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ABSTRACT

The 293 cell line was derived by transformation of primary cultures of human embryonic kidney
(HEK) cells with sheared adenovirus (Ad)S DNA. A combination of immunostaining,
immunoblot, and microarray analysis showed that 293 cells express the neurofilament (NF)
subunits NF-L, NF-M, NF-H, and a-internexin as well as many other proteins typically found in
neurons. Three other independently derived HEK lines, two transformed by Ad5 and one by
Ad12, also expressed NFs, as did one human embryonic retinal cell line transformed with Ad5.
Two rodent kidney lines transformed with AdI12 were also found to express NF proteins,
although several rodent kidney cell lines transformed by Ad5 DNA and three HEK cell lines
transformed by the SV40 early region did not express NFs. These results suggest that human Ads
preferentially transform human neuronal lineage cells. We also demonstrate that the widely used
HEK293 cells have an unexpected relationship to neurons, a finding that may require
reinterpretation of many previous studies in which it was assumed that HEK293 cells resembled
more typical kidney epithelial cells.
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its isolation more than 25 years ago, and the original paper describing the generation of

this cell line (1) has been cited, according to the ISI Web of Science, nearly 2200 times.

HEK 293 cells were derived from primary HEK by transformation with sheared
fragments of adenovirus (Ad)S DNA and contain nucleotides 1-4344 of AdS, comprising the
early region 1 (E1) transforming sequences integrated into chromosome 19 (2). The cells are
extensively used for the production of El-deleted Ad vectors and in a variety of transfection
studies. For ~20 years, they were the only published Ad5-transformed human cell line, and, until
the generation of the new Ad5-transformed HEK cells used in this study, they remained the only
HEK cell line transformed by Ad5. In the past few years, additional human cell lines transformed
by AdS5 but derived from other tissues have become available. Following the report by Gallimore
and co-workers that human embryonic retinal (HER) cells were much more readily transformed

The human embryonic kidney (HEK) 293 cell line has been very widely distributed since



by AdI2 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 AdS El.

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 mADb 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 —20°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 a-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, GAS, 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 Sigma’s 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 pg/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 pl 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 KCI, 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 cCRNA, 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 o-internexin
(a.k.a. NF66), a third NF subunit, which also overlapped with NF-M (Fig. 1C). The a-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, a-internexin band, in line with the weak signal detected
immunocytochemically. Because NF-L, NF-M and a-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), HEKMHI2 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 AdS5 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 o-
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 HAS 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).



AdS5-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 AdS5, 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 a-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 a-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 a-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, a-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 (ENOI1, 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 Gai 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 SHTT 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. 31, green channel).

DISCUSSION



The results presented here show that 293 cells express significant amounts of protein and mRNA
for NF-M, NF-L, and a-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 a-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 AdS5. 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, o-internexin, and vimentin (24-26). 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 (28-30), 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), ERCCI
(M13194), HMGI-C (X92518), p5S9Fyn (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 P2Y?2 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 AdS5, AdI12 is capable of
inducing tumors in rodents, and these tumors frequently have neuronal properties resembling
neuroblastomas, medulloepitheliomas, retinoblastomas, neuroepitheliomas, and glioblastomas
(45-51). 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 (54-58)
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.
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Table 1

Summary of immunocytochemical results®

Cell type Transformed by  Vimentin K8/K18 NF-L NF-M NF-H  orInternexin
HEK 293 p36 Ad5 + + + + + +/-
HEK 293 p29 Ad5 + + + + + +/-
HEK 293 p28 Ad5 + + + + + +/-
HER?224 p6 Ad5 + nd + + nd -
HER224 p25 Ad5 + nd + + nd -
HEK218C20 p22 Ad5 + + + + + +/-
HEK?218C10 p8 Ad5 + + + + + +/-
HEKMH12 p12 Ad12 + + + + + -
HA1p33 Sv40 + nd - - nd -
HA2 pl6 SV40 + + - - nd -
HA5 p16 SV40 + + - - nd -
RK637C3 p30 Ad5 + - - - - -
RK822C2 p17 Ad5 + - - - - -
MK691C2 pl14 Ad5 - - - - - -
MK691C3 p4 Ad5 - - - - - -
RK702C2 p8 Ad12 + - + + + +
RK925C2 p7 Ad12 + ; + + + +
Primary HEK Untransformed +/- + - - - -

*The human embryonic retina HER224 and human embryonic kidney HEK218C10 and HEK 218C20 lines were generated
by U. Sankar and F. L. Graham (unpublished data), the HEKMH12 line was generated by S. Mak and I. Mak (McMaster
University, unpublished data), and the rat kidney (RK) and mouse kidney (MK) lines were generated in the Graham
laboratory. Primary and SV40-transformed HEK cells were provided by S. Bacchetti. K8/K 18 refersto keratins 8 and 18;
NF-L, NF-M, and NF-H are the neurofilament triplet protein subunits. Identity of specific antibodies used isgivenin
Materials and Methods.



Fig. 1

Figure 1. Immunostaining of passage 36 HEK 293 cells. A) Overview of aculture of passage 36 293 cells stained with
3H11, amonoclonal antibody (MCA) to neurofilament (NF) subunit NF-M. Note robust and clearly filamentous staining.
B—F) Double label of 293 cells stained for NF-M (red channel, affinity-purified R13 polyclona antibody) and indicated
mouse MCA (green channel). B) NF-L MCA clone DA2. Orange color indicates significant overlap of signal.

C) a-Internexin MCA clone 2E3. D) NF-H MCA clone N52. E) Vimentin MCA clone V9. F) Keratin 18 MCA clone 18
CY-90. Cdlibration bars correspond to 50 pM in A—C and F and to 25 uM in D and E.
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Figure 2. Immunoblots of passage 36 HEK 293 cells. Lanes 1-3 are homogenates of rat spinal cord, human frontal
cortex, and 293 cells, respectively, probed with appropriate monoclona antibodies to neurofilament (NF)-M (NN18 clone,
top left), NF-L (DA2 clone, top right), and a-internexin (2E3 clone, bottom |eft). Bottom right shows relevant regions of
293 blots stained with Sigma pan-keratin antibody mix (see Materials and Methods) (A) and vimentin antibody (clone V9,
B). Arrows indicate position of molecular weight standards of indicated sodium dodecy! sulfate-polyacrylamide gel

electrophoesis mobility.



Fig. 3

G

Figure 3. Immunostaining of cell lines derived from human embryonic kidney (HEK), human embryonic retina
(HER), and rodent kidney. A) MH12 cells, stained for neurofilament (NF)-M (red channel) and vimentin (green
channel). B) MH12 cells stained for NF-M (red channel) and keratin 18 (green channel). C) HER224 cells stained with
NF-M (red channel) and NF-L (green channel). D) Rodent 925C2 cells stained for NF-M (red channel) and vimentin
(green channel). Cellsin clumps tend to express NF-M, whereas single cells may express only vimentin. E) Rodent 925C2
cells stained with NF-M (red channel) and a-internexin (green channel). Strong expression of a-internexin is detected in a
few cells. F) Primary HEK cells stained with vimentin monoclonal antibody (green channel) and DAPI (blue channel).

G) 293 cells stained for neurogranin (red channel) and NF-M (green channel). H) 293 cells stained with CGRP-antibody
(green channel) and DAPI (blue channel). 1) 293 cells stained with antibody to serotonin (green channel), NF-M (red
channel), and DAPI (blue channel). Calibration bars correspond to 100 uM in A and B, corresponds to 50 uM in D—, and
correspondsto 12.5 uM in C and G—I.
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