn on expression of ! -internexin, NF-M, and NF-L, with NF-H being turned on last 
(22, 23). The pattern seen in all four Ad-transformed HEK lines is therefore similar to that of a 
typical early differentiating neuron or neuronal stem cell. 
 
We also observed expression of keratins 8 and 18 mRNA and protein in all four HEK cell lines 
and the HER line transformed by Ad5. Although the presence of these proteins is characteristic 
of early differentiating epithelial cells and is unusual for neurons of human or rodent central 
nervous systems, these proteins are found in transformed lines of undoubted neuronal origin. For 
example, both the rat PC12 line, derived from the adrenal gland, and NTera-2 cells, derived from 
human embryonal carcinoma cells, express keratins 8 and 18, all three NF triplet protein 
subunits, ! -internexin, and vimentin (24ñ26). Several types of human tumors, which contain 
NFs and keratins, have also been described. For instance, Merkel cell carcinomas express both 
NF and cytokeratins, and this coexpression can be used to differentiate this type of carcinoma 
from other types of lung metastasis (see, e.g., ref 27). In each case, the presence of NF proteins 
has been taken as strong evidence that the tumor in question originated from a cell type 
belonging to the neuronal lineage, and, when analyzed further, these various cell types have 
invariably proven to have many additional neuronal attributes. 
 
Several recent studies have examined the gene expression profile of hematopoietic and neuronal 
stem cells (28ñ30), and intriguing similarities are seen between these profiles and those detected 
here in 293 cells. Terskikh et al. (29) described 22 genes heavily up-regulated in both 
hematopoietic and neuronal stem cells, among which are nucleolin (M60858), ERCC1 
(M13194), HMGI-C (X92518), p59Fyn (Z97989), and Cyclin D1 (M64349), which we found to 
be strongly expressed in 293 cells. Similarly, we detected abundant expression of mRNA 
encoding insulin-like growth factor binding protein 2, stearoyl CoA desaturase, and inosine 5'-
phosphate dehydrogenase 2 in 293 cells. Terskikh et al. detected the closely related genes 
insulin-like growth factor binding protein 3, stearoyl CoA desaturase 2, and inosine 5'-phosphate 
dehydrogenase as major transcripts in stem cells. Clearly, a set of identical or similar enzymes 
are strongly expressed in both 293 and these various stem cells, consistent with the view that 293 
cells resemble developing neurons and neuronal stem cells. 
 
In previous studies, others have noted what, with hindsight, are neuronal phenotypes associated 
with 293 cells. For example, Dautzenberg et al. (31) recently reported that the endogenous 
corticotrophin releasing factor type I receptors are functional in 293 cells, potently increasing 
intracellular cAMP levels. Such receptors are expressed at high levels in the brain and pituitary 



gland, but only at very low levels in other tissues. HEK 293 cells have also been shown to 
express endogenous $2-adrenergic receptors (32), sphingosine-1-phosphate receptors (33), P2Y1 
and P2Y2 receptors (34), somatostatin receptor subtype SSTR2 (33), muscarinic acetylcholine 
receptors (35), and thyrotropin releasing hormone receptor (36). All of these findings were 
confirmed by microarray analysis and are consistent with a neuronal phenotype. Furthermore, as 
noted previously and, again, consistent with a neuronal phenotype, previous electrophysiological 
studies have shown that 293 cells express several endogenous voltage-activated ion currents 
(13). 
 
Because 293 cells have become so widely used, the data presented here have significance for the 
general biomedical scientific community. One of the conclusions of this work is that 293 cells 
are not typical kidney cells and so cannot be used as kidney controls or to study any normal 
kidney-related function. Similarly, 293 cells are frequently used as a nonneuronal control line in 
transfection studies, which is also inappropriate given their many attributes of developing 
neurons and neuronal progenitor cells. Presumably, the results of many previous studies may 
need reinterpretation in the light of the present work. Our database of 293 mRNA expression 
should be useful for researchers interested in understanding the endogenous signal transduction 
and transcriptional machinery in these cells, information that will also help in the design and 
interpretation of transfection experiments. Furthermore, future experiments can now make use of 
the neuronal progenitor properties of HEK cells revealed here, coupled with information about 
their receptor pattern, to develop new models of neuronal differentiation and to assess the 
possible use of HEK cells in transplantation and other studies. 
 
One hypothesis to account for the repeated generation of cells with neuronal attributes from Ad-
transformed HEK cultures is that such transformation results in the expression of NF genes not 
normally expressed in human kidney cells, possibly as a result of the specific induction of 
expression of a potent neurogenic transcription factor by the viral oncogenes. However, this 
putative transcription factor would have to also up-regulate many other neuronal genes, a 
possibility that seems unlikely. Alternatively, 293 cells may be simply transcriptionally unstable, 
expressing a mix of different mRNA and proteins. Yet these cells do not express the filament 
proteins typical of nonneuronal lineage cells such as GFAP, desmin, or the higher molecular 
weight keratins but instead express a filament pattern very similar to that of PC12 and Ntera2 
cells. Furthermore, the pattern of intermediate filament expression seen here has been seen in 
every 293 isolate we have tested, including very early passage cells from the Graham laboratory; 
hence, it must be a defining feature of this cell line. Therefore, our preferred hypothesis is that 
Ad5 and Ad12 preferentially transform rare neuronal lineage cells present in human and rodent 
kidney cultures. Although the presence of this cell lineage may seem at first sight implausible, 
neurons transiently expressing a catecholaminergic phenotype have been detected in developing 
rat kidney (37). In addition, classical studies of quail chick chimeras detected migrating neural 
crest cells in the kidney (38), and evidence exists that these cells may correspond to a subclass of 
stromal cells present in embryonic rat kidney and are reported to express NFs and have other 
neuronal attributes (39). Apparently, the stromal cells normally go through apoptosis in later 
development; therefore, they are rare or absent in the mature kidney. Another possible source of 
neurons in the kidney is the neuronal plexuses and nerve cells, which have been detected in the 
upper urinary tract of adult pigs (40) and presumably have human and rodent counterparts. 



Because some renal tumors express NFs (41, 42) and have other neuronal attributes (43), it 
seems that neuronal lineage cells in the kidney can also form tumors in vivo.  
 
Given the rarity of neuronal lineage cells in kidney, one would expect the generation of cell lines 
from kidney cells in culture to be difficult. Consistent with this, the original transformation of 
HEK cells by sheared Ad5 DNA was extraordinarily inefficient: From eight separate 
experiments with an average of 20 cultures per transfection, only two transformed colonies were 
observed, one of which was the origin of the 293 line (1). Also consistent with this hypothesis, 
Gallimore and colleagues noted that HER cell cultures, which obviously contain relatively far 
more neuronal lineage cells, were at least 100-fold more susceptible to transformation with Ad12 
DNA than were HEK cells (3). As shown here, the HER cell line we studied also has a neuronal 
phenotype. In contrast, HEK cells are readily transformed by SV40, but the resulting lines do not 
have an NF-rich phenotype; rather, they resemble primary HEK cells, suggesting that SV40 
targets a more typical cell in these cultures. 
 
Transformation of rodent kidney cells by Ad5 DNA is estimated to be two orders of magnitude 
more efficient than that of human kidney cells (F. L. Graham, unpublished observations). It is of 
interest that all four Ad5-transformed rat and mouse kidney cell lines analyzed in this study have 
a nonneuronal phenotype, suggesting that nonneuronal cells of the rodent kidney may be 
transformed much more readily than those of the human. Two Ad12-transformed rat kidney cell 
lines, however, had a distinctly neuronal cytoskeletal phenotype, suggesting that a neuronal 
lineage cell in rodent kidney is also a susceptible target for transformation, although apparently 
preferentially by Ad12. Transformation of rat kidney cells by Ad12 DNA was <10% as efficient 
compared with transformation by Ad5 DNA, consistent with the view that the target cell for 
Ad12 transformation may be a small part of the total cell population (F. L. Graham, unpublished 
observations). We also noted that these two cell lines did not express any keratin subunits, 
possibly indicating a slightly different cell type origin than the HEK cells. Many years ago, 
Gallimore and Paraskeva  (44) also observed that Ad12-transformed rat cell lines had properties 
of neuronal cells, whereas Ad5-transformed lines did not. Unlike Ad5, Ad12 is capable of 
inducing tumors in rodents, and these tumors frequently have neuronal properties resembling 
neuroblastomas, medulloepitheliomas, retinoblastomas, neuroepitheliomas, and glioblastomas 
(45ñ51). In addition, Kremer and co-workers recently showed that a canine Ad preferentially 
transduces neurons (52). 
 
After the discovery that human Ads could induce tumors in newborn rodents (53), the possibility 
that these viruses may induce human cancers stimulated a search for human Ad sequences in 
human tumors. The most extensive and careful of these studies, by Green and colleagues (54ñ58) 
and Mak et al. (59), were uniformly negative. Although detection of Ad-related RNA sequences 
in human neurogenic tumors by in situ hybridization has been reported (60), this finding has not 
been confirmed using more sensitive and reliable technologies. Ads are relatively lytic, normally 
killing cells in which they replicate, thus rendering them unlikely to form tumors in their natural 
host and explaining why transformation of human cells by human Ads requires sheared or cloned 
viral DNA rather than intact DNA or virus. No naturally occurring malignancy in any animal has 
been definitively shown to be caused by an Ad, despite the fact that these viruses are numerous 
and ubiquitous. When Ads do cause tumors in experimental animals, it is a cross-species event. 
For example, human Ads are tumorigenic in rodents (see review in ref 61) and in baboons (62), 



whereas simian (51), bovine (50), and canine (52) Ads are oncogenic in rodents. Thus, if any 
Ads were responsible for tumors in humans, it would likely be a nonhuman virus, incapable of 
replicating in human cells. As suggested several years ago (61), viruses of canine or feline origin 
might be interesting candidates in any new attempts to detect Ad sequences in human tumors. 
The present work suggests that the tumors most likely to have been generated in this way would 
be those with a series of neuronal properties. 
 
ACKNOWLEDGMENTS 
 
Supported in part by grants from the National Institutes of Health, the American Heart 
Association (Florida and Puerto Rico affiliate), the Canadian Institutes of Health Research, and 
the National Cancer Institute of Canada. We thank Uma Sankar and John Rudy for technical 
assistance and Silvia Bacchetti for the primary HEK cells and for helpful comments on the 
manuscript.  
 
REFERENCES 
 
1. Graham, F. L., Smiley, J., Russell, W. C., and Nairn, R. (1977) Characteristics of a 

human cell line transformed by DNA from human adenovirus type 5. J Gen Virol 36, 59ñ
74 

 
2. Louis, N., Evelegh, C., and Graham, F. L. (1997) Cloning and sequencing of the cellular-

viral junctions from the human adenovirus type 5 transformed 293 cell line. Virology 
233, 423ñ429 

 
3. Byrd, P., Brown, K. W., and Gallimore, P. H. (1982) Malignant transformation of human 

embryo retinoblasts by cloned adenovirus 12 DNA. Nature 298, 69ñ71 
 
4. Fallaux, F. J., Kranenburg, O., Cramer, S. J., Houweling, A., Van Ormondt, H., Hoeben, 

R. C., and Van Der Eb, A. J. (1996) Characterization of 911: a new helper cell line for 
the titration and propagation of early region 1-deleted adenoviral vectors. Hum Gene 
Ther 7, 215ñ222 

5. Fallaux, F. J., Bout, A., van der Velde, I., van den Wollenberg, D. J., Hehir, K. M., 
Keegan, J., Auger, C., Cramer, S. J., van Ormondt, H., van der Eb, A. J., Valerio, D., and 
Hoeben, R. C. (1998) New helper cells and matched early region 1-deleted adenovirus 
vectors prevent generation of replication-competent adenoviruses. Hum Gene Ther 9, 
1909ñ1917 

 
6. Schiedner, G., Hertel, S., and Kochanek, S. (2000) Efficient transformation of primary 

human amniocytes by E1 functions of Ad5: generation of new cell lines for adenoviral 
vector production. Hum Gene Ther 11, 2105ñ2116 

 
7. Pitcher, J. A., Hall, R. A., Daaka, Y., Zhang, J., Ferguson, S. S., Hester, S., Miller, S., 

Caron, M. G., Lefkowitz, R. J., and Barak, L. S. (1998) The G protein-coupled receptor 
kinase 2 is a microtubule-associated protein kinase that phosphorylates tubulin. J Biol 
Chem 273, 12316ñ12324 



 
8. Harris, J., Ayyub, C., and Shaw, G. (1991) A molecular dissection of the carboxyterminal 

tails of the major neurofilament subunits NF-M and NF-H. J Neurosci Res 30, 47ñ62 
 
9. Evans, J. G., Sumners, C., Moore, J., Huentelman, M. J., Deng, J., Gelband, C. H., and 

Shaw, G. (2002) Characterization of mitotic neurons derived from adult rat hypothalamus 
and brain stem. J. Neurophysiol. 87, 1076ñ1085 

 
10. Shaw, G. (1998) Neurofilaments, Springer, New York 
 
11. Stewart, N., and Bacchetti, S. (1991) Expression of SV40 large T antigen, but not small t 

antigen, is required for the induction of chromosomal aberrations in transformed human 
cells. Virology 180, 49ñ57 

 
12. Yarwood, S. J., and Woodgett, J. R. (2001) Extracellular matrix composition determines 

the transcriptional response to epidermal growth factor receptor activation. Proc Natl 
Acad Sci USA 98, 4472ñ4477 

 
13. Zhu, G., Zhang, Y., Xu, H., and Jiang, C. (1998) Identification of endogenous outward 

currents in the human embryonic kidney (HEK 293) cell line. J Neurosci Methods 81, 
73ñ83 

 
14. Perier, F., Radeke, C. M., and Vandenberg, C. A. (1994) Primary structure and 

characterization of a small-conductance inwardly rectifying potassium channel from 
human hippocampus. Proc Natl Acad Sci U S A 91, 6240ñ6244 

 
15. Represa, A., Deloulme, J. C., Sensenbrenner, M., Ben-Ari, Y., and Baudier, J. (1990) 

Neurogranin: immunocytochemical localization of a brain-specific protein kinase C 
substrate. J Neurosci 10, 3782ñ3792 

16. Makoff, A., Lelchuk, R., Oxer, M., Harrington, K., and Emson, P. (1996) Molecular 
characterization and localization of human metabotropic glutamate receptor type 4. Brain 
Res Mol Brain Res 37, 239ñ248 

 
17. Luther, M. A., Schoepfer, R., Whiting, P., Casey, B., Blatt, Y., Montal, M. S., Montal, 

M., and Linstrom, J. (1989) A muscle acetylcholine receptor is expressed in the human 
cerebellar medulloblastoma cell line TE671. J Neurosci 9, 1082ñ1096 

 
18. Elliott, K. J., Ellis, S. B., Berckhan, K. J., Urrutia, A., Chavez-Noriega, L. E., Johnson, E. 

C., Velicelebi, G., and Harpold, M. M. (1996) Comparative structure of human neuronal 
alpha 2-alpha 7 and beta 2-beta 4 nicotinic acetylcholine receptor subunits and functional 
expression of the alpha 2, alpha 3, alpha 4, alpha 7, beta 2, and beta 4 subunits. J Mol 
Neurosci 7, 217ñ228 

 
19. Hoffman, B. J., Mezey, E., and Brownstein, M. J. (1991) Cloning of a serotonin 

transporter affected by antidepressants. Science 254, 579ñ580 
 



20. Raju, T., Bignami, A., and Dahl, D. (1981) In vivo and in vitro differentiation of neurons 
and astrocytes in the rat embryo. Immunofluorescence study with neurofilament and glial 
filament antisera. Dev Biol 85, 344ñ357 

 
21. Lendahl, U., Zimmerman, L. B., and McKay, R. D. G. (1990) CNS stem cells express a 

new class of intermediate filament protein. Cell 60, 585ñ595 
 
22. Kaplan, M. P., Chin, S. S., Fliegner, K. H., and Liem, R. K. (1990) Alpha-internexin, a 

novel neuronal intermediate filament protein, precedes the low molecular weight 
neurofilament protein (NF-L) in the developing rat brain. J Neurosci 10, 2735ñ2748 

 
23. Shaw, G., and Weber, K. (1982) Differential expression of neurofilament triplet proteins 

in brain development. Nature 298, 277ñ279 
 
24. Damjanov, I., Clark, R. K., and Andrews, P. W. (1984) Cytoskeleton of human 

embryonal carcinoma cells. Cell Differ 15, 133ñ139 
 
25. Lee, V. M., and Andrews, P. W. (1986) Differentiation of NTERA-2 clonal human 

embryonal carcinoma cells into neurons involves the induction of all three neurofilament 
proteins. J Neurosci 6, 514ñ521 

 
26. Pleasure, S. J., and Lee, V. M. (1993) NTera 2 cells a human cell line which displays 

characteristics expected of a human committed neuronal progenitor cell. J Neurosci Res 
35, 585ñ602 

 
27. Schmidt, U., Muller, U., Metz, K. A., and Leder, L. D. (1998) Cytokeratin and 

neurofilament protein staining in Merkel cell carcinoma of the small cell type and small 
cell carcinoma of the lung. Am J Dermatopathol 20, 346ñ351 

28. Phillips, R. L., Ernst, R. E., Brunk, B., Ivanova, N., Mahan, M. A., Deanehan, J. K., 
Moore, K. A., Overton, G. C., and Lemischka, I. R. (2000) The genetic program of 
hematopoietic stem cells. Science 288, 1635ñ1640 

 
29. Terskikh, A. V., Easterday, M. C., Li, L., Hood, L., Kornblum, H. I., Geschwind, D. H., 

and Weissman, I. L. (2001) From the Cover: From hematopoiesis to neuropoiesis: 
Evidence of overlapping genetic programs. Proc Natl Acad Sci USA 98, 7934ñ7939 

 
30. Geschwind, D. H., Ou, J., Easterday, M. C., Dougherty, J. D., Jackson, R. L., Chen, Z., 

Antoine, H., Terskikh, A., Weissman, I. L., Nelson, S. F., and Kornblum, H. I. (2001) A 
genetic analysis of neural progenitor differentiation. Neuron 29, 325ñ339 

 
31. Dautzenberg, F. M., Higelin, J., and Teichert, U. (2000) Functional characterization of 

corticotropin-releasing factor type 1 receptor endogenously expressed in human 
embryonic kidney 293 cells [In Process Citation]. Eur J Pharmacol 390, 51ñ59 

 
32. Daaka, Y., Luttrell, L. M., and Lefkowitz, R. J. (1997) Switching of the coupling of the 

beta2-adrenergic receptor to different G proteins by protein kinase A. Nature 390, 88ñ91 



 
33. van Koppen, C., Meyer zu Heringdorf, M., Laser, K. T., Zhang, C., Jakobs, K. H., 

Bunemann, M., and Pott, L. (1996) Activation of a high affinity Gi protein-coupled 
plasma membrane receptor by sphingosine-1-phosphate. J Biol Chem 271, 2082ñ2087 

 
34. Schachter, J. B., Sromek, S. M., Nicholas, R. A., and Harden, T. K. (1997) HEK293 

human embryonic kidney cells endogenously express the P2Y1 and P2Y2 receptors. 
Neuropharmacology 36, 1181ñ1187 

 
35. Lin, K., Sadee, W., and Quillan, J. M. (1999) Rapid measurements of intracellular 

calcium using a fluorescence plate reader. Biotechniques 26, 318ñ322, 324ñ316 
 
36. Anderson, L., Alexander, C. L., Faccenda, E., and Eidne, K. A. (1995) Rapid 

desensitization of the thyrotropin-releasing hormone receptor expressed in single human 
embryonal kidney 293 cells. Biochem J 311, 385ñ392 

 
37. Liu, L., Liu, G. L., and Barajas, L. (1998) Evidence for NOS-containing renal neuronal 

somata transiently expressing a catecholaminergic phenotype during development in the 
rat. Neurosci Lett 251, 161ñ164 

 
38. Le Douarin, N. M., and Teillet, M. A. (1974) Experimental analysis of the migration and 

differentiation of neuroblasts of the autonomic nervous system and of neurectodermal 
mesenchymal derivatives, using a biological cell marking technique. Dev Biol 41, 162ñ
184 

 
39. Sainio, K., Nonclercq, D., Saarma, M., Palgi, J., Saxen, L., and Sariola, H. (1994) 

Neuronal characteristics in embryonic renal stroma. Int J Dev Biol 38, 77ñ84 
40. Rolle, U., Brylla, E., and Tillig, B. (1999) Immunohistochemical detection of neuronal 

plexuses and nerve cells within the upper urinary tract of pigs. BJU Int 83, 1045ñ1049 
 
41. Fischer, H. P., Thomsen, H., Altmannsberger, M., and Bertram, U. (1989) Malignant 

rhabdoid tumour of the kidney expressing neurofilament proteins. Immunohistochemical 
findings and histogenetic aspects. Pathol Res Pract 184, 541ñ547 

 
42. Sugimoto, T., Hosoi, H., Horii, Y., Ishida, H., Mine, H., Takahashi, K., Abe, T., Ohta, S., 

and Sawada, T. (1999) Malignant rhabdoid-tumor cell line showing neural and smooth-
muscle-cell phenotypes. Int J Cancer 82, 678ñ686. 

 
43. Tsokos, M., Kouraklis, G., Chandra, R. S., Bhagavan, B. S., and Triche, T. J. (1989) 

Malignant rhabdoid tumor of the kidney and soft tissues. Evidence for a diverse 
morphological and immunocytochemical phenotype. Arch Pathol Lab Med 113, 115ñ120 

 
44. Gallimore, P. H., and Paraskeva, C. (1980) A study to determine the reasons for 

differences in the tumorigenicity of rat cell lines transformed by adenovirus 2 and 
adenovirus 12. Cold Spring Harb Symp Quant Biol 44, 703ñ713 

 



45. Mukai, N., and Kobayashi, S. (1973) Human adenovirus-induced 
medulloepitheliomatous neoplasms in Sprague-Dawley rats. Am J Pathol 73, 671ñ690 

 
46. Mukai, N., and Bowers, W. C. (1975) [Viruses and brain tumors (author's transl)]. No 

Shinkei Geka 3, 91ñ112 
 
47. Nakajima, T., and Mukai, N. (1979) Cell origin of human adenovirus type 12-induced 

subcutaneous tumor in Syrian hamsters. Acta Neuropathol (Berl) 45, 187ñ194 
 
48. Ishikawa, S., Ohshima, Y., Suzuki, T., and Oboshi, S. (1979) Primitive neuroectodermal 

tumor (neuroepithelioma) of spinal nerve root--Report of an adult case and establishment 
of a cell line. Acta Pathol Jpn 29, 289ñ301 

 
49. Mizobuchi, K., Motoi, M., and Ogawa, K. (1984) Undifferentiated neuroectodermal 

tumors induced by human adenovirus type 31 in Syrian hamsters. Acta Pathol Jpn 34, 
1313ñ1326 

 
50. Motoi, M., and Ogawa, K. (1985) Choroid plexus papilloma and giant cell glioblastoma 

induced in hamsters with bovine adenovirus type 3. Acta Neuropathol 66, 218ñ222 
 
51. Ohtaki, S., and Kato, K. (1989) Simian adenovirus type 7 (SA-7) induces tumours of 

nerve-supporting or paraneural cell origin in newborn hamsters. Br J Exp Pathol 70, 
415ñ424 

 
52. Soudais, C., Laplace-Builhe, C., Kissa, K., and Kremer, E. J. (2001) Preferential 

transduction of neurons by canine adenovirus vectors and their efficient retrograde 
transport in vivo. FASEB J 15, 2283-2285. 

 
53. Trentin, J. J., Yabe, Y., and Taylor, G. (1962) The quest for human cancer viruses. 

Science 137, 835ñ841 
 
54. Mackey, J. K., Rigden, P. M., and Green, M. (1976) Do highly oncogenic group A 

human adenoviruses cause human cancer? Analysis of human tumors for adenovirus 12 
transforming DNA sequences. Proc Natl Acad Sci USA 73, 4657ñ4661 

 
55. Mackey, J. K., Green, M., Wold, W. S., and Rigden, P. (1979) Analysis of human cancer 

DNA for DNA sequences of human adenovirus type 4. J Natl Cancer Inst 62, 23ñ26 
 
56. Wold, W. S., Mackey, J. K., Rigden, P., and Green, M. (1979) Analysis of human cancer 

DNA's for DNA sequence of human adenovirus serotypes 3, 7, 11, 14, 16, and 21 in 
group B1. Cancer Res 39, 3479ñ3484 

 
57. Green, M., Wold, W. S., Mackey, J. K., and Rigden, P. (1979) Analysis of human tonsil 

and cancer DNAs and RNAs for DNA sequences of group C (serotypes 1, 2, 5, and 6) 
human adenoviruses. Proc Natl Acad Sci USA 76, 6606ñ6610 

 



58. Green, M., Wold, W. S. M., Brackman, K. H., Cartas, M. A., Sanders, P. R., Olson, L., 
Lee, T. K., Young, L., Matsuo, T., and Kapoor, Q. (1980) Human adenovirus tranforming 
genes: Group relationship, integration, expression in transformed cells, and analysis of 
human cancers and tonsils. In Viruses in Naturally Occurring Cancers: Cold Spring 
Harbor Conferences on Cell Proliferation (Essex, M., Todaro, G., and zur Hausen, H., 
eds) Vol. 7, pp. 373ñ397, Cold Spring Harbor Press, Cold Spring Harbor, NY 

 
59. Mak, S., Mak, I., Gallie, B. L., Godbout, R., and Phillips, R. A. (1982) Adenovirus-12 

genes undetectable in human retinoblastoma. Int J Cancer 30, 697ñ700 
 
60. Ibelgaufts, H., Jones, K. W., Maitland, N., and Shaw, J. F. (1982) Adenovirus-related 

RNA sequences in human neurogenic tumours. Acta Neuropathol 56, 113ñ117 
 
61. Graham, F. L. (1984) Transformation by and oncogenicity of human adenoviruses. In The 

Adenovirus. Comprehensive Virology (Ginsberg, H., and Young, C. H. S., eds) pp. 339ñ
398, Plenum, NY 

 
62. Mukai, N., Kalter, S. S., Cummins, L. B., Matthews, V. A., Nishida, T., and Nakajima, T. 

(1980) Retinal tumor induced in the baboon by human adenovirus 12. Science 210, 1023ñ
1025 

 
Received December 17, 2001; revised February 14, 2002. 

 


	Received December 17, 2001; revised February 14, 2002.

