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High-Risk Human Papillomavirus E7 Proteins Target PTPN14 for
Degradation

Elizabeth A. White,a Karl Münger,b Peter M. Howleya

Department of Microbiology and Immunobiology, Harvard Medical School, Boston, Massachusetts, USAa; Department of Developmental, Molecular and Chemical
Biology, Tufts University School of Medicine, Boston, Massachusetts, USAb

ABSTRACT The major transformation activity of the high-risk human papillomaviruses (HPV) is associated with the E7 onco-
protein. The interaction of HPV E7 with retinoblastoma family proteins is important for several E7 activities; however, this in-
teraction does not fully account for the high-risk E7-specific cellular immortalization and transformation activities. We have
determined that the cellular non-receptor protein tyrosine phosphatase PTPN14 interacts with HPV E7 from many genus alpha
and beta HPV types. We find that high-risk genus alpha HPV E7, but not low-risk genus alpha or beta HPV E7, is necessary and
sufficient to reduce the steady-state level of PTPN14 in cells. High-risk E7 proteins target PTPN14 for proteasome-mediated deg-
radation, which requires the ubiquitin ligase UBR4, and PTPN14 is degraded by the proteasome in HPV-positive cervical cancer
cell lines. Residues in the C terminus of E7 interact with the C-terminal phosphatase domain of PTPN14, and interference with
the E7-PTPN14 interaction restores PTPN14 levels in cells. Finally, PTPN14 degradation correlates with the retinoblastoma-
independent transforming activity of high-risk HPV E7.

IMPORTANCE High-risk human papillomaviruses (HPV) are the cause of cervical cancer, some other anogenital cancers, and a
growing fraction of oropharyngeal carcinomas. The high-risk HPV E6 and E7 oncoproteins enable these viruses to cause cancer,
and the mechanistic basis of their carcinogenic activity has been the subject of intense study. The high-risk E7 oncoprotein is
especially important in the immortalization and transformation of human cells, which makes it a central component of HPV-
associated cancer development. E7 oncoproteins interact with retinoblastoma family proteins, but for several decades, it has
been recognized that high-risk HPV E7 oncoproteins have additional cancer-associated activities. We have determined that
high-risk E7 proteins target the proteolysis of the cellular protein tyrosine phosphatase PTPN14 and find that this activity is cor-
related with the retinoblastoma-independent transforming activity of E7.
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Human papillomaviruses (HPV) are the etiologic agents for
cervical cancer, many other anogenital cancers, and an in-

creasing proportion of oropharyngeal cancers (1). The 8-kbp
double-stranded DNA HPV genome encodes the factors required
to reprogram the infected host cell and support differentiation-
dependent virus replication in stratified squamous epithelial cells.
Of the more than 200 different HPV types that have been identi-
fied, there are 13 to 15 “high-risk” genus alpha HPV types that
have been associated with anogenital and oral cancers (1–3). Dys-
regulated expression of high-risk HPV E6 and E7 oncoproteins
can result in cellular immortalization, transformation, and even-
tually cancer. The E6 and E7 proteins encoded by the non-cancer-
associated HPVs also have essential roles in the virus life cycle but
are generally not active in transformation assays.

The high-risk HPV oncoproteins are important for their role in
the development of HPV-associated cancers and also because they
represent simple and tractable research tools that can be used to
study tumor suppressor pathways in human cells. The cellular
pathways revealed through the studies of oncoproteins encoded

by DNA tumor viruses, including the HPVs, have proven to be
critical in many non-virus-associated cancers (4). HPV E7 pro-
teins are small proteins of about 100 amino acids (aa). The 40
N-terminal amino acids of E7 are homologous to part of adeno-
virus E1A conserved region 1 (CR1) and much of CR2 (5), and
CR2 includes the conserved LxCxE motif that is responsible for
binding to retinoblastoma family proteins. Both CR3 of E1A and
the C-terminal half of E7 contain two CxxC motifs that bind zinc
ions, but otherwise this part of E7 is not related to E1A.

The widely accepted model of transformation by high-risk
HPVs states that E7 proteins bind to retinoblastoma family pro-
teins, including RB1, p107/RBL1, and p130/RBL2, which releases
E2F transcription factors and allows passage through the G1/S
checkpoint (6–8). High-risk E7 proteins additionally promote the
degradation of RB1 (9–12). High-risk E6 proteins bind the cellular
ubiquitin ligase E6AP to form a complex that targets p53 for
proteasome-mediated degradation, thereby blocking signaling
through the apoptotic pathways that would otherwise be triggered
by RB1 inactivation (13, 14). In addition, high-risk HPV E6 pro-
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teins interact with cellular PDZ domain-containing proteins and
may target some of them for proteasome-mediated degradation
(15). Dysregulated expression of E6 and E7 promotes genomic
instability leading to transformation and cancer (16).

There are RB1-independent transforming functions of high-
risk E7 proteins that are not explained by this model. High-risk E7
can immortalize primary human foreskin keratinocytes (HFKs)
and score in several transformation assays (17–19), but although
low-risk HPV E7 proteins also bind RB1, they have no or minimal
immortalization or transformation activities (20–22). This differ-
ence suggests that retinoblastoma binding is not sufficient for im-
mortalization or transformation. Consistent with this, some mu-
tations in the C terminus of E7 result in proteins that can bind RB1
but not extend the life span of HFKs (23, 24). Also, in other trans-
formation assays, high-risk E7 has RB1-independent activity that
maps to the N terminus and/or C terminus of E7 (25–28). A
mouse model of cervical cancer confirms that events other than
RB1/p107/p130 inactivation must be required for cancer develop-
ment (29).

E6 and E7 do not have enzymatic activities and thus act
through physical interaction with specific host cellular factors. To
better understand E6 and E7 activities, we conducted systematic
proteomic analyses of interactions between HPV proteins and
their host cellular targets using a panel of E6 and E7 proteins from
diverse HPV types (30–32). Other laboratories have also con-
ducted similar studies identifying cellular targets of tumor virus
proteins, including HPV proteins (33). It is likely that the E6- and
E7-interacting proteins identified and validated by these studies
have important roles in the HPV life cycle and/or contribute to the
transformation activities of E6 and E7. In this article, we focus on
the interaction of HPV E7 with the cellular protein PTPN14. Our
mass spectrometry studies identified PTPN14 as a binding partner
of many of the 17 different HPV E7 proteins included in our study,
particularly with the E7 proteins from the genus alpha (mucosal-
tropic) viruses (32).

PTPN14 (Pez, PTPD2, or PTP36) is a classical non-
transmembrane protein tyrosine phosphatase (PTP) (34). It has
an N-terminal FERM (4.1 protein, ezrin, radixin, and moesin)
domain that mediates interactions with proteins at the plasma
membrane, a C-terminal phosphatase domain, and central PPxY
motifs that mediate an interaction with the transcriptional activa-
tor YAP1. The gene encoding PTPN14 has been implicated as a
cancer gene. An early indication that PTPN14 might have tumor
suppressor activity comes from an analysis of somatic mutations
in colorectal cancer, in which 87 PTP genes were sequenced and
just 6, including the gene coding for PTPN14, were frequently
mutated in those tumors (35). Other cancers with PTPN14 muta-
tions include pancreatic adenocarcinomas, basal cell carcinomas,
and relapsed neuroblastomas as well as 13.2% of cell lines in the
NCI-60 set (36–38). PTPN14 was identified in a screen for PTPs
that might function as tumor suppressors in breast cancer devel-
opment (39).

The association of PTPN14 with several cancers led to our par-
ticular interest in PTPN14 as a target of HPV E7 proteins from
diverse virus types. In this study, we confirmed the interaction of
PTPN14 with several HPV E7 proteins and further discovered that
high-risk HPV E7 proteins promote the proteasome-mediated
degradation of PTPN14. We map the interaction sites on E7 and
on PTPN14 and show that overexpression of the E7-binding frag-
ment of PTPN14 can block the PTPN14-E7 interaction and re-

store PTPN14 levels. Finally, we find that BPV1 E7 but not HPV1a
E7 triggers PTPN14 degradation. Our results are consistent with
the model that the targeted degradation of PTPN14 by high-risk
E7 could account for some of the retinoblastoma-independent
transformation activity of E7 that has been described in the liter-
ature for many years.

RESULTS
HPV E7 proteins bind PTPN14 and high-risk HPV E7s reduce
PTPN14 protein levels. Our previous proteomic analysis of the
cellular interacting proteins of diverse HPV E7 proteins identified
the interaction of the cellular protein PTPN14 with 15 different
HPV E7 proteins. These PTPN14-binding E7 proteins included all
10 genus alpha E7 proteins and 5 of the 7 genus beta E7 proteins
that we examined (32). Twelve of these interactions were consid-
ered to be high confidence by the CompPASS algorithm used to
assess protein-protein interaction specificity and reproducibility.
Independent immunoprecipitation-tandem mass spectrometry
(IP-MS/MS) experiments determined that the murine papilloma-
virus MmuPV1 E7 and the genus gamma HPV197 E7 also bind to
PTPN14 (Miranda Grace and Karl Münger, unpublished results).

To validate this interaction, we performed immunoprecipita-
tion (IP)-Western blot (WB) analysis using a subset of the N/Tert
cell lines from our initial E7 study. N/Tert-1 cells are human fore-
skin keratinocytes immortalized with hTert (40) that we engi-
neered to express epitope-tagged HPV proteins from several dif-
ferent HPV types. Lysates from N/Tert-1 cell lines expressing HPV
E7 proteins tagged at the C terminus with a dual Flag and hemag-
glutinin (HA) epitope tag or control vector-transduced N/Tert
cell lines were analyzed by Western blotting for steady-state
PTPN14 levels (Fig. 1A, top panels). Unexpectedly, we observed
lower PTPN14 protein levels in cell lines expressing E7 proteins
from the four high-risk HPV types. Immunoprecipitation of the
tagged E7 from these N/Tert cell lysates using anti-HA agarose
beads confirmed the binding of endogenous PTPN14 to each of
the E7 bait proteins (Fig. 1A, bottom panel). The interaction with
PTPN14 was particularly robust for the E7 proteins examined
from viruses of the alpha genus of the papillomavirus phylogeny.

To confirm that the reduced PTPN14 levels observed in the
N/Tert cells expressing the high-risk E7 proteins was a conse-
quence of E7 expression rather than an artifact that might have
resulted from the long-term culture of the N/Tert-1 cell lines used
in the proteomics studies, we transduced N/Tert-1 keratinocytes
with the retrovirus encoding HPV18 E7 and assessed PTPN14
levels 24 to 72 h posttransduction (Fig. 1B). The reduction in
PTPN14 protein was readily detectable 24 h posttransduction,
indicating that high-risk HPV E7 is necessary and sufficient for the
rapid reduction in PTPN14 levels in N/Tert-1 cells.

PTPN14 protein levels are low in HPV-positive cervical can-
cer cells and are restored upon depletion of the HPV E6/E7 early
transcript. To determine whether E7-mediated PTPN14 protein
reduction also occurs in HPV-positive cervical cancer cell lines, we
examined PTPN14 protein in HPV18-positive HeLa cell and
HPV16-positive Caski cells (Fig. 2). PTPN14 protein was not de-
tectable in HeLa or Caski cells treated with nontargeting small
interfering RNA (siRNA) but was readily detected in HPV-
negative C33A cervical cancer cells. Depletion of the bicistronic
E6/E7 transcript in either HeLa or Caski cells increased PTPN14
protein levels, but treatment of C33A cells with the same E6/E7
siRNAs did not affect PTPN14 protein levels. Thus, the high-risk

White et al.

2 ® mbio.asm.org September/October 2016 Volume 7 Issue 5 e01530-16

mbio.asm.org


HPV oncoproteins were necessary for the reduction of PTPN14
protein levels in cervical cancer cells, and based upon the effect of
high-risk HPV E7 expression in the N/Tert-1 cells, we conclude
that this resulted from an activity of the E7 oncoprotein.

The C terminus of HPV16 E7 and the phosphatase domain of
PTPN14 are required for the interaction of PTPN14 with E7. To
determine the regions of E7 and of PTPN14 that contribute to
their interaction and to the reduction of PTPN14 protein levels,
we performed a series of binding experiments using several well-
defined mutants of HPV16 E7 and deletion mutants of PTPN14
(Fig. 3A). We chose to use mutants of HPV16 E7 because of their

well-characterized activities in cellular immortalization and trans-
formation assays and their known effects on some protein-protein
interactions (8, 25). The �21–24 mutation disrupts the LxCxE
motif that is required for E7 interaction with RB1 (25). The H2A

FIG 1 HPV E7 proteins bind to PTPN14, and high-risk HPV E7 proteins
reduce PTPN14 levels. (A) Lysates from N/Tert-1 cells expressing E7-Flag-HA
were used in immunoprecipitations with HA antibody. Immunoprecipitates
were separated by SDS-PAGE and Western blotted using antibodies to HA,
PTPN14, and actin. (Top panels) Protein levels in input lysates. Band intensity
was quantified with ImageJ, and the numbers indicate the intensity of the
PTPN14 band in each lysate lane relative to the actin intensity, normalized to
the amount of PTPN14 in the empty vector cells. (Bottom panels) PTPN14
recovered after immunoprecipitation with anti-HA antibody. HA and
PTPN14 were detected on film, and actin was detected using the LI-COR
imaging system. Band intensity was quantified with ImageJ, and numbers in-
dicate the amount of PTPN14 recovered in the immunoprecipitation relative
to the amount of PTPN14 in the lysates, normalized to the amount recovered
in the HPV17a E7 IP. (B) N/Tert-1 cells were transduced with a retrovirus
encoding HPV18 E7 or with an empty vector control retrovirus or mock trans-
duced and harvested at indicated time points. Steady-state levels of PTPN14,
HPV18-Flag-HA, and actin were measured by Western blotting.

FIG 2 PTPN14 protein levels in cervical cancer cells depend on HPV onco-
protein expression. Cells of the HPV18-positive HeLa, HPV16-positive Caski,
and HPV-negative C33A cervical cancer cell lines were transfected with
siRNAs targeting the HPV16 E6/E7 and/or HPV18 E6/E7 transcripts at a final
concentration of 40 nM. Cells were harvested 72 h posttransfection, and lysates
were used for Western blotting with antibodies to PTPN14 and actin.

FIG 3 Identification of protein binding sites on HPV16 E7 and on PTPN14. (A)
Schematic of HPV16 and PTPN14 domain organization and mutants used in the
study (39). (B) N/Tert-1 cells expressing wild-type (wt) HPV16 E7-Flag-HA, one
of several mutants of HPV16 (E7), or the empty vector were subjected to immu-
noprecipitation with HA antibody. Immunoprecipitates were separated by SDS-
PAGE and Western blotted using antibodies to HA, PTPN14, UBR4, RB1, and
actin. (Left panels) Protein levels in input lysates. (Right panels) Proteins recov-
ered after immunoprecipitation with anti-HA antibody. (C) N/Tert-1 cells ex-
pressing wild-type HPV16 E7-Flag-HA were transduced with retroviruses ex-
pressing V5-tagged PTPN14 or one of several deletion mutant forms of PTPN14
and were harvested 48 h posttransduction. Cell lysates were subjected to immu-
noprecipitation with HA antibody. Immunoprecipitates were separated by SDS-
PAGE and Western blotted using antibodies to HA, V5, and actin. (Top panels)
Protein levels in input lysates. (Bottom panel) V5-tagged PTPN14 recovered after
immunoprecipitation with anti-HA antibody.
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mutation alters the same conserved amino acid that is altered in
the widely used H2P mutant of HPV16 E7 (41) and similarly elim-
inates the ability of HPV16 E7 to bind to UBR4 (27). The L82R
L83R mutant is competent in ras cooperativity assays but some-
what impaired in the ability to transactivate the Ad E2 promoter
(25).

We assessed the ability of a panel of HPV16 E7 mutants ex-
pressed in stable pools of N/Tert-1 keratinocytes to bind and de-
grade PTPN14 in IP-WB experiments and selected several of them
for further study. Having found that several C-terminal mutations
eliminated the ability of HPV16 E7 to bind to PTPN14, we chose
to focus on the N- and C-terminal mutations that we predicted
would be least disruptive to HPV16 E7, namely, the H2A
N-terminal mutant and the L82R L83R C-terminal mutant. Wild-
type HPV16 E7 and HPV16 E7 �21–24 were also included as
controls. This experiment assessed the coimmunoprecipitation of
E7 and PTPN14 and the effect of the E7 mutations on the reduc-
tion of PTPN14 levels. Both wild-type HPV16 E7 and the RB1-
binding mutant of E7 (HPV16 E7 �21–24) reduced the steady-
state levels of PTPN14 protein, but cells producing HPV16 E7
H2A or HPV16 E7 L82R L83R contained levels of PTPN14 protein
equivalent to those in the empty-vector-containing cells (Fig. 3B,
left panels). In contrast, only wild-type HPV16 E7 reduced RB1
protein levels. After anti-HA immunoprecipitation, wild-type
HPV16 E7 was found to interact with PTPN14, UBR4, and RB1
(Fig. 3A, right panels). HPV16 E7 H2A was deficient in binding to
UBR4, HPV16 E7 �21–24 was deficient in binding to RB1, and
HPV16 E7 L82R L83R was deficient in binding to PTPN14. As
previously reported, UBR4 binds to the N terminus of E7 (27, 42),
and here we show that PTPN14 binds to the C terminus of E7. We
conclude that to reduce PTPN14 levels, E7 must interact with
PTPN14 and with the E3 ligase UBR4.

Finally, we used a panel of PTPN14 deletion mutants very sim-
ilar to a previously described collection of PTPN14 constructs
(39). These mutants contain deletions, individually, of the FERM
domain (which mediates actin binding and cytoskeletal interac-

tion), the linker 1 region, the linker 2 region (which includes the
PPxY motifs required for PTPN14 binding to YAP1), the linker 3
region, and the phosphatase (PTP) domain of PTPN14. N/Tert-16
E7 cells were transduced with retroviruses encoding full-length
PTPN14 with an N- or C-terminal V5 tag or PTPN14 deletion
mutants with N-terminal V5 tags. HPV16 E7 efficiently coprecipi-
tated each form of PTPN14, except for the PTPN14 �PTP protein
(Fig. 3B). We conclude that E7 binds to the C-terminal phospha-
tase domain of PTPN14.

Blocking the interaction of PTPN14 with E7 restores
PTPN14 levels in E7-producing cells. To further confirm the
binding site of E7 on PTPN14 and to determine the effect of in-
terfering with this interaction, we overexpressed either the PTP
domain fragment that includes the E7 binding site, full-length
PTPN14, or a control linker 2 domain fragment (L2) of PTPN14
that does not bind to E7 (Fig. 4A). In N/Tert-1 cells that do not
produce E7, overexpression of full-length wild-type PTPN14 in-
creased the total cellular level of PTPN14 as measured by Western
blotting. Neither the L2 nor PTP fragment altered the levels of
endogenous PTPN14, as determined by detection with the
PTPN14 antibody. In contrast, in cells that produce HPV16 E7,
endogenous PTPN14 levels were initially below the limit of detec-
tion. Overexpression of either full-length PTPN14 or the E7-
binding PTP fragment increased the amount of cellular PTPN14.
Restoration of full-length PTPN14 levels by overexpression of an
E7-binding fragment of PTPN14 suggested that overexpression of
the PTP domain can block the E7-PTPN14 interaction and that
this interaction is required for reduction in PTPN14 levels.

To confirm that the PTP domain acts to interfere with the
binding of E7 to endogenous PTPN14 and that the increase in
PTPN14 levels is observed with other HPV E7s, we transduced
N/Tert-HPV18 E7 cells with lentiviruses encoding wild-type
PTPN14, the PTPN14 L2 domain, or the PTPN14 PTP domain.
Again, full-length PTPN14 was detected in these cells only when it
was overexpressed or when the PTP domain was present (Fig. 4B,
left panels). A subsequent anti-HA immunoprecipitation showed

FIG 4 Overexpression of the PTPN14 PTP domain can block the interaction of E7 with full-length PTPN14 and restore PTPN14 levels. (A) N/Tert-1 cells
expressing wild-type (wt) HPV16 E7-Flag-HA or the empty vector were mock transduced, transduced with a retrovirus packaged with the empty vector, or
transduced with retroviruses expressing wild-type V5-tagged PTPN14, the PTPN14 L2 domain, or the PTPN14 PTP domain and were harvested 48 h posttrans-
duction. Steady-state levels of full-length PTPN14, V5-tagged PTPN14 fragments, HA-tagged E7, and actin were measured by Western blotting. (B) N/Tert-1
cells expressing wild-type HPV18 E7-Flag-HA were transduced with retroviruses expressing wild-type V5-tagged PTPN14, the PTPN14 L2 domain, the PTPN14
PTP domain, or the empty vector and were harvested 48 h posttransduction. Cell lysates were subjected to immunoprecipitation with HA antibody. Immuno-
precipitates were separated by SDS-PAGE and Western blotted using antibodies to PTPN14, HA, V5, and actin. (Left panels) Protein levels in input lysates. (Right
panels) Proteins recovered after immunoprecipitation with anti-HA antibody. HC, antibody heavy chain.
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that although full-length PTPN14 was present in the cells after the
introduction of the PTP domain, it was no longer coprecipitated
with HPV18 E7 (Fig. 4B, right panels). HPV18 E7 did efficiently
coprecipitate the V5-tagged PTP fragment.

The E7/PTPN14 complex contains UBR4 and is distinct from
the E7/RB1 complex. To characterize the E7/PTPN14 complex,
lysates from N/Tert-1 cells expressing wild-type HPV16 E7 or the
PTPN14 degradation-deficient mutants HPV16 E7 H2A and
HPV16 E7 L82R L83R were separated into 500-�l fractions by gel
filtration chromatography on a Superose 6 column. Even-
numbered fractions were used as the starting material in anti-HA
immunoprecipitations to recover E7 and its associated proteins,
and immunoprecipitates from each fraction were analyzed by
Western blotting. In cells producing wild-type HPV16 E7, we
found at least two separate protein complexes containing E7. One
is a high-molecular-mass complex that eluted with a peak around
fraction 12 and contained PTPN14, UBR4, and a small amount of
RB1, and a second complex eluted with a peak around fractions 20
to 22 and contained E7 and RB1 (Fig. 5A, top panels). We hypoth-
esize that although E7 bound to PTPN14 and UBR4 may still
engage RB1, the majority of E7-RB1 binding occurs in a separate,
smaller complex and with a pool of E7 that is not also bound to
PTPN14 or UBR4 (Fig. 5B).

Next we fractionated lysates from PTPN14 degradation-
deficient mutant cell lines and found that mutant E7 proteins bind
to PTPN14 and/or RB1, consistent with separate E7/PTPN14/
UBR4 and E7/RB1 complexes. The HPV16 E7 H2A mutant does
not interact with UBR4 (Fig. 3B). Consequently, in the gel filtra-
tion experiment, the bulk of E7 was shifted into lower-molecular-
mass fractions that do not contain UBR4 (Fig. 5A, middle panels).
Faint binding to PTPN14 was still observed in fraction 18, corre-
sponding to the peak of E7 elution. The E7-Rb complex was close
to the same size as the mutant E7/PTPN14 complex, although its
peak is in fraction 20, and we speculate that the two complexes
remain distinct from one another. In contrast, the HPV16 L82R
L83R mutant retained the ability to engage UBR4, but did not
bind PTPN14 (Fig. 3B). When this mutant was used in the gel
filtration assay, E7 L82R L83R eluted more slowly from the col-
umn than its wild-type counterpart, but the mutant E7/UBR4
complex was clearly distinct from the E7/RB1 complex (Fig. 5A,
bottom panels).

High-risk HPV E7 recruits UBR4 to direct the proteasome-
mediated degradation of PTPN14. To determine the pathway by
which PTPN14 is degraded in the presence of E7, we examined
whether treatment with MG132, a proteasome inhibitor, or
NH4Cl, which inhibits lysosome acidification, had any impact on
PTPN14 protein levels (Fig. 6). In HeLa cells, which express
HPV18 E7, PTPN14 was below the limit of detection. PTPN14
levels increased upon treatment with MG132 but not with NH4Cl
treatment. It is well established that p53 is ubiquitylated by the E3
ligase E6AP and targeted for degradation by the proteasome in
HPV-positive cancer cells (43), and the effects of the drug treat-
ments on p53 were similar to their effects on PTPN14. In HPV-
negative C33A cervical cancer cells, neither PTPN14 nor p53 levels
were altered by MG132 or NH4Cl treatment.

Based on the results of the mapping experiments shown in
Fig. 3 and the gel filtration data shown in Fig. 5, we hypothesized
that in the presence of high-risk HPV E7, PTPN14 is targeted for
degradation by the proteasome and that high-risk E7 must engage
both UBR4 and PTPN14 in order to reduce PTPN14 levels. UBR4
is an E3 ubiquitin ligase that binds E7 and has been shown to have
some role in E7-mediated transformation (27, 42, 44) that has not
been completely elucidated. Since E3 ligase activity is a critical
component of the pathway that targets proteins for proteasome-
mediated degradation, we hypothesized that UBR4 might be re-
quired for the proteasome-mediated degradation of PTPN14 in
the presence of E7. To test this hypothesis, N/Tert-1 cells were
transfected with control siRNA or one of several other siRNAs and

FIG 5 E7 interacts with UBR4 and PTPN14 in a complex distinct from the
E7-RB1 complex. (A) Lysates from N/Tert-1 cells expressing wild-type (wt)
HPV16 (E7), HPV16 E7 H2A, or HPV16 E7 L82R L83R were fractionated on a
Superose 6 column using a GE Akta Pure high-performance liquid chroma-
tography (HPLC) column. Five hundred-microliter fractions were collected,
and alternate fractions were used for anti-HA immunoprecipitation. Immu-
noprecipitates were separated by SDS-PAGE and Western blotted using anti-
bodies to PTPN14, HA, UBR4, and RB1. Unfractionated lysate (input) is in-
cluded on each gel as a control. (B) Schematic of E7/PTPN14/UBR4 complex
and approximate interaction sites.

FIG 6 PTPN14 is degraded by the proteasome in HPV-positive cervical
cancer cells. HPV18-positive HeLa cells and HPV-negative C33A cervical can-
cer cells were treated for 8 h with 30 �M MG132, 10 mM NH4Cl, or DMSO as
a control. Lysates were separated by SDS-PAGE and Western blotted using
antibodies to PTPN14, p53, and actin.
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then transduced with control or HPV18 E7 retrovirus. At 72 h
post-siRNA transfection, the cells were treated with cyclohexi-
mide to block de novo protein synthesis and were harvested in a
time course experiment. We found that in the absence of HPV18
E7, PTPN14 protein levels declined after cycloheximide treatment
(Fig. 7A; see Fig. S1 in the supplemental material), with a half-life
of about 5.5 h. In the presence of HPV18 E7, the amount of
PTPN14 protein present at the beginning of the experiment was
lower than in the absence of HPV18 E7 and was degraded rapidly
with little residual protein at the end of the time course.

To determine whether UBR4 or cullin 3 (CUL3) might be re-
quired for this reduction in PTPN14 protein levels, we assessed
PTPN14 stability in cells with siRNA-mediated depletion of UBR4
or of CUL3. CUL3 is the scaffolding component of many E3 li-
gases, and it interacts with several HPV E7 proteins (32), but
CUL3 depletion did not significantly change the amount of
PTPN14 or increase its half-life in this assay. In contrast, siRNA
depletion of UBR4 increased the amount of PTPN14 present in
the HPV18 E7-expressing cells at the 0-h time point and extended
the half-life of PTPN14 to almost 10 h in the cycloheximide chase.
Depletion of HPV18 E7 itself also restored PTPN14 levels and
extended its half-life.

To confirm that UBR4 targets PTPN14 for degradation only in
the presence of E7, we examined UBR4’s effect on PTPN14 stabil-
ity in a cycloheximide chase experiment in cells without E7
(Fig. 7B). When E7 was not present, UBR4 siRNA treatment had
little effect on the starting level of PTPN14 or on its stability. We
conclude that in the presence of HPV18 E7, UBR4 is required for
the degradation of PTPN14. A cullin 2-LRR1 ubiquitin ligase has

been previously shown to target PTPN14 for proteasome-
mediated degradation in the absence of E7 (39).

Human and animal papillomavirus E7 proteins vary in their
ability to bind UBR4 and target PTPN14 for degradation. RB1
binding and degradation have long been recognized to contribute
to the cellular transformation activity of the high-risk HPV E7
proteins. However, it is equally well appreciated that high-affinity
RB1 binding by E7 does not correlate with the ability of E7 pro-
teins to act in cellular transformation assays. For example, HPV1a
E7 binds RB1 with high affinity but does not transform (45, 46). In
contrast, BPV1 E7 does not bind RB1 but has activity in transfor-
mation assays when coexpressed with E5 and E6 (47). Wild-type
BPV1 E7 is also required for transformation in the context of the
complete BPV1 genome (48, 49).

To determine whether PTPN14 degradation might better cor-
relate with E7 transformation activity than does RB1 binding, we
assessed the ability of several HPV E7 proteins from diverse genera
as well as BPV1 E7 to target PTPN14 for degradation. In IP-WB
experiments using E7 proteins stably expressed in N/Tert-1 kera-
tinocytes, we observed that BPV1 E7, but not HPV1a E7 nor the
genus gamma HPV4 E7, was able to reduce the steady-state level of
PTPN14 (Fig. 8A). Consistent with this result, we observed that
neither HPV1a nor HPV4 E7 coimmunoprecipitated UBR4. We
hypothesize that these E7 proteins are unable to target PTPN14 for
degradation because they are unable to robustly engage UBR4.
BPV1 E7 efficiently bound UBR4 and consequently was able to
reduce PTPN14 levels. Thus, PTPN14 degradation correlates bet-
ter with the ability of E7 to act in transformation assays than does
RB1 degradation. We note that further experiments will be re-

FIG 7 HPV18 E7-mediated PTPN14 degradation requires the E3 ubiquitin ligase UBR4. (A) N/Tert cells were transfected with siRNAs targeting cullin 3, UBR4,
or HPV18 E7 or with a nontargeting control (si Control). Twenty-four hours posttransfection, cells were transduced with a retrovirus expressing HPV18 E7 or
with the empty vector control retrovirus. Forty-eight hours post-retrovirus transduction, cells were treated with 40 �g/ml cycloheximide (CHX) and harvested
at indicated time points post-cycloheximide treatment. Equal amounts of protein lysates were separated by SDS-PAGE and Western blotted using antibodies to
PTPN14, cullin 3, HA, and actin. (B) N/Tert cells were transfected with siRNA targeting UBR4 or with a nontargeting control (si Control). Twenty-four hours
posttransfection, cells were transduced with an empty vector control retrovirus. Forty-eight hours post-retrovirus transduction, cells were treated with 40 �g/ml
cycloheximide and harvested at indicated time points post-cycloheximide treatment. Lysates were separated by SDS-PAGE and Western blotted using antibodies
to PTPN14, UBR4, and actin. The same lysates were run in the first five lanes of the gels in panels A and B. The experiment was repeated four times, and a
representative experiment is shown.
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quired to determine the relative contributions of PTPN14 degra-
dation versus retinoblastoma inactivation in these assays.

PTPN14 was difficult to detect on a Western blot after immu-
noprecipitation of BPV1 E7 likely because of its efficient degrada-
tion in the presence of this E7. Consistent with the ability of BPV1
to reduce PTPN14 levels in N/Tert-1 cells, we observed that
PTPN14 was readily detectable by Western blotting in mouse
C127 cells but not in ID13 cells (Fig. 8B). ID13 cells are C127 cells
transformed with the BPV1 genome, and they produce BPV1 E7.

DISCUSSION

Decades of study have helped to explain how high-risk E6 and E7
act in immortalization and transformation assays, yet there are
still open questions regarding the mechanisms by which these
proteins dysregulate host cellular functions. For more than
25 years, there has been evidence in the literature that high-risk
HPV E7 proteins have retinoblastoma-independent immortaliza-
tion and transformation activities (24, 46). Many studies support
the idea that N- and/or C-terminal regions of E7 are important for
its retinoblastoma-independent contributions to transformation,
and at least one report suggested that this activity could require
interaction with a yet unidentified cellular protein (23). Other
studies hinted at what cellular factor might be involved. For ex-
ample, the E3 ubiquitin ligase UBR4 binds to the N terminus of E7
and is required for the anchorage-independent growth of HPV-
positive cervical cancer cell lines and for the ability of BPV1 E7 to
inhibit anoikis (27, 42, 44), but in the absence of a target for ubiq-

uitylation by UBR4, the mechanistic basis of these observations
was unclear.

Our previous report on the E7 protein interaction data focused
on aspects of E7 function related to RB degradation. We described
the cullin 2/Zer1 E3 ubiquitin ligase complex that is required for
the HPV16 E7-mediated degradation of RB1, and this together
with an earlier study established the mechanism of RB1 degrada-
tion by HPV16 E7 (32, 50). Next we chose to focus on proteins that
could help to explain the retinoblastoma-independent immortal-
ization and transformation activity of high-risk HPV E7 and pro-
tein interactions that would distinguish high-risk E7 from low-
risk E7.

PTPN14 degradation by E7 is an excellent candidate to account
for the data supporting the retinoblastoma-independent transfor-
mation activity of E7. High-risk E7 is necessary and sufficient for
PTPN14 degradation, and PTPN14 degradation is not an activity
of low-risk E7 (Fig. 1 and 2). PTPN14 degradation requires the N-
and C-terminal regions of E7 that are known to be important in
retinoblastoma-independent transformation (Fig. 3). Our results
fit with the retinoblastoma-independent nature of the missing
transformation function, since RB1 binding is not necessary for
PTPN14 degradation (Fig. 3), and E7 interacts with PTPN14 and
UBR4 in a complex that is largely distinct from the RB1-
containing complex (Fig. 5). In addition, our results are consistent
with the previously identified role of UBR4 in retinoblastoma-
independent transformation, since the degradation of PTPN14 in
the presence of E7 requires UBR4 (Fig. 7). Our mapping studies
suggest that this is because the N terminus of E7 binds UBR4 and
the C terminus binds PTPN14 (Fig. 3). Although low-risk and
non-cancer-associated E7 proteins engage both PTPN14 and
UBR4, we hypothesize that the more robust interaction of high-
risk E7 with both proteins (Fig. 1) (32) is responsible for the high-
risk E7-specific degradation of PTPN14. We have not determined
whether the interaction of E7 with UBR4 increases its affinity for
PTPN14, or vice versa.

We also see a close correlation between PTPN14 degrada-
tion and RB-independent transformation in two assays. In a
previously published study, we found that HPV16 E7 and some
mutants of HPV16 E7 have activity in an assay of retinoblastoma-
independent transformation (51). The HEK TER cells used in that
assay produce simian virus 40 (SV40) large T antigen, which effi-
ciently inactivates RB1, yet E7 retains some ability to transform.
That retinoblastoma-independent transformation activity
mapped to the N and C termini of HPV16 E7, which we now know
are required for PTPN14 degradation. The second correlation is in
this article, in which we examined PTPN14 degradation by two E7
proteins for which there has historically not been a good connec-
tion between RB1 binding and transformation. One is HPV1a E7,
which binds RB1 with high affinity but does not transform (45,
46), and the other is BPV1 E7, which does not bind retinoblastoma
proteins but cooperates with BPV1 E5 and E6 in transformation
assays (47–49). We found that the previously established ability of
these proteins to transform is correlated with their ability to re-
duce PTPN14 levels (Fig. 8). PTPN14 was degraded in the pres-
ence of HPV16 E7, HPV18 E7, and BPV1 E7, each of which has
activity in transformation assays. PTPN14 was not degraded in the
presence of HPV1a E7, which does not contribute to transforma-
tion even though it efficiently binds RB1. Other published data are
also consistent with a link between PTPN14 degradation and
retinoblastoma-independent transformation. HPV18 E7 DNA

FIG 8 Papillomavirus E7 proteins vary in their ability to bind PTPN14 and
target PTPN14 for degradation. (A) N/Tert-1 cells expressing one of several
HPV E7 proteins or BPV1 E7 protein tagged with Flag and HA were subjected
to immunoprecipitation with HA antibody. Immunoprecipitates were sepa-
rated by SDS-PAGE and Western blotted using antibodies to HA, PTPN14,
UBR4, RB1, and actin. (Left panels) Protein levels in input lysates. (Right
panels) Proteins recovered after immunoprecipitation with anti-HA antibody.
PTPN14 and HA protein amounts were quantified using ImageJ. The ratio of
PTPN14 protein amount relative to E7-HA protein amount in the E7-
expressing cell lines is indicated. (B) PTPN14 and actin protein levels in C127
and ID13 cell lysates were measured by Western blotting.
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was 3 to 4 times more efficient than HPV16 DNA at altering ker-
atinocyte differentiation (52), and HPV18 E7 is the most efficient
at targeting PTPN14 for degradation in our assays (Fig. 1). We
plan further experiments to determine the importance of PTPN14
degradation relative to retinoblastoma inactivation in transfor-
mation assays, but for the high-risk HPV E7 proteins, we antici-
pate that both activities contribute to transformation by E7.

It is interesting to consider how PTPN14 degradation might
address the limitations of the current HPV-associated transfor-
mation model. A revised model of transformation has proposed
that an initial oncogenic event occurs when high-risk E7 proteins
are expressed in cells (53). This leads to the induction of p16INK4A,
a negative regulator of the cell cycle that is upregulated in high-risk
HPV-associated cancers. The induction of p16INK4A and subse-
quently p53 would normally lead to cell cycle arrest and
oncogene-induced senescence mediated by RB1. To avoid this, E7
proteins inactivate RB1 and bypass the senescence that would oth-
erwise result from the initial oncogenic hit. This model could ac-
count for the RB1-independent transformation functions of high-
risk HPVs and could explain why high-risk but not low-risk E7
proteins are oncogenic, but the initial oncogenic event has not
been identified. Our future studies will examine the possibility
that PTPN14 degradation provides this initial oncogenic event.

Finally, there are other binding partners of E7, and we do not
discount the possibility that they may also act in RB-independent
transformation by E7. p190RhoGAP binds to the C terminus of
several HPV E7 proteins, although this interaction is not specific
for high-risk HPVs (54). We also note that there could be more
than one mechanism by which HPV E7 proteins act to reduce
PTPN14 levels. PTPN14 is a target of miR-21, and this microRNA
(miRNA) downregulates PTPN14 and PTEN at the mRNA and
protein levels (55). E7 is responsible for the upregulation of
miR-21 in cervical cancer (56–59), so the E7-induced increase in
miR-21 could lead to a decrease in PTPN14 expression in E7-
positive cells.

PTPN14 is an appealing candidate to contribute to transfor-
mation by E7 because of its involvement in cell growth controls.
PTPN14 can act as a negative regulator of YAP1 in the Hippo
signaling pathway, which regulates proliferation and apoptosis
(39, 60, 61). YAP1 and its homolog TAZ activate TEAD-
dependent promoters that control proproliferative and antiapop-
totic genes. The published connection between Hippo signaling,
which involves PTPN14, and anoikis (62) could also help to ex-
plain why UBR4 was previously found to be required for the E7-
mediated inhibition of anoikis (44). YAP affects other signaling
pathways, including the Wnt, transforming growth factor �
(TGF-�), and Notch pathways (63), and so there is potential for
PTPN14 to impact them as well, but this has not been studied.
Negative regulation of YAP1 could explain the tumor suppressor
functions of PTPN14, but in contrast, a recent publication showed
that PTPN14 promotes aberrant cell growth in a breast cancer
model (64). As for many PTPs, cell type and signaling context may
significantly dictate the downstream effects of PTPN14 activity.
Notably, PTPN14’s role in YAP repression appears not to require
its phosphatase activity, and the PTPN14-YAP interaction ap-
pears to be the major source of PTPN14 tumor-suppressive activ-
ity (39). Future studies will test the effect of E7-mediated PTPN14
degradation on YAP1 and on the many pathways with which it is
involved.

Our results demonstrate that high-risk HPV E7 bind and target

PTPN14 for proteasome-mediated degradation. This degradation
requires UBR4 and can be inhibited by blocking the interaction
between E7 and PTPN14. The ability of E7 to target PTPN14 for
degradation maps to the N and C termini of E7 and is independent
of RB1 binding by E7, making it consistent with previous sugges-
tions in the literature that there is a retinoblastoma-independent
transformation activity of E7. PTPN14 is mutated in several can-
cers, and our subsequent studies will investigate the effect of res-
toration of PTPN14 levels in HPV-positive cancer cells. We also
plan to investigate the effect of the E7-PTPN14 interaction on host
cellular pathways, including Hippo signaling and other pathways
impacted by YAP.

MATERIALS AND METHODS
Cloning and plasmids. The murine stem cell virus (MSCV)-empty vector
and MSCV-HPV18E7-Flag-HA plasmids used in transient transduction
experiments have been previously described (32, 65). MSCV vectors en-
coding HPV1a E7, HPV4 E7, BPV1 E7, and deletion and substitution
mutant forms of HPV16 E7 were constructed as previously described (32).
The PTPN14 deletion mutant and PTPN14 subfragment overexpression
constructs were based on a previously published collection of PTPN14
deletion mutants (39), which were a gift from Junjie Chen (University of
Texas M. D. Anderson Cancer Center) and served as the starting material
for subcloning into Gateway cloning-compatible MSCV retroviral and/or
phage lentiviral vectors. Howley lab plasmid database numbers for each of
the plasmids used in the study are listed in Table S1 in the supplemental
material. The PTPN14 deletion mutant constructs are missing the follow-
ing amino acids: �FERM, aa 1 to 341; �Linker 1, aa 341 to 501; �Linker 2
version 1, aa 521 to 781, �Linker 2 version 2, aa 481 to 821; �Linker 3, aa
801 to 900; and �PTP, aa 900 to 1187. The overexpressed L2 fragment
corresponds to PTPN14 aa 501 to 801, and the overexpressed PTP frag-
ment corresponds to PTPN14 aa 900 to 1187.

Cell lines and transductions. N/Tert-E7 cell lines and their propaga-
tion have been previously described, and new N/Tert-1 cell lines were
established and selected in the same way (32). HeLa, Caski, C33A, C127,
and ID13 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum and 100 U/ml penicillin and
100 �g/ml streptomycin. For MG132 and NH4Cl treatments, cells were
treated with 30 �M MG132, 10 mM NH4Cl, or dimethyl sulfoxide
(DMSO) control in culture medium for 8 h prior to harvest. For cyclo-
heximide treatment, cells were treated with 40 �g/ml cycloheximide in
culture medium and harvested at the indicated time points.

siRNA transfections. N/Tert-1, HeLa, Caski, and C33A cells were
transfected with siRNAs as previously described (32, 66) using Dharma-
fect 2 transfection reagent for N/Tert-1 and C33A cells and Dharmafect 1
transfection reagent for HeLa and Caski cells. The siRNAs used in the
study were purchased from Dharmacon and are nontargeting siRNA 1
(D-001810-01), CUL3 (J-010224-09), UBR4 (J-014021-09), two custom-
designed siRNAs targeting the HPV16 E6/E7 transcript, and two custom-
designed siRNAs targeting the HPV18 E6/E7 transcript. The sequences of
the custom siRNAs are as follows: HPV16 1, CAACAUUAGAACAGCAA
UAUU; HPV16 2, GGACAGAGCCCAUUACAAUUU; HPV18 5, GGAA
GAAAACGAUGAAAUAUU; and HPV18 7, GCUAGUAGUAGAAAGC
UCAUU. SiGLO red (D-0011630-02) was used to visualize efficient
transfection in a control well.

Western blots, antibodies, and immunoprecipitations. Western
blots were performed as previously described (32) using NuPAGE (Invit-
rogen) gels and transfer to polyvinylidene difluoride (PVDF). Membranes
were blocked in 5% nonfat dried milk in TBST (Tris-buffered saline
[pH 7.4] with 0.05% Tween 20) and then incubated with primary anti-
bodies as follows: RB1 (Calbiochem/EMD), UBR4 (gift of Yoshihiro Na-
katani, Dana-Farber Cancer Institute [67]), CUL3 (Bethyl), actin (Milli-
pore), V5 (Invitrogen), p53 (Santa Cruz Biotechnology), or PTPN14
(Sigma-Aldrich, R&D Systems, or Cell Signaling Technology). Mem-
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branes were washed in TBST and incubated with horseradish peroxidase
(HRP)-coupled anti-mouse or anti-rabbit antibodies or an Alexa 680-
coupled anti-mouse antibody and detected using Western Lightning
chemiluminescent substrate or a LI-COR infrared imaging system. HA-
tagged proteins were detected using an HA antibody conjugated to HRP
(Roche) and visualized on film. For anti-HA immunoprecipitations, HA-
tagged proteins were immunoprecipitated and processed for Western
blotting as previously described (32).

Gel filtration chromatography. Gel filtration chromatography was
performed essentially as previously described (68). Briefly, frozen pellets
of N/Tert-E7 cells were resuspended in mammalian cell lysis buffer
(MCLB: 50 mM Tris [pH 7.8], 150 mM NaCl, 0.5% NP-40) in the pres-
ence of protease and phosphatase inhibitors (Roche Complete, EDTA-
free protease inhibitor cocktail and 25 mM sodium fluoride, 1 mM so-
dium orthovanadate, 5 mM �-glycerophosphate). The lysate was
incubated on ice for 15 min then clarified by centrifugation in a refriger-
ated microcentrifuge for 10 min at top speed. The supernatant was further
clarified using 0.45-�m Durapore PVDF spin filters (Millipore). Approx-
imately 7 mg of total cellular protein was applied to a Superose 6 10/
300-Gl column run on an Akta Pure fast protein liquid chromatography
(FPLC) column (GE Healthcare) with MCLB as the running buffer. The
injection volume was 500 �l, the flow rate was 0.5 ml/min, and 0.5-ml
fractions were collected from 0.2 column volume to 1.5 column volumes.
The molecular masses corresponding to individual fractions were esti-
mated by loading 1 mg of individual protein standards from a Sigma-
Aldrich gel filtration marker kit for protein molecular masses from 29,000
to 700,000 Da on the column in the same way and recording the fraction
in which the peak eluted. Even-numbered fractions were used as the start-
ing material in anti-HA immunoprecipitations.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.01530-16/-/DCSupplemental.

Figure S1, EPS file, 0.4 MB.
Table S1, XLS file, 0.02 MB.

ACKNOWLEDGMENTS

We thank Wade Harper, Anne White, and members of the Howley labo-
ratory for helpful discussions and suggestions, Junjie Chen for the gift of
PTPN14 expression vectors, and Yoshihiro Nakatani for the anti-UBR4
antibody. All plasmids generated in the Howley laboratory that are de-
scribed in this article are available through Addgene.

This work has been supported by NIH grant R35CA197262 to P.M.H.
and the Alexander and Margaret Stewart Trust to E.A.W.

FUNDING INFORMATION
This work, including the efforts of Peter M. Howley, was funded by HHS
| NIH | National Cancer Institute (NCI) (R35CA197262). This work, in-
cluding the efforts of Elizabeth A. White, was funded by Alexander and
Margaret Stewart Trust (Alexander & Margaret Stewart Trust).

REFERENCES
1. Howley PM, Schiller JT, Lowy DR. 2013. Papillomaviruses, p 1662–1703.

In Knipe DM, Howley PM (ed), Fields virology, 6th ed. Lippincott Wil-
liams & Wilkins, Philadelphia, PA.

2. Munoz N, Bosch FX, de Sanjose S, Herrero R, Castellsague X, Shah KV,
Snijders PJ, Meijer CJ, International Agency for Research on Cancer
Multicenter Cervical Cancer Study Group. 2003. Epidemiologic classifi-
cation of human papillomavirus types associated with cervical cancer. N
Engl J Med 348:518 –527.

3. Schiffman M, Herrero R, Desalle R, Hildesheim A, Wacholder S,
Rodriguez AC, Bratti MC, Sherman ME, Morales J, Guillen D, Alfaro
M, Hutchinson M, Wright TC, Solomon D, Chen Z, Schussler J, Castle
PE, Burk RD. 2005. The carcinogenicity of human papillomavirus types
reflects viral evolution. Virology 337:76 – 84. http://dx.doi.org/10.1016/
j.virol.2005.04.002.

4. Howley PM, Livingston DM. 2009. Small DNA tumor viruses: large

contributors to biomedical sciences. Virology 384:256 –259. http://
dx.doi.org/10.1016/j.virol.2008.12.006.

5. Roman A, Munger K. 2013. The papillomavirus E7 proteins. Virology
445:138 –168. http://dx.doi.org/10.1016/j.virol.2013.04.013.

6. Dyson N, Guida P, Münger K, Harlow E. 1992. Homologous sequences
in adenovirus E1A and human papillomavirus E7 proteins mediate inter-
action with the same set of cellular proteins. J Virol 66:6893– 6902.

7. Dyson N, Howley PM, Münger K, Harlow E. 1989. The human
papillomavirus-16 E7 oncoprotein is able to bind to the retinoblastoma
gene product. Science 243:934 –937. http://dx.doi.org/10.1126/
science.2537532.

8. Münger K, Werness BA, Dyson N, Phelps WC, Harlow E, Howley PM.
1989. Complex formation of human papillomavirus E7 proteins with the
retinoblastoma tumor suppressor gene product. EMBO J 8:4099 – 4105.

9. Berezutskaya E, Yu B, Morozov A, Raychaudhuri P, Bagchi S. 1997.
Differential regulation of the pocket domains of the retinoblastoma family
proteins by the HPV16 E7 oncoprotein. Cell Growth Differ 8:1277–1286.

10. Boyer SN, Wazer DE, Band V. 1996. E7 protein of human
papillomavirus-16 induces degradation of retinoblastoma protein
through the ubiquitin-proteasome pathway. Cancer Res 56:4620 – 4624.

11. Gonzalez SL, Stremlau M, He X, Basile JR, Münger K. 2001. Degrada-
tion of the retinoblastoma tumor suppressor by the human papillomavi-
rus type 16 E7 oncoprotein is important for functional inactivation and is
separable from proteasomal degradation of E7. J Virol 75:7583–7591.
http://dx.doi.org/10.1128/JVI.75.16.7583-7591.2001.

12. Jones DL, Münger K. 1997. Analysis of the p53-mediated G1 growth
arrest pathway in cells expressing the human papillomavirus type 16 E7
oncoprotein. J Virol 71:2905–2912.

13. Scheffner M, Werness BA, Huibregtse JM, Levine AJ, Howley PM. 1990.
The E6 oncoprotein encoded by human papillomavirus types 16 and 18
promotes the degradation of p53. Cell 63:1129 –1136. http://dx.doi.org/
10.1016/0092-8674(90)90409-8.

14. Werness BA, Levine AJ, Howley PM. 1990. Association of human pap-
illomavirus types 16 and 18 E6 proteins with p53. Science 248:76 –79.
http://dx.doi.org/10.1126/science.2157286.

15. James CD, Roberts S. 2016. Viral interactions with PDZ domain-
containing proteins—an oncogenic trait? Pathogens 5:E8. http://
dx.doi.org/10.3390/pathogens5010008.

16. Duensing S, Münger K. 2002. The human papillomavirus type 16 E6 and
E7 oncoproteins independently induce numerical and structural chromo-
some instability. Cancer Res 62:7075–7082.

17. Hawley-Nelson P, Vousden KH, Hubbert NL, Lowy DR, Schiller JT.
1989. HPV16 E6 and E7 proteins cooperate to immortalize human fore-
skin keratinocytes. EMBO J 8:3905–3910.

18. Halbert CL, Demers GW, Galloway DA. 1991. The E7 gene of human
papillomavirus type 16 is sufficient for immortalization of human epithe-
lial cells. J Virol 65:473– 478.

19. Münger K, Phelps WC, Bubb V, Howley PM, Schlegel R. 1989. The E6
and E7 genes of the human papillomavirus type 16 together are necessary
and sufficient for transformation of primary human keratinocytes. J Virol
63:4417– 4421.

20. Storey A, Osborn K, Crawford L. 1990. Co-transformation by human
papillomavirus types 6 and 11. J Gen Virol 71:165–171. http://dx.doi.org/
10.1099/0022-1317-71-1-165.

21. Barbosa MS, Vass WC, Lowy DR, Schiller JT. 1991. In vitro biological
activities of the E6 and E7 genes vary among human papillomaviruses of
different oncogenic potential. J Virol 65:292–298.

22. Heck DV, Yee CL, Howley PM, Münger K. 1992. Efficiency of binding
the retinoblastoma protein correlates with the transforming capacity of
the E7 oncoproteins of the human papillomaviruses. Proc Natl Acad Sci
U S A 89:4442– 4446. http://dx.doi.org/10.1073/pnas.89.10.4442.

23. Helt AM, Galloway DA. 2001. Destabilization of the retinoblastoma tu-
mor suppressor by human papillomavirus type 16 E7 is not sufficient to
overcome cell cycle arrest in human keratinocytes. J Virol 75:6737– 6747.
http://dx.doi.org/10.1128/JVI.75.15.6737-6747.2001.

24. Jewers RJ, Hildebrandt P, Ludlow JW, Kell B, McCance DJ. 1992.
Regions of human papillomavirus type 16 E7 oncoprotein required for
immortalization of human keratinocytes. J Virol 66:1329 –1335.

25. Phelps WC, Münger K, Yee CL, Barnes JA, Howley PM. 1992. Structure-
function analysis of the human papillomavirus type 16 E7 oncoprotein. J
Virol 66:2418 –2427.

26. Banks L, Edmonds C, Vousden KH. 1990. Ability of the HPV16 E7

Degradation of PTPN14 by High-Risk HPV E7

September/October 2016 Volume 7 Issue 5 e01530-16 ® mbio.asm.org 9

http://mbio.asm.org/lookup/suppl/doi:10.1128/mBio.01530-16/-/DCSupplemental
http://mbio.asm.org/lookup/suppl/doi:10.1128/mBio.01530-16/-/DCSupplemental
http://dx.doi.org/10.1016/j.virol.2005.04.002
http://dx.doi.org/10.1016/j.virol.2005.04.002
http://dx.doi.org/10.1016/j.virol.2008.12.006
http://dx.doi.org/10.1016/j.virol.2008.12.006
http://dx.doi.org/10.1016/j.virol.2013.04.013
http://dx.doi.org/10.1126/science.2537532
http://dx.doi.org/10.1126/science.2537532
http://dx.doi.org/10.1128/JVI.75.16.7583-7591.2001
http://dx.doi.org/10.1016/0092-8674(90)90409-8
http://dx.doi.org/10.1016/0092-8674(90)90409-8
http://dx.doi.org/10.1126/science.2157286
http://dx.doi.org/10.3390/pathogens5010008
http://dx.doi.org/10.3390/pathogens5010008
http://dx.doi.org/10.1099/0022-1317-71-1-165
http://dx.doi.org/10.1099/0022-1317-71-1-165
http://dx.doi.org/10.1073/pnas.89.10.4442
http://dx.doi.org/10.1128/JVI.75.15.6737-6747.2001
mbio.asm.org


protein to bind RB and induce DNA synthesis is not sufficient for efficient
transforming activity in NIH3T3 cells. Oncogene 5:1383–1389.

27. Huh KW, DeMasi J, Ogawa H, Nakatani Y, Howley PM, Münger K.
2005. Association of the human papillomavirus type 16 E7 oncoprotein
with the 600-kDa retinoblastoma protein-associated factor, p600. Proc
Natl Acad Sci U S A 102:11492–11497. http://dx.doi.org/10.1073/
pnas.0505337102.

28. McIntyre MC, Frattini MG, Grossman SR, Laimins LA. 1993. Human
papillomavirus type 18 E7 protein requires intact Cys-X-X-Cys motifs for
zinc binding, dimerization, and transformation but not for Rb binding. J
Virol 67:3142–3150.

29. Shin MK, Sage J, Lambert PF. 2012. Inactivating all three rb family pocket
proteins is insufficient to initiate cervical cancer. Cancer Res 72:
5418 –5427. http://dx.doi.org/10.1158/0008-5472.CAN-12-2083.

30. White EA, Howley PM. 2013. Proteomic approaches to the study of
papillomavirus-host interactions. Virology 435:57– 69. http://dx.doi.org/
10.1016/j.virol.2012.09.046.

31. White EA, Kramer RE, Tan MJ, Hayes SD, Harper JW, Howley PM.
2012. Comprehensive analysis of host cellular interactions with human
papillomavirus E6 proteins identifies new E6 binding partners and reflects
viral diversity. J Virol 86:13174 –13186. http://dx.doi.org/10.1128/
JVI.02172-12.

32. White EA, Sowa ME, Tan MJ, Jeudy S, Hayes SD, Santha S, Münger K,
Harper JW, Howley PM. 2012. Systematic identification of interactions
between host cell proteins and E7 oncoproteins from diverse human pap-
illomaviruses. Proc Natl Acad Sci U S A 109:E260 –E267. http://
dx.doi.org/10.1073/pnas.1116776109.

33. Rozenblatt-Rosen O, Deo RC, Padi M, Adelmant G, Calderwood MA,
Rolland T, Grace M, Dricot A, Askenazi M, Tavares M, Pevzner SJ,
Abderazzaq F, Byrdsong D, Carvunis AR, Chen AA, Cheng J, Correll M,
Duarte M, Fan C, Feltkamp MC, Ficarro SB, Franchi R, Garg BK,
Gulbahce N, Hao T, Holthaus AM, James R, Korkhin A, Litovchick L,
Mar JC, Pak TR, Rabello S, Rubio R, Shen Y, Singh S, Spangle JM,
Tasan M, Wanamaker S, Webber JT, Roecklein-Canfield J, Johannsen
E, Barabasi AL, Beroukhim R, Kieff E, Cusick ME, Hill DE, Munger K,
Marto JA, Quackenbush J, Roth FP. 2012. Interpreting cancer genomes
using systematic host network perturbations by tumour virus proteins.
Nature 487:491– 495. http://dx.doi.org/10.1038/nature11288.

34. Tonks NK. 2006. Protein tyrosine phosphatases: from genes, to function,
to disease. Nat Rev Mol Cell Biol 7:833– 846. http://dx.doi.org/10.1038/
nrm2039.

35. Wang Z, Shen D, Parsons DW, Bardelli A, Sager J, Szabo S, Ptak J,
Silliman N, Peters BA, van der Heijden MS, Parmigiani G, Yan H,
Wang TL, Riggins G, Powell SM, Willson JK, Markowitz S, Kinzler KW,
Vogelstein B, Velculescu VE. 2004. Mutational analysis of the tyrosine
phosphatome in colorectal cancers. Science 304:1164 –1166. http://
dx.doi.org/10.1126/science.1096096.

36. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA,
Jacobsen A, Byrne CJ, Heuer ML, Larsson E, Antipin Y, Reva B,
Goldberg AP, Sander C, Schultz N. 2012. The cBio Cancer Genomics
Portal: an open platform for exploring multidimensional cancer genomics
data. Cancer Discov 2:401– 404. http://dx.doi.org/10.1158/2159-8290.CD
-12-0095.

37. Bonilla X, Parmentier L, King B, Bezrukov F, Kaya G, Zoete V,
Seplyarskiy VB, Sharpe HJ, McKee T, Letourneau A, Ribaux PG,
Popadin K, Basset-Seguin N, Ben Chaabene R, Santoni FA, Andrianova
MA, Guipponi M, Garieri M, Verdan C, Grosdemange K, Sumara O,
Eilers M, Aifantis I, Michielin O, de Sauvage FJ, Antonarakis SE,
Nikolaev SI. 2016. Genomic analysis identifies new drivers and progres-
sion pathways in skin basal cell carcinoma. Nat Genet 48:398 – 406. http://
dx.doi.org/10.1038/ng.3525.

38. Schramm A, Köster J, Assenov Y, Althoff K, Peifer M, Mahlow E,
Odersky A, Beisser D, Ernst C, Henssen AG, Stephan H, Schröder C,
Heukamp L, Engesser A, Kahlert Y, Theissen J, Hero B, Roels F,
Altmüller J, Nürnberg P, Astrahantseff K, Gloeckner C, De Preter K,
Plass C, Lee S, Lode HN, Henrich KO, Gartlgruber M, Speleman F,
Schmezer P, Westermann F, Rahmann S, Fischer M, Eggert A, Schulte
JH. 2015. Mutational dynamics between primary and relapse neuroblas-
tomas. Nat Genet 47:872– 877. http://dx.doi.org/10.1038/ng.3349.

39. Wang W, Huang J, Wang X, Yuan J, Li X, Feng L, Park JI, Chen J. 2012.
PTPN14 is required for the density-dependent control of YAP1. Genes
Dev 26:1959 –1971. http://dx.doi.org/10.1101/gad.192955.112.

40. Dickson MA, Hahn WC, Ino Y, Ronfard V, Wu JY, Weinberg RA, Louis

DN, Li FP, Rheinwald JG. 2000. Human keratinocytes that express
hTERT and also bypass a p16(INK4a)-enforced mechanism that limits life
span become immortal yet retain normal growth and differentiation char-
acteristics. Mol Cell Biol 20:1436 –1447. http://dx.doi.org/10.1128/
MCB.20.4.1436-1447.2000.

41. Demers GW, Espling E, Harry JB, Etscheid BG, Galloway DA. 1996.
Abrogation of growth arrest signals by human papillomavirus type 16 E7 is
mediated by sequences required for transformation. J Virol 70:
6862– 6869.

42. DeMasi J, Huh KW, Nakatani Y, Münger K, Howley PM. 2005. Bovine
papillomavirus E7 transformation function correlates with cellular p600
protein binding. Proc Natl Acad Sci U S A 102:11486 –11491. http://
dx.doi.org/10.1073/pnas.0505322102.

43. Scheffner M, Huibregtse JM, Vierstra RD, Howley PM. 1993. The
HPV-16 E6 and E6-AP complex functions as a ubiquitin-protein ligase in
the ubiquitination of p53. Cell 75:495–505. http://dx.doi.org/10.1016/
0092-8674(93)90384-3.

44. DeMasi J, Chao MC, Kumar AS, Howley PM. 2007. Bovine papilloma-
virus E7 oncoprotein inhibits anoikis. J Virol 81:9419 –9425. http://
dx.doi.org/10.1128/JVI.00422-07.

45. Ciccolini F, Di Pasquale G, Carlotti F, Crawford L, Tommasino M.
1994. Functional studies of E7 proteins from different HPV types. Onco-
gene 9:2633–2638.

46. Ibaraki T, Satake M, Kurai N, Ichijo M, Ito Y. 1993. Transacting
activities of the E7 genes of several types of human papillomavirus. Virus
Genes 7:187–196. http://dx.doi.org/10.1007/BF01702398.

47. Bohl J, Hull B, Vande Pol SB. 2001. Cooperative transformation and
coexpression of bovine papillomavirus type 1 E5 and E7 proteins. J Virol
75:513–521. http://dx.doi.org/10.1128/JVI.75.1.513-521.2001.

48. Neary K, DiMaio D. 1989. Open reading frames E6 and E7 of bovine
papillomavirus type 1 are both required for full transformation of mouse
C127 cells. J Virol 63:259 –266.

49. Sarver N, Rabson MS, Yang YC, Byrne JC, Howley PM. 1984. Localiza-
tion and analysis of bovine papillomavirus type 1 transforming functions.
J Virol 52:377–388.

50. Huh K, Zhou X, Hayakawa H, Cho JY, Libermann TA, Jin J, Harper
JW, Munger K. 2007. Human papillomavirus type 16 E7 oncoprotein
associates with the cullin 2 ubiquitin ligase complex, which contributes to
degradation of the retinoblastoma tumor suppressor. J Virol 81:
9737–9747. http://dx.doi.org/10.1128/JVI.00881-07.

51. White EA, Kramer RE, Hwang JH, Pores Fernando AT, Naetar N,
Hahn WC, Roberts TM, Schaffhausen BS, Livingston DM, Howley
PM. 2015. Papillomavirus E7 oncoproteins share functions with polyo-
mavirus small T antigens. J Virol 89:2857–2865. http://dx.doi.org/
10.1128/JVI.03282-14.

52. Schlegel R, Phelps WC, Zhang YL, Barbosa M. 1988. Quantitative
keratinocyte assay detects two biological activities of human papillomavi-
rus DNA and identifies viral types associated with cervical carcinoma.
EMBO J 7:3181–3187.

53. Munger K, Jones DL. 2015. Human papillomavirus carcinogenesis: an
identity crisis in the retinoblastoma tumor suppressor pathway. J Virol
89:4708 – 4711. http://dx.doi.org/10.1128/JVI.03486-14.

54. Todorovic B, Nichols AC, Chitilian JM, Myers MP, Shepherd TG,
Parsons SJ, Barrett JW, Banks L, Mymryk JS. 2014. The human papil-
lomavirus E7 proteins associate with p190RhoGAP and alter its function.
J Virol 88:3653–3663. http://dx.doi.org/10.1128/JVI.03263-13.

55. Wang LJ, He CC, Sui X, Cai MJ, Zhou CY, Ma JL, Wu L, Wang H, Han
SX, Zhu Q. 2015. MiR-21 promotes intrahepatic cholangiocarcinoma
proliferation and growth in vitro and in vivo by targeting PTPN14 and
PTEN. Oncotarget 6:5932–5946.

56. Honegger A, Schilling D, Bastian S, Sponagel J, Kuryshev V, Sültmann
H, Scheffner M, Hoppe-Seyler K, Hoppe-Seyler F. 2015. Dependence of
intracellular and exosomal microRNAs on viral E6/E7 oncogene expres-
sion in HPV-positive tumor cells. PLoS Pathog 11:e1004712. http://
dx.doi.org/10.1371/journal.ppat.1004712.

57. Kong Q, Wang W, Li P. 2015. Regulator role of HPV E7 protein on
miR-21 expression in cervical carcinoma cells and its functional implica-
tion. Int J Clin Exp Pathol 8:15808 –15813.

58. Wang X, Tang S, Le SY, Lu R, Rader JS, Meyers C, Zheng ZM. 2008.
Aberrant expression of oncogenic and tumor-suppressive microRNAs in
cervical cancer is required for cancer cell growth. PLoS One 3:e2557.
http://dx.doi.org/10.1371/journal.pone.0002557.

59. Zheng ZM, Wang X. 2011. Regulation of cellular miRNA expression by

White et al.

10 ® mbio.asm.org September/October 2016 Volume 7 Issue 5 e01530-16

http://dx.doi.org/10.1073/pnas.0505337102
http://dx.doi.org/10.1073/pnas.0505337102
http://dx.doi.org/10.1158/0008-5472.CAN-12-2083
http://dx.doi.org/10.1016/j.virol.2012.09.046
http://dx.doi.org/10.1016/j.virol.2012.09.046
http://dx.doi.org/10.1128/JVI.02172-12
http://dx.doi.org/10.1128/JVI.02172-12
http://dx.doi.org/10.1073/pnas.1116776109
http://dx.doi.org/10.1073/pnas.1116776109
http://dx.doi.org/10.1038/nature11288
http://dx.doi.org/10.1038/nrm2039
http://dx.doi.org/10.1038/nrm2039
http://dx.doi.org/10.1126/science.1096096
http://dx.doi.org/10.1126/science.1096096
http://dx.doi.org/10.1158/2159-8290.CD-12-0095
http://dx.doi.org/10.1158/2159-8290.CD-12-0095
http://dx.doi.org/10.1038/ng.3525
http://dx.doi.org/10.1038/ng.3525
http://dx.doi.org/10.1038/ng.3349
http://dx.doi.org/10.1101/gad.192955.112
http://dx.doi.org/10.1128/MCB.20.4.1436-1447.2000
http://dx.doi.org/10.1128/MCB.20.4.1436-1447.2000
http://dx.doi.org/10.1073/pnas.0505322102
http://dx.doi.org/10.1073/pnas.0505322102
http://dx.doi.org/10.1016/0092-8674(93)90384-3
http://dx.doi.org/10.1016/0092-8674(93)90384-3
http://dx.doi.org/10.1128/JVI.00422-07
http://dx.doi.org/10.1128/JVI.00422-07
http://dx.doi.org/10.1007/BF01702398
http://dx.doi.org/10.1128/JVI.75.1.513-521.2001
http://dx.doi.org/10.1128/JVI.00881-07
http://dx.doi.org/10.1128/JVI.03282-14
http://dx.doi.org/10.1128/JVI.03282-14
http://dx.doi.org/10.1128/JVI.03486-14
http://dx.doi.org/10.1128/JVI.03263-13
http://dx.doi.org/10.1371/journal.ppat.1004712
http://dx.doi.org/10.1371/journal.ppat.1004712
http://dx.doi.org/10.1371/journal.pone.0002557
mbio.asm.org


human papillomaviruses. Biochim Biophys Acta 1809:668 – 677. http://
dx.doi.org/10.1016/j.bbagrm.2011.05.005.

60. Huang JM, Nagatomo I, Suzuki E, Mizuno T, Kumagai T, Berezov A,
Zhang H, Karlan B, Greene MI, Wang Q. 2013. YAP modifies cancer cell
sensitivity to EGFR and survivin inhibitors and is negatively regulated by
the non-receptor type protein tyrosine phosphatase 14. Oncogene 32:
2220 –2229. http://dx.doi.org/10.1038/onc.2012.231.

61. Liu X, Yang N, Figel SA, Wilson KE, Morrison CD, Gelman IH, Zhang
J. 2013. PTPN14 interacts with and negatively regulates the oncogenic
function of YAP. Oncogene 32:1266 –1273. http://dx.doi.org/10.1038/
onc.2012.147.

62. Zhao B, Li L, Wang L, Wang CY, Yu J, Guan KL. 2012. Cell detachment
activates the Hippo pathway via cytoskeleton reorganization to induce
anoikis. Genes Dev 26:54 – 68. http://dx.doi.org/10.1101/gad.173435.111.

63. Hansen CG, Moroishi T, Guan KL. 2015. YAP and TAZ: a nexus for
Hippo signaling and beyond. Trends Cell Biol 25:499 –513. http://
dx.doi.org/10.1016/j.tcb.2015.05.002.

64. Ramesh M, Krishnan N, Muthuswamy SK, Tonks NK. 2015. A novel
phosphatidic acid-protein-tyrosine phosphatase D2 axis is essential for

ERBB2 signaling in mammary epithelial cells. J Biol Chem 290:
9646 –9659. http://dx.doi.org/10.1074/jbc.M114.627968.

65. White EA, Walther J, Javanbakht H, Howley PM. 2014. Genus beta
human papillomavirus E6 proteins vary in their effects on the transactiva-
tion of p53 target genes. J Virol 88:8201– 8212. http://dx.doi.org/10.1128/
JVI.01197-14.

66. Smith JA, White EA, Sowa ME, Powell ML, Ottinger M, Harper JW,
Howley PM. 2010. Genome-wide siRNA screen identifies SMCX, EP400,
and Brd4 as E2-dependent regulators of human papillomavirus oncogene
expression. Proc Natl Acad Sci U S A 107:3752–3757. http://dx.doi.org/
10.1073/pnas.0914818107.

67. Nakatani Y, Konishi H, Vassilev A, Kurooka H, Ishiguro K, Sawada J,
Ikura T, Korsmeyer SJ, Qin J, Herlitz AM. 2005. p600, a unique protein
required for membrane morphogenesis and cell survival. Proc Natl Acad
Sci U S A 102:15093–15098. http://dx.doi.org/10.1073/pnas.0507458102.

68. Martínez-Noël G, Galligan JT, Sowa ME, Arndt V, Overton TM, Harper
JW, Howley PM. 2012. Identification and proteomic analysis of distinct
UBE3A/E6AP protein complexes. Mol Cell Biol 32:3095–3106. http://
dx.doi.org/10.1128/MCB.00201-12.

Degradation of PTPN14 by High-Risk HPV E7

September/October 2016 Volume 7 Issue 5 e01530-16 ® mbio.asm.org 11

http://dx.doi.org/10.1016/j.bbagrm.2011.05.005
http://dx.doi.org/10.1016/j.bbagrm.2011.05.005
http://dx.doi.org/10.1038/onc.2012.231
http://dx.doi.org/10.1038/onc.2012.147
http://dx.doi.org/10.1038/onc.2012.147
http://dx.doi.org/10.1101/gad.173435.111
http://dx.doi.org/10.1016/j.tcb.2015.05.002
http://dx.doi.org/10.1016/j.tcb.2015.05.002
http://dx.doi.org/10.1074/jbc.M114.627968
http://dx.doi.org/10.1128/JVI.01197-14
http://dx.doi.org/10.1128/JVI.01197-14
http://dx.doi.org/10.1073/pnas.0914818107
http://dx.doi.org/10.1073/pnas.0914818107
http://dx.doi.org/10.1073/pnas.0507458102
http://dx.doi.org/10.1128/MCB.00201-12
http://dx.doi.org/10.1128/MCB.00201-12
mbio.asm.org

	RESULTS
	HPV E7 proteins bind PTPN14 and high-risk HPV E7s reduce PTPN14 protein levels. 
	PTPN14 protein levels are low in HPV-positive cervical cancer cells and are restored upon depletion of the HPV E6/E7 early transcript. 
	The C terminus of HPV16 E7 and the phosphatase domain of PTPN14 are required for the interaction of PTPN14 with E7. 
	Blocking the interaction of PTPN14 with E7 restores PTPN14 levels in E7-producing cells. 
	The E7/PTPN14 complex contains UBR4 and is distinct from the E7/RB1 complex. 
	High-risk HPV E7 recruits UBR4 to direct the proteasome-mediated degradation of PTPN14. 
	Human and animal papillomavirus E7 proteins vary in their ability to bind UBR4 and target PTPN14 for degradation. 

	DISCUSSION
	MATERIALS AND METHODS
	Cloning and plasmids. 
	Cell lines and transductions. 
	siRNA transfections. 
	Western blots, antibodies, and immunoprecipitations. 
	Gel filtration chromatography. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

