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The human papillomavirus (HPV) oncogene E6 has been shown to perform multiple functions (p53 degra-
dation, telomerase activation, etc.) that play a role in oncogenic transformation. Beyond known E6 functions,
an undefined mechanism that allows cellular invasion requires the E6 PDZ binding motif (PDZBM). Here, we
show that HPV type 16 (HPV16) E6 interacts with and induces loss of a protein tyrosine phosphatase (PTPN13)
in a PDZBM-dependent manner. PTPN13 loss induced either by the presence of E6 or by a short hairpin RNA
strategy allows for anchorage-independent growth (AIG) and synergy with a known oncogene, Rasv12, resulting
in invasive growth in vivo. Restoring PTPN13 expression reverses AIG in cells lacking PTPN13. A genomic
analysis of colorectal carcinoma has identified an association between PTPN13 loss-of-function mutations and
aberrant Ras signaling. Our findings support this correlation and provide methods for further evaluation of
the mechanisms by which PTPN13 loss/Ras expression leads to invasive growth, the results of which will be
important for treatment of HPV-related and non-HPV cancer.

Significant associative evidence supports a role for human
papillomavirus type 16 (HPV16) in the carcinogenic progres-
sion of at least 25% of head and neck squamous cell cancer
(HNSCC) cases (27, 38). In particular, the incidence of
HNSCC of the tonsillar region is increasing (18, 20, 38). The
epithelial surfaces surrounding the tonsil (oropharynx) are
cancerous in a very high (60%) proportion of cases that are
HPV positive, and these cases present with more metastatic
and advanced disease states (34, 38) than HPV-negative cases.
The incidence of HPV-related HNSCC is also increased in
individuals with human immunodeficiency virus/AIDS disease
(10). While the data presented in the following studies pertain
to HPV-related HNSCC they may also be applicable to cases
of HPV-related cervical cancer, which remains the second
leading cause of cancer-related death in women. Therefore,
understanding the viral mechanisms that lead to cancer will
help meet a need for HPV-specific targeted therapy.

One of the major HPV viral oncogenes that allow progres-
sion to cancer is HPV16 E6. E6 has many potential carcino-
genic effects, including telomerase activation and p53 degra-
dation (26, 35). However, an understood mechanism that
potentiates malignant progression has been associated with a
PDZ (PSD-95, Discs Large, ZO-1) binding motif (PDZBM), a
specific amino acid sequence that mediates protein-protein
interactions with corresponding PDZ domain-containing pro-
teins. High-risk HPV virus types 16, 18, 31, and 33 possess this

binding motif at the E6 C terminus. In addition to this correl-
ative evidence of increased malignant potential in humans,
mouse studies demonstrated that PDZBM is required for
HPV-related malignancy (37).

The studies described below explored the role of the E6
PDZBM in binding and inducing loss of a PDZ domain contain-
ing phosphatase PTPN13. PTPN13 is a member of the nonrecep-
tor phosphatases and specifically falls into a class of phosphatases
that contain FERM (four point one, ezrin, radixin, moesin) do-
mains. Other members in this group are PTPD1 and PTPH1.
PTPH1 has a PDZ binding domain and also been recently re-
ported to bind E6 (22). PTPN13 has multiple names (PTPL1,
PTP-Bas, PTP1e, FAP-1, and PTP-Bl [mouse]); for simplicity, we
will use its genomic name, PTPN13. PTPN13 is a highly modular,
large (270 kDa) protein with multiple interactive domains. The C
terminus of PTPN13 has a kinase noncatalytic C-lobe (KIND)
domain with a nondefined function. After the KIND domain, the
next functional area is a FERM domain. This 300-amino-acid
stretch has been shown to be critical for membrane targeting (15).
PTPN13 also contains five different PDZ binding domains. A host
of potential binding partners have been identified for these do-
mains (7). Finally, PTPN13 has an N-terminal phosphatase do-
main; recent crystal structure analysis suggests that it has targets
with multiple tyrosine-phosphorylated sites (42). PTPN13 has
been implicated in several cellular pathways that play a role in cell
survival. For instance, I�BA, EphrinB, B-catenin, and c-src have
all been identified as potential targets (7). A mutational analysis
of human colon cancers indicates that loss of function is critical
for carcinogenesisis (43). The in vitro and in vivo findings in this
paper supply further functional evidence of the important role
PTPN13 plays as a tumor suppressor.
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To further understand the functional significance of the
HPV16 E6 PDZBM-induced loss of PTPN13 we have com-
pleted several assays that test invasiveness. The in vitro assay
we use to assess invasive transformation is anchorage-indepen-
dent growth (AIG), which can correlate with invasive growth in
vivo (11). When normal, nontransformed epithelial cells are
grown under AIG conditions, programmed cell death is in-
duced (6). Our past work has demonstrated PDZBM-depen-
dent induction by E6 of AIG in early-passage human tonsil
epithelial cells (HTECs) (40). To further explore the relevance
of these in vitro findings in a living animal we have also devel-
oped techniques to examine viral transformation of early-pas-
sage murine tonsil epithelial cells (MTECs). The following
data show that both mouse and human tonsil keratinocytes
require E6 PDZBM for AIG. We then use this similarity to
identify a novel E6 PDZ interaction with a PDZ domain-
containing protein whose loss has the physiologic consequence
of allowing both AIG and invasive growth.

MATERIALS AND METHODS

Short hairpin RNA (shRNA) vectors. Retroviral vectors targeting human
PTPN13 were kindly provided by Tom Hei (21) (Columbia University, New
York, NY). Nontargeting control vectors and vectors targeting mouse PTPN13
were obtained from Open Biosystems (source identification no. 64925). Virus
was produced as previously described (8, 14).

Cell lysis immunoblot analysis. Whole-cell lysates were harvested at 4°C with
protein lysis buffer as previously described (19). Expression of human p53 was
measured by immunoblotting using 25 �g total cellular proteins with p53 anti-
body (OP-43; CalBiochem, San Diego, CA) at a 1:1,000 dilution and a standard
Western blotting technique. The antibodies used were hDLG (BD catalog no.
D67820-050), GAPDH (glyceraldehyde-3-phosphate dehydrogenase; Ambion
catalog no. 4300), PTPN13 (Santa Cruz Biotechnology catalog no. 15356), and
actin (Santa Cruz catalog no. sc-1616). Blots were developed by ECL chemilu-
minescent detection (Pierce Biotechnology).

Soft agar assay. AIG assays were performed following previously published
methods, with triplicate experiments for each set of conditions (2). Briefly, a base
layer of 1% noble agar was placed on a 12-mm-diameter 0.4-um-pore-size syn-
thetic membrane insert (Costar). Cells (1 � 104) were suspended in 0.3% agar
with medium over the base layer. Cells were fed every other day with their
respective growth media introduced into the lower chamber. At 3 weeks, colonies
greater than 100 �m in diameter were counted. The degree of anchorage-
independent growth was calculated using the following equation for determining
percent colony-forming efficiency: (no. of colonies counted at 3 weeks/no. of cells
seeded at start of assay) � 100.

In vivo assay. In vivo growth was assayed using previously described tech-
niques (19). All experiments were performed in accordance with institutional and
national guidelines and regulations, with the protocol reviewed and approved by
the Animal Care Committee at the University of Iowa. Briefly, using an 18-gauge
needle, C57BL/6 mice (six per group) were injected with 1 � 106 cells in the
subcutaneous tissue of the flank. Animals were euthanized when the tumor size
was �20 mm in its greatest dimension or when the animal was substantially
emaciated. Mice were considered tumor free when they showed no evidence of
tumor after 3 months. The data shown are from one representative experiment
that was replicated two times.

Cell culture. Normal HTECs and MTECs were isolated from the epithelium
overlying C57BL/6 mouse and human tonsil tissue as previously described (19,
40). HEK293, UPCI SCC90 (provided by Sue Gorlin), and UMSCC84 human
cell lines were maintained in 10% fetal bovine serum–Dulbecco modified Eagle
medium with 1% penicillin/streptomycin.

RT-PCR of E6 and PTPN13. The results of RNA isolation and reverse tran-
scription-PCR (RT-PCR) quantitation of E6 oncogenes were analyzed as previ-
ously described (28, 29, 39). The message levels (see Fig. 2) were standardized to
18S rRNA levels by use of a primer probe kit from Applied Biosystems (Foster
City, CA).

Coimmunoprecipitation of PTPN13 with E6-GST. Fragments encoding
HPV16 E6 and HPV16 E6�146–151 were cloned between BamHI and EcoRI sites
into vector pGEX-2T (Amersham Biosciences) downstream of the glutathione
S-transferase (GST) open reading frame. GST, GST-E6, and GST E6�146-151

were expressed and purified by following a protocol modified from reference 9
without dithiothreitol in the lysis buffer. 293T cells were transfected with
pEGFPN3-PTPBL (4), and the cells were harvested 24 h after transfection and
lysed in lysis buffer (50 mM TrisHCl [pH 7.5], 150 mM NaCl, 5 mM EDTA, 2
mM Na3VO4, 10 mM NaPPi, 100 mM NaF, 10% glycerol, 0.1% NP-40, protease
inhibitors). Equal amounts of GST and the two fusion proteins (15 �g) and
PTPBL-EGFP (50 �g total protein) were used for each precipitation. The GST,
GST-E6, and GST E6�146-151 lysates were incubated directly with 10 �l GST
beads (Amersham Biosciences) overnight at 4°C in TEN100 (20 mM Tris [pH
7.5], 0.1 mM EDTA, 100 mM NaCl, protease inhibitors). The beads were then
washed three times with TEN 200 (20 mM Tris [pH 7.5], 0.1 mM EDTA, 200 mM
NaCl, 0.5% NP-40, protease inhibitors). PTPN13 lysates were added to the
beads, and the complexes were incubated at 4°C for 4 h in phosphate-buffered
saline and then washed three times with TEN300 (20 mM Tris [pH 7.5], 0.1 mM
EDTA, 300 mM NaCl, 1% Triton, protease inhibitors). The bound proteins were
detected by Western blotting using anti-FAP-1 antibody (sc-15356).

Transfection. HEK293 and UPCI SCC90 cell lines were transfected at 60% to
80% confluence by use of Polyfect reagent (Qiagen catalog no. 301105) following
manufacturer protocols. Briefly, 8 �g of pEGFP-N1 with and without PTPN13
was transfected using the appropriate volumes of manufacturer reagents into
cells on a 100-mm-diameter tissue culture dish. Addition of antibiotics (G418) to
the cell culture media following transfection allowed for selection of stable cell
lines expressing the plasmids of interest.

Immmunohistochemistry. Formalin-fixed, paraffin-embedded tissues were
deparaffinized in xylene and antigen unmasked in citrate buffer, and endogenous
peroxidases were quenched with 2% H2O2. Tissues were blocked with 10%
bovine serum albumin. PTPN13 was detected using either sc-15356 or sc-1138
(Santa Cruz Biotechnology, Santa Cruz, CA). Incubation with primary antibody
(1:125) was performed overnight at 4°C. Secondary antibody incubation and
detection were carried out with an EnVision� system (for sc-15356) or LSAB�

system (for sc-1138) according to the instructions of the manufacturer (Dako-
Cytomation). Slides were costained with hematoxylin. As a control to test spec-
ificity, either a fivefold excess of blocking peptide (sc-1138 P; Santa Cruz) prior
to application or secondary antibody alone was used.

Statistics. Standard errors and standard deviations (s.d.) as indicated were
calculated using Microsoft Excel formulas.

RESULTS

E6 induces AIG in MTECs via a PDZ-dependent mecha-
nism. Our past work has used retroviral transduction of
HPV16 viral oncogenes into early-passage tonsil keratinocytes
to demonstrate the requirement of the E6 PDZBM in allowing
AIG (40). Further investigation of invasive growth by human
cells in vivo has obvious practical limitations in studies of
humans. Therefore, to determine whether our AIG findings
determined using human cells had implications for invasive
growth in vivo we first explored whether MTECs demonstrated
the same E6 PDZBM requirement for AIG and then deter-
mined whether the PDZBM was needed for invasive growth in
vivo. MTECs expressing wild-type E6 displayed AIG, whereas
E6 PDZBM-deleted MTECs (E6�146–151) and vector control
cells did not display AIG (Fig. 1A). To assess whether the
observed AIG in retroviral transduced cells also occurred in
the available HPV16-positive head and neck cancer cell line we
also examined growth of this cell line in soft agar. We observed
AIG in an HPV16-positive cell line (UPCI SCC90) but not in
an HPV-negative cell line (UMSCC84) (Fig. 1A). These data
demonstrate that a mechanism associated with the E6 PDZBM
plays a role in allowing AIG.

The PDZBM of E6 is required to synergize with Ras for
invasive growth. To determine whether the E6 PDZBM re-
quirements for AIG also played a role in invasive growth in
vivo we also examined an in vivo growth assay that implants the
various transduced MTECs back into immune-competent syn-
geneic C57BL/6 mice. Our past work has found that E6/E7 was

2494 SPANOS ET AL. J. VIROL.



sufficient to immortalize but not allow invasive growth of
MTECs after reimplantation (19). The addition of Rasv12 to
cells expressing E6/E7 allowed invasive tumorigenic growth.
The results showed not only that the mice developed subcuta-
neous nodules but also that the cells comprising these nodules

directly invaded surrounding muscle, bone, and nerve, result-
ing in paralysis (19). We also show that in MTECs, E6 alone is
sufficient to induce this same invasive growth in combination
with Rasv12. In this report we expand on these previous studies
by showing that expression of E6 alone with or without the
PDZBM was not sufficient to allow invasive tumorigenic
growth, suggesting that the requirements for AIG and invasive
growth in vivo are different (Fig. 1B) (1, 19). We hypothesized
that other cellular changes are required to support invasive
growth in vivo. The idea that cells would require another mu-
tation or oncogene for neoplastic growth is supported by the
observation that Ras signaling is frequently aberrant in
HNSCC; furthermore, in past studies Ras has been shown to
act synergistically with E6 in mouse skin cancer models (23, 24,
32, 36). Therefore, we tested whether Rasv12 could synergize
with E6 for enhanced AIG and in vivo growth of MTECs.
Addition of Rasv12 to E6-expressing cells substantially increased
AIG, whereas the presence of Rasv12 alone or E6�146–151/Rasv12

failed to result in growth (Fig. 1A), suggesting that a mecha-
nism involving the E6 PDZBM is required to synergize with
Rasv12 to increase AIG. When the cells were injected into
syngeneic mice, E6/Rasv12 cells displayed growth whereas
E6�146–151/Rasv12 cells failed to grow (Fig. 1B). To determine
whether the E6 PDZBM enhanced levels of Rasv12, thus al-
lowing invasion, we examined the levels of Rasv12 in the cell
lines. E6/Rasv12 cells showed less expression, suggesting that
E6 does not enhance invasion by increasing Rasv12 expression
(Fig. 1C), although it is possible that E6 alters the downstream
signaling of Ras pathways. These data show that anchorage-
independent growth in vitro and invasive growth in vivo are
dependent on a mechanism associated with the E6 PDZBM.

Loss of PTPN13 requires expression of E6 with a PDZBM.
This E6 PDZBM-dependent induction of AIG in both MTECs
and HTECs led us to look for relevant PDZ domain-contain-
ing proteins interacting with E6 to exert this effect. Based on
protein sequencing results, E6’s PDZBM is predicted to inter-
act with class 1 PDZ domains. Yeast two-hybrid and copre-
cipitation studies with E6 fusion proteins have generated a list
of candidate proteins that interact with the E6 PDZBM (12,
13, 22, 25, 30, 33, 41), but whether these proteins play a role in
malignant transformation has not been addressed. E6 has been
shown to target interacting proteins for degradation in vitro
(35). To determine whether loss of candidate PDZ-interacting
proteins correlated with the presence of the E6 PDZBM,
whole-cell lysates from HTECs and MTECs transduced with
either E6 or E6�146–151 were examined by Western blot anal-
ysis. As shown for the DLG antibody (Fig. 2A and C), none of
the previous reported candidates (results for Scribble, PTPH1,
and Magi1-3 are not shown) demonstrated PDZBM-depen-
dent loss. These results are consistent with findings from
Simonson et al. showing that neither DLG and Scribble was
degraded in transgenic mice expressing E6 or in human HPV-
positive (HPV�) cancer cell lines (37). Since our data sug-
gested that a mechanism of the E6 PDZBM synergized with
Ras, we investigated PTPN13, a PDZ domain-containing phos-
phatase whose loss has been associated with aberrant Ras
activity in colon cancer (43). PTPN13 levels were decreased in
HTECs and MTECs expressing E6 but not E6�146–151 in vitro
(Fig. 2A and B). Both wild-type E6- and E6�146–151-expressing
cells exhibited p53 degradation, as has been previously shown

FIG. 1. E6 induction of AIG and invasive growth is dependent on
the PDZBM. (A) E6 induction of AIG. Single-cell suspensions of 104

primary (1°) MTECs and MTECs transduced with LXSN (vector con-
trol), E6, E6� (no PDZBM), H-Ras, E6/H-Ras, E6�/H-Ras, and
HNSCC HPV� (UMSCC84) and HPV� (UPCI SCC90) cell lines were
seeded in triplicate into soft agar and photographed at a magnification
of �40 after 3 weeks. Colonies and corresponding quantifications of
colony-forming efficiency (in percentages of AIG) along with standard
errors (in parentheses) are shown; n � 3, with experiments repeated.
(B) Average tumor growth curves for mice injected with the indicated
cells subcutaneously in the flank. f, E6/Ras; �, E6; Œ, E6�/Ras; F,
E6�; X, Ras. Error bars represent s.d.; n � 6. (C) Ras expression in
MTECs after retroviral transduction with either vector expressing Ras.
The upper panel shows total Western blotting results, comparing total
Ras levels in the indicated cell lines. GAPDH levels are shown to
compare protein loading results.
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(5), demonstrating that the E6�146–151 mutant still degrades
p53 (Fig. 2B). We also found that the HPV� HNSCC cell line
had associated loss of PTPN13, whereas an HPV-negative
(HPV�) cell line did not (Fig. 2C). Taken together, these
findings show a consistent association between E6 expression
and loss of PTPN13.

Interaction between E6 and PTPN13 requires the PDZBM.
The observed loss of PTPN13 could be due to direct physical
association, transcriptional regulation, or targeted degradation
through other intermediate proteins. To determine whether
E6 interacts with PTPN13 via its PDZBM, we incubated
GST-E6 or GST-E6�146–151 fusion proteins with cell lysates,
coprecipitated with GST beads, and blotted for PTPN13. We
were unable to detect association in MTECs or untransfected
293 cells, likely because of the relatively small amount of this
protein present. We were able to coprecipitate human as well
as mouse PTPN13 with full-length E6 but not with the
E6�146–151 mutant (Fig. 2D and E) when we used lysates from
transiently transfected 293 cells that overexpressed the protein.
To determine whether E6 altered transcriptional regulation,
we examined PTPN13 mRNA levels by quantitative RT-PCR
using primary, E6, E6�146–151, and shPTPN13 cells. Similar
levels of PTPN13 mRNA were detected in MTEC controls, E6,
and E6�146–151 cells, and as expected, PTPN13 levels were
diminished in shPTPN13 cells (Fig. 2F). These data indicate
that downregulation of PTPN13 protein expression is modu-
lated posttranscriptionally by a PDZ-mediated physical inter-
action between E6 and PTPN13.

Loss of PTPN13 induces AIG in mouse and human epithe-
lial cells. The combined action of E6 and PTPN13 loss result-
ing in induction of AIG prompted the question of whether
PTPN13 loss alone was sufficient to induce AIG or whether
there were other important functions of E6 contributing to
cellular transformation. To determine the physiologic conse-
quence of PTPN13 loss, we used an shRNA approach. As with
E6-associated PTPN13 loss, the presence of shPTPN13 in-
duced loss in early-passage MTECs and MTECs expressing
E6�146–151 and was sufficient to induce AIG (Fig. 3A and B).
Expression of p53 protein remained constant (Fig. 3B). These
data and the fact that E6�146–151 degrades p53 but not PTPN13
suggest that the mechanism of E6 PDZBM-induced loss is a
separate function from E6’s ability to degrade p53. Interest-
ingly, shPTPN13 induced more AIG for the MTECs than for
the E6�146–151 cells. This finding may be related to small dif-
ferences in induced loss of PTPN13 between these cells. As
seen with MTECs, shRNA-mediated loss of PTPN13 was suf-
ficient to induce AIG in the previously mentioned HPV�

UMSCC84 HNSCC cell line (Fig. 3C). To test whether deple-
tion of this protein would also alter the AIG of a different
epithelial cell we examined AIG in HaCaT cells, a well-charac-
terized immortal skin keratinocyte cell line (Fig. 3D). When one
compares the loss of PTPN13 induced by E6 to that induced by
shPTPN13 in these cells, it is clear that neither method results in
a total loss of protein; shPTPN13 shows a slightly increased
level of loss compared to E6 results. The association of
PTPN13 loss with AIG is further corroborated by the reex-

FIG. 2. HPV16 E6 PDZBM is required for induction of loss and for physical association with PTPN13. The results of Western blot analyses
of indicated proteins after retroviral transduction with the indicated vectors (LXSN, E6, E6�) are shown as follows. (A) HTECs with extended
life in culture due to expression of hTert and shRNA in response to the presence of p16. (B) MTECs. (C) HNSCC lines with HPV16 (UPCI SCC90
[HPV�]) and without HPV16 (UMSCC84 [HPV�]), with E6 mRNA expression levels indicated as percents (with s.d. in parentheses); n � 3, with
experiments repeated. (The E6 level shown for all cell lines refers to quantitative real-time RT-PCR of E6 mRNA standardized to an 18S rRNA
signal.) (D and E) GST-E6 proteins (upper panel) bound directly to GST beads were incubated with lysates of cells of the 293 cell line (middle
panel) expressing mouse or human PTPN13. Western blotting (IB) of mouse and human PTPN13 revealed coprecipitation (IP) of GST-E6
products with mouse and human PTPN13, respectively (lower panel). (F) PTPN13 quantitative real-time RT-PCR standardized to an 18S rRNA
signal. Error bars represent s.d.; n � 3, with experiments repeated.
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pression of PTPN13 in epithelial cell lines that lack PTPN13
due to E6 degradation (UPCI SCC90) or cell lines that display
AIG and spontaneously lack PTPN13 (Fig. 3E and F). We
were unable to establish primary cells that overexpressed this
protein due to cell death induced by overexpression. However,
in the established cell lines we were able to find clones that
grew at a normal rate, expressed full-length PTPN13, and were
viable over the long term in culture. Interestingly, even in these
cell lines, clones that overexpressed the protein did not survive
(data not shown). Therefore, it became apparent that even
transformed cells could tolerate only so much PTPN13. Upon
restoration of PTPN13 protein expression to near-physiologic
(compared to HTECs) amounts (Fig. 3E), AIG was substan-
tially reduced or even blocked in these cells (Fig. 3E and F),
demonstrating a critical role of PTPN13 in determining the
cell’s ability to grow in an anchorage-independent manner.

Loss of PTPN13 synergizes with Ras to allow invasive
growth. The observation of AIG associated with decreased
PTPN13 levels alone led us to further assess the in vivo phys-
iologic significance of the loss of PTPN13 by injecting the
various cells into mice and quantifying growth. As with E6-
expressing cells, the MTECs with shPTPN13 alone were not
able to grow in vivo; however, shPTPN13 cells with Ras grew
invasively (Fig. 4A). Likewise, shRNA-induced loss of PTPN13
in the E6�146–151/Ras cells also allowed invasive growth. The
cells with E6 did exhibit a higher growth rate than the cells with
shPTP-BL, possibly suggesting that E6 PDZBM has other
modifying functions that help with invasive growth. Histologi-
cally, all tumors were squamous cell cancers. As is customary
for squamous cancers, intratumoral variation with regard to
differentiation did occur. All tumors showed muscle and cap-
illary lymphatic space and nerve invasion. No metastasis was
observed in autopsies performed on these mice. To determine
whether the E6- and shPTPN13-associated loss of PTPN13
observed in culture persists in vivo, we compared PTPN13
immunostaining results for normal tonsil epithelium with those
seen with murine E6/Ras or Ras/shPTPN13 tumors. PTPN13
immunostaining was observed in the suprabasal cells in the
normal epithelium. This location corresponds to the localiza-
tion of E6 oncogene expression in HPV lesions (16, 17). None
of the mouse E6/Ras or shPTPN13/Ras tumors showed detect-
able PTPN13 immunostaining (Fig. 4B). Taken together, these
data demonstrate that loss of PTPN13 either with or without
the intervention of a mechanism associated the E6 PDZBM is
required for AIG and that this loss, in conjunction with ex-
pression of an oncogene (Rasv12), will permit invasive growth
of MTECs in vivo.

DISCUSSION

The propensity of high-risk HPV16 E6 to participate in the
transformation of an epithelial cell correlates with the ability of

FIG. 3. Modulation of PTPN13 alters AIG. (A) Levels of AIG with
loss of PTPN13 protein in MTECs expressing E6� in isolated clonal
populations of cells after transduction with shRNA constructs target-
ing PTPN13 compared to the results obtained with control (V) non-
targeting shRNA vector. In all panels, standard errors are shown in
parentheses; n � 3, with experiments repeated. (B) Levels of AIG with
loss of shPTPN13 in early-passage MTECs cells transduced with shRNA
targeting PTPN13 (clonal population) compared to the results obtained
with nonsense shRNA vector (V). (C) PTPN13 in an HPV� HNSCC
cancer line (UMSCC84). C, no treatment; V, nonsense shRNA vector;
shRNA, vector targeting PTPN13. (D) Loss of PTPN13 in HaCaT cells,
representing a skin keratinocyte, induced by the presence of either E6 or
shPTPN13 increased AIG. Lysates of cells transduced with the indicated
constructs were examined for AIG and loss of PTPN13. (E and F) UPCI

SCC90 (HPV�) and HEK293 cell lines were transfected and selected
with G418 to obtain stable lines expressing either GFP or PTPN13.
AIG assay results and PTPN13 protein levels after transfection are
shown. HTEC PTPN13 protein levels are shown in panel E for com-
parison to the amount of PNPN13 in transfected cells.
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the viral oncogene of high-risk HPVs to perform multiple
mechanisms that are necessary but not sufficient to allow in-
vasion. While other reported non-PDZBM-dependent func-
tions (e.g., degradation of p53, activation of telomerase, etc.)
are also likely required, the mechanism associated with the
PDZBM plays a critical role in allowing invasive growth. As
discussed above, multiple PDZ domain-containing proteins
can interact with PDZBM of E6 (12, 13, 22, 25, 30, 33, 41). It
is likely that E6 can interact with multiple PDZ domain-con-
taining proteins and that each interaction may have a different
effect on transformation. Our data show an E6 PDZBM inter-
action, E6 PDZBM-induced loss, and the physiologic conse-

quence of that loss with regard to PTPN13 for AIG of human
and mouse keratinocytes. The data also show the significance
of this interaction in synergy with a second oncogene-activated
Ras in vivo for invasive growth of MTECs. The discovery of
this E6-PTPN13 link will allow the exploration of several per-
tinent questions. (i) Is the binding direct, and, if so, which
domain(s) of PTPN13 does E6 bind? (ii) How does the inter-
action result in degradation? (iii) What is the physiologic rel-
evance of the E6/Ras synergy for human HPV-related
HNSCC? Our data suggest that the addition of another intra-
cellular “hit” such as a modification of Ras or of upstream
pathways that lead to increased Ras signaling (by, e.g., Erb

FIG. 4. Loss of PTPN13 synergizes with H-Ras for invasive growth in immune-competent mice. (A) Average growth curves for mice injected
with the indicated cells subcutaneously in the flank. �, E6/Ras; F, shPTPN13/Ras; �, E6�/shPTPN13/Ras; f, shPTPN13; Œ, E6�/shPTPN13.
Error bars represent s.d.; n � 6. (B) Immunohistochemistry of PTPN13 protein in normal mouse tonsil epithelium (panels a and d), E6/Ras tumors
(panels b and e), and shPTPN13/Ras tumors (panels c and f) in vivo. Panels a to c and panels d to f present the results of the use of antibodies
against epitopes for the C and N termini of the protein, respectively. Insets show the results obtained with either blocking peptide (panels a to c)
or secondary controls (panels d to f) alone. Bars, 130 um.

2498 SPANOS ET AL. J. VIROL.



receptor tyrosine kinases) may explain the progression from
HPV infection to carcinogenic events. (iv) What are the trans-
formation roles of the other cellular proteins that have been
reported to interact with the E6 PDZBM? The transformation
methods utilized in this study now provide an avenue for fur-
ther exploration these questions with respect to mouse and
human tonsillar keratinocytes.

Finally, these findings suggest that PTPN13 and its down-
stream signaling events play a role in preventing AIG. PTPN13
is a nonreceptor protein tyrosine phosphatase with multiple
functional domains (7). The mouse and human homologs have
many components that are nearly identical (e.g., PDZ domain
2 is 96% identical between mice and humans) and share an
overall homology of 80% (3, 15), suggesting similar functions
in human and mouse cell lines. Multiple potential PTPN13-
interacting proteins and phosphatase targets point to a role for
PTPN13 in cell growth, motility, and apoptosis (7). However,
the physiological relevance of the reported interactions has
thus far not been proven in vivo. An engineered mouse with a
mutation that deletes PTPN13’s catalytic phosphatase domain
has been generated, and subtle defects in neuron regrowth
following injury and in retinal ganglion cell survival were noted
(31, 44). Our data suggest that the other domains in PTPN13
may play a more critical role, since we observed a change in the
ability of cells to grow in an anchorage-independent manner,
both in vitro and in vivo, upon loss of the entire protein.
Importantly, the gene encoding PTPN13 is among the six ty-
rosine-specific phosphatase genes that are frequently mutated
in conjunction with aberrant Ras signaling in human colon
cancer specimens (43). In line with our findings, these data
from human cancers point to a suppressive role for PTPN13 in
invasive growth. The growth assays exploited in this study now
provide a method to further explore the relevance of the var-
ious functional domains of PTPN13 and to examine the down-
stream cellular pathways affected by PTPN13 that result in
AIG suppression. In summary, these findings show that
HPV16 E6 PDZBM mediates the loss of PTPN13 and that loss
of PTPN13 plays a critical role in allowing invasive growth for
epithelial cells.
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