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Abstract

While a small proportion of high-risk (HR) alpha (a) Human Papillomaviruses (HPVs) is associated
with numerous human malignancies, of which cervical cancer is the most prevalent, beta (B) HPVs
predominantly act as co-factors in skin carcinogenesis. A characteristic feature of both a- and B-E6
oncoproteins is the presence of the LXXLL binding motif, which a-E6s utilize to form a complex with E6GAP
and which enables B-E6s to interact with MAML1. Here we show that multiple a-E6 oncoproteins bind to
MAML1 via the LXXLL binding motif and that this results in increased protein stability. Moreover, B-E6
oncoprotein stability is also dependent on the interaction with MAML1. Additionally, in the absence of
MAML1, endogenous HPV-8 E6 and HPV-18 E6 are rapidly degraded at the proteasome. Ablation of both
E6AP and MAML1 leads to an even more profound down-regulation of a-E6 protein expression, whereas
this is not observed with B-E6. This highly suggests that there is one cellular pool for most of B-E6 that
interacts solely with MAML1, whereas there are two cellular pools of HR a-E6, one forming a complex with
MAML1 and the other interacting with E6AP. Furthermore, MAML1 induces HPV-8 E6 shuttling from the
nucleus to the cytosolic fraction, while MAML1 interaction with HR E6 induces a drastic nuclear and
membrane upregulation of E6. Interestingly, the HR a-E6 /MAML1 complex does not affect targeting of
some of the known HR E6 cellular substrates such as p53 and DLG1. However, MAML1 and E6AP joint co-
expression with HR a-E6 leads to a significant increase in cellular proliferation, whereas silencing MAML1
decreases wound closure in Hela cells. These results demonstrate that HR a-E6 interaction with MAML1
results in a stable form of E6, which likely modulates MAML1's normal cellular activities, one consequence
of which being an increased proliferative capacity of HPV-transformed cancer cells. Thus, this study shows

a novel function of the a-E6 oncoprotein and how it’s activity might affect HPV-induced pathogenesis.
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Introduction

Human papillomaviruses (HPVs) are a family of small DNA viruses that infect epithelial cells at
various anatomical sites of the human body. It is a large and diverse group of viruses, divided into five
genera (alpha (a), beta (B), gamma (y), mu (1) and nu(v)) based on the open reading frame sequences
coding for the L1 capsid protein. Thus far, more than 200 different HPVs have been discovered and
recognized by the International Human Papillomavirus Reference Center [1]. Of the five genera, a and B
have been most extensively studied, mostly due to their ability to cause pathological conditions in humans.
Based on their ability to promote carcinogenesis, a-HPVs can be classified as either high-risk (HR) or low-

risk (LR), with no such classification existing for B-HPVs [1].

Almost all HPV types classified as cancer-causing reside within the genus a-papillomavirus. Cancers
caused by these types are predominantly anogenital, the most important of which being cervical cancer,
but also include a subset of head and neck cancers [1,2]. Of all HR HPVs, HPV-16 and HPV-18 account for
the vast majority of HPV-associated malignancies —approximately 70% world-wide cervical cancer cases,
with the remaining 30% being caused by other HR HPVs [3]. By contrast, infections with LR a-HPV types,
such as HPV-6 and HPV-11, merely lead to self-limiting benign warts [1,4]. The oncogenic potential of HR
HPVs is attributed to the E6 and E7 oncoproteins and their interaction with a diverse range of cellular
substrates, the most pivotal of which being p53 and pRB, respectively [5,6]. The E7 oncoprotein binds to
pPRB as well as other members of the pocket protein family and targets them for destruction by the
ubiquitin-proteasome system [7]. Thus, E7 effectively disables the G1 cell cycle checkpoint, promotes cell
proliferation and, as an unintended consequence, contributes to genomic instability [8]. HPV E6 forms a
tertiary complex with the E6AP (E6-associated protein) ubiquitin ligase and p53, which leads to p53
polyubiquitination and degradation by the proteasome, ensuring the resistance of infected cells to
apoptosis, and cell cycle progression [9,10]. Furthermore, analyses of the association between E6 and E6AP

have revealed that the protein stability of HR E6 oncoproteins was dependent on the presence of E6AP.
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Moreover, ablation of E6AP from HPV-18 positive Hela cells resulted in a dramatic increase in E6
oncoprotein turnover at the proteasome [11]. In addition to p53, HR E6 oncoproteins also target a number
of other cellular substrates for a proteasomal degradation in both E6AP-dependent and -independent
manners, resulting in the modulation of various cellular pathways. Some of the more comprehensively
described E6 targets include DLG1, SCRIB and the MAGI protein family members, which are all PDZ domain-
containing proteins involved in several important cellular processes ranging from cell growth, polarity and

adhesion to cell differentiation, proliferation, apoptosis, migration and intracellular trafficking [12,13].

Unlike a-HPVs, HPVs of the genus B are not considered carcinogenic by themselves, but can
contribute to the development of skin cancer in the presence of certain underlying health conditions, such
as in patients with the genetic disorder Epidermodysplasia verruciformis (EV) or in otherwise
immunocompromised individuals [14,15]. B-HPV types, such as HPV-5 and HPV-8, have been found in EV
patient skin lesions and squamous cell carcinoma samples, however, subsequent analyses have shown that
B-HPVs do not cause the cancer but facilitate carcinogenesis by inhibiting apoptosis in response to UV
damage [16]. Like their a-HPV counterparts, B-HPVs also employ E6 and E7 proteins, yet with some
significant differences. For instance, while B-E7s bind to pRB tumor suppressor, they do so with much
weaker affinity than a-E7s, and thus this binding does not induce pRB degradation. Unlike a-HPV E6 B-E6
oncoproteins do not target p53 for proteasome-mediated degradation, but inhibit its stabilization in
response to genome-destabilizing events, thus allowing for the accumulation of DNA damage [17]. Of note,
the B-genus HPV-38 E7 oncoprotein additionally stabilizes p53 [8,18]. Interestingly, a recent study has
demonstrated that, while a-E6s form a complex with E6GAP and thus modulate its ubiquitin ligase activity,
E6 oncoproteins of the other four genera, including B-E6s, preferentially bind MAML1 (Mastermind Like
Transcriptional Coactivator 1) [19]. Nevertheless, it is important to note that, while a distinction between

the preferred binding partners of different genera exists, this binding preference is by no means mutually
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exclusive, as some cutaneous HPV E6s have been shown to also interact with E6AP, which contributes to

E6 protein stabilization [20].

MAML1 is a transcriptional co-activator of the Notch signaling pathway. Activated Notch signaling
has different effects depending on different cells and tissue types, and this complexity is notably profound
in the context of HPV infection, where Notch activation has been found to be both positively and negatively
involved in HR HPV infection and progression of infected tissues from precursor lesions towards cervical
cancers [21]. During HPV infections of cutaneous epithelia B-HPV E6 oncoproteins interact with MAML1 to
prevent the formation of the Notch-activating complex and, thus preventing differentiation and cell cycle
arrest, and in this way enabling the viruses’ survival and stability in skin keratinocytes [22]. It is currently a
well-established fact that the binding of a-E6s to the LXXLL motif on E6AP is crucial for their interaction and
for the subsequent cellular functions of these E6 oncoproteins [11,23,24]. B-E6 and MAML1 interact via
the same binding motif present on both proteins, and the effects of these interactions on the Notch
signaling pathway have been characterized in numerous reports as well. However, to the best of our
knowledge, no detailed research has been done on investigating the effects of MAML1 binding on E6
protein stability and how this might affect E6 functionality [25—-27]. Therefore, we wanted to investigate
whether the binding of both a- and B-HPV E6 to MAML1 would have an effect on E6 oncoprotein stability
and, if so, how this might influence E6 molecular activities and their potential impact on cell proliferation

and migration.

In the present manuscript, we show that MAML1 binding to E6 leads to increased protein stability,
not only in the case of B-E6s, but also for E6 proteins of the genus a. MAML1 binds to a defined cellular
pool of HR E6 oncoproteins, but does not influence its capacity to target tumor suppressors p53 and DLG1
for proteasome-mediated degradation. However, MAML1 decreases the rate of protein turnover of this

distinct pool of HR E6 oncoprotein as well as of HPV-8 E6 oncoprotein, and this appears to be E6AP-
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independent. Furthermore, E6GAP and MAML1 increase cellular proliferation by synergistically stabilizing HR

E6 protein levels, which is likely to have a profound role on HPV-driven oncogenesis.

Materials and methods

Cell lines and culture, transfections

HEK-293 (human embryonic kidney), CRISPR/Cas9 gRNA-mediated E6AP-null HEK-293 cells [24],
Hela (cervical carcinoma, HPV-18 positive), CaSki (cervical carcinoma, HPV-16 positive), HT1080 8 E6
(fibrosarcoma epithelial cells, stably expressing HPV-8 E6) [17] and C33A (cervical carcinoma, HPV-negative)
cells were used in the experiments. All cell lines were grown in Dulbecco's modified Eagle's medium
(DMEM) (Gibco, Thermo Fisher Scientific, USA) with 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher
Scientific, USA) and penicillin/streptomycin (100 U ml™) (Gibco, Thermo Fisher Scientific, USA) and L-
glutamine (300 pg ml™?) (Gibco, Thermo Fisher Scientific, USA) at 37°C in a humidified air incubator
containing 10 % CO.. Cells were transfected by calcium phosphate precipitation method [28] and analyzed
or harvested 24hrs or 48hrs post transfection. Cells transfected with B-galactosidase and a suitable amount

of empty pcDNA3 vector were used as controls for transfection efficiency.

Plasmids

HA-tagged HPV-8, -11, -12, -14, -16, -18, -24, -33 and -38 E6, as well as pcDNA3 FLAG-E6AP,
PCDNA3-FLAG-p53 [20,29,30] and pCDNAS3 plasmid expressing HA-DLG1, cloned into pcDNA3 expression
vectors were used and have been described previously [31]. Other plasmids included a FLAG-tagged
MAML1 cloned into pCMV2-FLAG plasmid, pCMV2-FLAG MAML LHHLL mutant [32], pCS2 MYC-MAML1
[33], pCIG-MYC E6AP [34], the empty vector pXJ41-FLAG or pXJ41-16E6-FLAG coding for FLAG-tagged
HPV16 E6 [35]. pGEX-2T:16E6, pGEX-2T:18E6, pGEX-2T:E6 and pGEX-2T:11E6 plasmids expressing the GST-

E6 fusion proteins have been previously described [11,30,36].
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Antibodies

The following antibodies were used: anti-MAML1 (clones D3E9 and D3K7B) (Cell Signaling
Technology, USA), anti-E6AP (UBE3A; clone 13/UBE3A) (BD Bioscience, USA), anti-p53 (clone DO-1) (Santa
Cruz Biotechnology, USA), anti-B-actin-HRP (clone B-7) (Sigma-Aldrich, DE), anti-HPV-18 E6 (clone G-7)
(Santa Cruz Biotechnology, USA), anti-HA-peroxidase (clone HA-7) (Sigma-Aldrich, DE), anti-FLAG (clone
M5, Sigma-Aldrich, DE), anti-FLAG (H-5) (Santa Cruz Biotechnology, USA), anti-c-myc (9E10) (Santa Cruz
Biotechnology, USA), anti-B-galactosidase (Promega, USA), anti-DLG1 (SAP-97, clone 2D11) (Santa Cruz
Biotechnology, USA), anti-MCM?7 antibody (clone 141.2) (Santa Cruz Biotechnology, USA), anti-GAPDH
antibody (Abcam, UK), anti-histone H3 antibody (clone D1H2) (Cell Signaling Technology, USA) and anti-
Vimentin antibody (clone E5) (Santa Cruz Biotechnology, USA), GAPDH-Alexa Fluor 680 (G9, Santa Cruz
Biotechnology, USA); and mouse and rabbit secondary antibodies conjugated to horseradish peroxidase
(HRP) (Dako, Agilent, USA), IRDye-coupled secondary antibody and rhodamine red or Alexa Fluor 488

(Invitrogen, Thermo Fisher Scientific, USA).

Inhibitors

The inhibitors were dissolved in dimethyl sulfoxide (DMSO) and used at the indicated
concentrations. The proteasome inhibitor bortezomib (BTZ; 10 uM) (Sigma-Aldrich, DE) was used at the
concentration 1:10000. Cycloheximide (Sigma-Aldrich, DE) was used at the concentration 1:1000 in order
to block protein synthesis in half-life experiments. The lysis buffers were supplemented with protease

inhibitor, 1 x Cocktail Protease Inhibitors (Roche Diagnostics, DE).

Western blot

Following treatment, cells were harvested by scraping, centrifuged and pellets resuspended in SDS
buffer (100 mM Tris HCl pH=6,8, 200 mM DTT, 4% SDS, 20% glycerol and bromophenol blue). Samples were

then subjected to sonification (1”) and heated at 95°C for 10’. Proteins were separated on either 7,5% or
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10% sodium dodecyl sulfate - polyacrylamide gels (SDS-PAGE) and transferred by tank blotting to a
nitrocellulose membrane with a pore size of 0,2 um. Membranes were blocked with 10% dry milk in PBS or
TBS containing 0,1% Tween-20 (PBST/TBST) for 30" at 37°C, after which they were incubated with indicated
antibodies diluted in 10% milk in PBST or TBST (2h at RT or overnight at 4°C). Membranes were washed in
PBST or TBST (3 x 10’) and then incubated for 1h with HRP-linked secondary antibodies (anti-rabbit 1:1000
or anti-mouse 1:1000), after which they were washed again. Signals were developed either with
SuperSignal™ West Pico PLUS Chemiluminiscent Substrate (Thermo Fisher Scientific, USA) or Amersham
ECL western blotting detection reagents (Cytiva, USA) detected by Uvitec Cambridge — Alliance 4.7 and
Alliance Q9 imaging systems (Cleaver Scientific, UK) or a LI-COR Odyssey Fc imager (LI-COR, USA), and
qguantified by Imagel [37]. If needed, antibodies were detached from membrane using with 0.2 M NaOH
for 20" after which membranes were re-probed. E6 band intensity was first normalized with the image
background after which it was divided with that of normalized B galactosidase (LacZ) which served as
transfection control. The average normalized relative expression of E6 of at least four experiments where
E6 was transfected alone, was taken as control. All the normalized relative expressions of E6 (transfected
alone or with MAML1 or E6AP) were expressed as fold changes in regards to the control E6. The LOG2 of
these fold changes was calculated to better depict the increase or decrease in protein amounts. The same

procedure was applied in experiments with p53 and DLG1 overexpression.

Immunoprecipitation

HEK-239 cells were transfected with an empty plasmid, HA-tagged HPV-16 E6 and HPV-8 E6 alone,
or in combination with FLAG-MAML1, FLAG-MAML1 (LHHLL) or myc-MAML1 (LHHLL). For
immunoprecipitation experiments, transfected cells were harvested by scraping and centrifuged. Cell
pellets were resuspended on ice in modified E1A lysis buffer (0.25% NP-40, 1 mM EDTA, 50 mM HEPES, pH
7.4, 150 mM NaCl). Samples were subjected to sonification (2 x 30”) and left on ice for 20’. After

centrifugation supernatants were collected and incubated with anti-HA beads (Sigma-Aldrich, DE) for 2hrs
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on a rotating wheel at RT. The beads were extensively washed and subjected to western blot analysis with
anti-FLAG or anti-myc antibodies. C33A cells were transfected with the empty vector pXJ41-FLAG or pXJ41-
16E6-FLAG coding for FLAG-tagged HPV16 E6. Cell extracts were generated 48hrs post transfection using
low salt dilution buffer (LSDB) (50 mM Tris/HCI (pH 8), 20 % Glycerol, 100 mM KCl, 0,1% NP40, 1 mM DTT,
50 mM NaF, 1 mM orthovanadate, 1 mM PMSF), followed by incubation with anti-FLAG antibody coupled
to magnetic beads (Thermo Fisher Scientific, USA) for 2hrs at room temperature, followed by three washes
with LSDB. Co-precipitated cellular proteins were detected by western blotting with anti-MAML1 and anti-

FLAG.

Fusion protein purification and GST pull-down assay

DH5a Escherichia coli competent cells were transformed with GST-E6 constructs (GST-16 E6, -18
E6, -11 E6 and -8 E6) and GST fusion protein synthesis and protein purification were performed as
previously described [38]. GST- pull-down assays using cellular extracts were performed by incubating equal
amounts of GST-tagged proteins immobilized on glutathione agarose, with pre-cleared whole cell lysates
of HEK-293 cells (previously transfected with FLAG-tagged MAML1) in modified E1A buffer (0.25% NP-40,
1 mM EDTA, 50 mM HEPES, pH 7.4, 150 mM NaCl) for 2hrs on a rotating wheel at 4°C. After extensive
washing with E1A buffer, the bound proteins were detected using SDS-PAGE and western blotting with

anti-FLAG antibody.

SiRNA silencing

The cells were seeded on 60 mm tissue culture dishes and transfected the following day with ON-
TARGETplus human MAML1 siRNA (siMAML1, smartpool, Horizon discovery, UK) and ON-TARGETplus
human UBE3A siRNA (siE6AP, individual, Horizon discovery, UK) according to the manufacturer's
instructions and harvested 72hrs after silencing. siRNA against luciferase (siLuc, individual, Horizon

discovery, UK) was used as control.
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Immunofluorescence

Hela and HT1080 8 E6 cells were grown overnight on coverslips and transfected the following day.
Seventy-two hrs post transfection cells were fixed with 4.7% paraformaldehyde for 10" at RT and
permeabilized in PBS containing 0.1% Triton X-100. The staining was performed by incubating samples with
indicated antibodies diluted in PBS overnight at 4°C in a humidified chamber. After washing, the coverslips
were incubated with fluorescently conjugated mouse or rabbit secondary antibodies. Nuclei were labelled
with DAPI [36]. Samples were monitored on a laser scanning microscope Leica TCS SP8 X, equipped with a

HC PL APO CS2 63x/1.40 oil objective (Leica Microsystems, DE).

Half-life experiments

Hela cells and HT1080 HPV-8 E6 expressing cells were transfected with siRNA against luciferase
(siLuc — control), siIMAML1 and siE6AP alone or in combination. Seventy-two hrs later, prior to harvesting,
cells were treated with cycloheximide (Sigma-Aldrich, DE), which was added in fresh medium. The cells
were harvested at time points indicated and analyzed by western blotting. siRNA against luciferase was

used as control.

Cell fractionation assays

For cell fractionation analyses, HEK-293 cells were seeded on 100 mm tissue culture dishes at a
density of approximately 7 x 10° prior to transfections. Twenty-four hrs post transfection the cells were
collected by scraping and fractionated into cytoplasmic, membrane, nuclear and cytoskeletal fractions
using the ProteoExtract Cell Fractionation Kit (Calbiochem, Merck, USA) according to the manufacturer’s
instructions. The fractions were analyzed by SDS-PAGE followed by western Blotting using anti-HA antibody
(Sigma-Aldrich, DE), anti-MCM?7 antibody (clone 141.2) (Santa Cruz Biotechnology, USA), anti-GAPDH
antibody (Abcam, UK), anti-histone H3 antibody (clone D1H2) (Cell Signaling Technology, USA) and anti-

Vimentin antibody (clone E5) (Santa Cruz Biotechnology, USA) as indicated.
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Cell proliferation assay

The assay was performed as described previously [39]. In brief, HEK-293 cells (1.2x10°) were
seeded on 60 mm tissue culture dishes, cultured overnight and transfected by calcium phosphate
precipitation method [28], using a total of 9.0 ug of plasmid DNA. The cells were transfected with pcDNA3
plasmids expressing HPV-16 E6 and HPV-8 E6, alone or in combination with MAML1, E6AP or both as
indicated. In order to monitor transfection efficiency, cells were co-transfected with B-galactosidase (LacZ)
and verified by western blotting using the appropriate antibodies. Twenty-four hrs post transfection, the
cells were detached, counted, and seeded at 0.5x10* cells per well to a final volume of 100 ul in a 96-well
plate and incubated for a further 48hrs. Cell proliferation was monitored using Uptiblue reagent (Interchim)
as previously described [39]. Uptiblue reagent (5% [vol/vol]) was added to the culture medium 72hrs after
transfection, and absorbance was measured at 575 nm and 590 nm on a Labystems Multiskan MS 352
multiwell plate reader with accompanying Ascent Software (Thermo Fischer Scientific, USA). The results are
expressed as a percentage of the reduced Uptiblue reagent with the indicated standard error of the mean

(SEM).

Wound healing/scratch assay

A monolayer scratch/wound healing assay was done as described previously [40]. HeLa and HT1080
8 E6 cells were transfected with a control siLuc, sSiMAML1 and siE6AP as indicated. After 48hrs, a scratch
wound was generated in the confluent cells with a sterile Artline p2 pipette tip (Thermo Fisher Scientific,
USA). The wounds were photographed under a microscope using a Dino-Eye digital eyepiece camera
(AM7023(R4); IDCP B.V., NE) that was connected to a computer and DinoCapture 2.0 microscope imaging
software. After an additional 24hrs, the wounds were photographed again, and wound closure was
calculated; the images were saved in TIFF format, and gap areas were measured using the MRI wound
healing tool macro for Imagel software (NIH)[37] (http://dev.mri.cnrs.fr/projects/imagej-
macros/wiki/Wound_Healing_Tool). The cells were then harvested by scraping, centrifuged and pellets

11
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resuspended in SDS buffer. MAML1, E6AP and E6 protein levels were analyzed by western blotting. B-actin

was used as a loading control.

Statistical analysis

Data were analyzed by GraphPad Prism (GraphPad Inc. USA). The differences and their statistical
significance between groups were determined by one-way ANOVA or student’s t-test. P values of under
0.05 were considered significant (*), under 0.01 very significant (**) and under 0.001 extremely statistically
significant (***). All values are averages of at least three independent experiments and the standard error

of the mean is depicted as error bars.

Results

HPV E6 oncoproteins from a and 8 types interact with MAML1

Several proteomic analyses have demonstrated an interaction between a number of B-HPV E6
oncoproteins and MAML1, a co-activator of the Notch signaling pathway [25,26]. One of these studies also
showed an association between MAML1 and HPV-16 E6 in co-immunoprecipitation assays, although the
association described there was only minimal [25]. To verify that MAML1 is indeed a binding partner of
both a- and B-HPV E6 oncoproteins we first performed co-immunoprecipitation analyses using HEK-293
cells, which had been transfected with either an empty plasmid, or plasmids expressing HA-tagged HPV-16
E6 and HPV-8 E6, alone or in combination with FLAG-tagged MAML1. Twenty-four hrs post transfection the
cells were harvested and lysed, and the cell extracts were incubated with anti-HA beads. The protein
complexes immunoprecipitated in this manner were analyzed by western blot. The results shown in Figure
1A demonstrate an interaction between HPV-8 E6 and MAML1, as well as a somewhat weaker, but still very
evident interaction between HPV-16 E6 and MAML1. To additionally verify these observations, we
expanded our analysis and conducted co-immunoprecipitation assays between ectopically expressed 16 E6

and endogenous MAML1 in the HPV-negative cervical tumor derived cell line C33A. The cells were
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transfected either with an empty plasmid or plasmid expressing FLAG-tagged 16 E6. Cell extracts were
generated 48hrs post transfection, incubated with anti-FLAG-antibody coupled to magnetic beads and the
immunoprecipitated complexes were further subjected to western blot analysis. Asindicated in Figure 1B,
16 E6 also interacted with endogenous MAML1 in this experimental setting, further supporting the
observation that these two proteins form a complex. These results corroborate those previously published,
which state that, even though there is a distinct preference across different B-HPV types for MAML1, HPV
genera cannot be exclusively divided based on this interaction [19]. Next, we were interested in
investigating whether MAML1 could complex with other a-type E6 oncoproteins. To establish this, we
performed a series of glutathione S-transferase (GST) pull-down assays using GST-16 E6, GST-18 E6, GST-
11 E6, GST-8 E6 fusion proteins, or GST alone as a control. Bound proteins were detected by SDS-PAGE and
western blotting, and the results are shown in Figure 1B. In this setting, we observed that E6 proteins from
all the HPV types tested bind to MAML1. HPV-8 E6 interaction was decisively the strongest, followed by 18
E6, with a weaker interaction with 16 E6, while the interaction with 11 E6 was the weakest (Figure 1B).
Taken together these results suggest that, even though E6 oncoproteins from a- and B-HPV types can

complex with MAML1, the preferred interacting partners are E6 oncoproteins from the B genus.

MAML1 stabilizes E6 oncoproteins from a- and 6-HPV types

After confirming that both a- and B-HPVs interact with MAML1, we sought to establish whether
these interactions have any impact on E6 oncoprotein stability. HEK-293 cells were transfected with a panel
of plasmids expressing HA-tagged E6 proteins from HPV types -8, -12, -14, -16, -18, -24, -33 and -38, either
alone or in combination with FLAG- or Myc-tagged MAML1 or E6AP. After overnight incubation, the
transfected cells were harvested and proteins isolated, separated and analyzed by means of western
blotting. E6 protein band intensities from HEK-293 cells transfected with the panel of E6s alone were
compared with those co-transfected with MAML1 or E6AP. Considering that the stabilizing effect of EGAP

on HR HPV E6 oncoproteins is well defined [11], we chose to compare the impact of MAML1 on E6 stability
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with that of E6GAP. As shown in Figure 2A (Supplementary Figure 1, left panel), E6 oncoproteins of all HPV
a- and B-types analyzed were stabilized by MAML1, showing that HPV proteins cannot be separated based
on MAML1 and E6AP association, as well as demonstrating a previously unknown role for MAML1 in E6
stabilization. As expected, E6AP stabilized a-type HPV E6s, but, interestingly, also B-types 24 E6 and 38 E6,

which were previously reported to bind E6AP [20].

As HEK-293 cells endogenously express the functional E6AP ubiquitin ligase, it was necessary to
confirm that the upregulation of E6 observed in HEK-293 cells was MAML1 specific and not dependent on
the effects of the endogenous E6AP. For this reason, HEK-293 E6AP knock-out cells (E6GAP KO) [24] were
transfected with plasmids expressing HA-tagged E6 proteins from HPV types -8, -12, -14, -16, -18, -24, -33
and -38 E6, either alone or together with MAML1 or E6AP, and analyzed in the manner described above.
E6 proteins of all HPV types tested were again stabilized by MAML1 (Figure 2B and Supplementary Figure
1, right panel), supporting the initial observations and confirming that the stabilizing effect is indeed due
to MAML1, and is independent of E6AP. Transfecting E6AP KO cells with plasmid expressing HPV-24 EB6,
alone or in combination, again provided the same results, as did the transfection with plasmid expressing
HPV-38 E6 protein, confirming the observation that both MAML1 and E6AP stabilize those cutaneous types.
Interestingly, whilst E6 protein stabilization by EGAP and MAML1 was evident in both cellular backgrounds,
the actual degree of stabilization varied among different E6 types examined. This is likely to be attributed
to the differences in strength of the interactions between MAML1 and E6 proteins among distinct HPV

types, as evident from the GST pull-down assays.

E6 protein stabilization is LXXLL dependent

Both MAML1 and E6AP share a common structural feature - the LXXLL motif, through which they
interact with E6 oncoproteins. a-HPV E6 oncoproteins associate with EGAP by binding to a conserved LXXLL

motif on E6AP, forming a stable complex which targets a number of cellular substrates for proteasome-
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mediated degradation [9,41]. This interaction is also responsible for E6 oncoprotein stability, which is
further reflected by the effects E6 has on global transcription [11,23]. The C-terminus of MAML1 carries an
acidic domain containing the LXXLL motif responsible for interacting with B-HPV E6 [25,26]. Therefore, we
aimed at further elucidating whether an intact, wild type LDDLL motif might be necessary for MAML1 to
form a complex with E6 and consequently induce E6 protein stabilization. In order to investigate this, we
transfected HEK-293 cells with plasmids expressing HPV-16, -18, and -8 E6 oncoproteins either alone or
together with a wild type MAML1 or a MAML1 mutant (MAML1 LHHLL). The mutant in this experiment had
the two aspartate residues of the LDDLL motif, which have previously been described to be indispensable
for the interaction, mutated to histidines (LHHLL) [32]. Regardless of the mutated LDDLL domain, we
observed that both a- and B-HPV E6 oncoproteins were again stabilized. HPV -8 and -18 E6s were stabilized
by both wt MAML1 and the mutant, but the mutant stabilized E6 to a lesser degree than the wt MAML1
(Figure 3A, top panel and Supplementary Figure 2A, left panel). Interestingly, HPV-16 E6 was not stabilized
by the MAML1 mutant, possibly because its initial interaction was weaker and thus completely abrogated
by mutating the residues (Figure 3A, top panel). Again, the findings were confirmed by repeating the same
experiment in HEK-293 E6AP KO cells, resulting in the same effect on E6 oncoproteins (Figure 3A bottom
panel and Supplementary Figure 2A, right panel). We sought to further explore these findings by
performing co-immunoprecipitaton experiments of HPV-8 E6 oncoproteins with wt and mutated MAML1.
Here we found that, indeed, the mutation did not fully abrogate the interaction (Figure 3B and
Supplementary Figure 2B). Therefore, it is likely that all 5 amino acids or even other amino acids upstream
or downstream of the LXXLL motif are involved in the association with E6s, since the mutant still interacted
with HPV-8 E6, although to a lesser extent, which was then reflected by a reduction of E6 protein

stabilization.
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HPV E6 protein stability in CaSki, HeLa and 8 E6 expressing HT1080 cells is MAMLI1-
dependent

Having established that ectopic co-expression of MAML1 and E6 oncoproteins from a- and B-HPV
types leads to stabilization of E6 protein levels in HEK-293 cells and HEK-293 E6AP KO cells, we wanted to
further examine this effect in HPV-positive cell lines, which endogenously express E6. In order to achieve
our goal we used cervical cancer-derived Hela cells, which contain HPV-18 E6/E7 DNA sequences; CaSki
cells, which contain HPV-16 E6/E7 DNA sequences; and HT1080 cells, stably expressing FLAG-tagged HPV-
8 E6 [17]. To assess whether the stabilization indeed occurs at the protein level, MAML1 and E6AP were
silenced in these cell lines by transfection with appropriate siRNAs, while the proteasome activity was
abrogated using the proteasomal inhibitor Bortezomib (BTZ). The effects of silencing on the E6 oncoprotein
expression in Hela and HPV-8 E6 expressing HT1080 cells were assessed using primary antibodies, with the
effect on the E6 protein levels in CaSki cells being extrapolated from the p53 levels, as multiple previous

studies had confirmed that p53 is degraded in the presence of HR E6 and cellular E6AP [6,9,42].

Silencing MAML1 in Hela cells induced a notable decline in HPV-18 E6 protein levels, with inhibition
of proteasomal degradation nullifying this effect, which demonstrates that this process is proteasome-
dependent. Interestingly, silencing MAML1 had no effect on p53 protein levels, even though it would have
been expected that a decrease in the amount of E6 would also result in a reduction of p53 degradation
(Figure 4A) [9,43]. However, this effect was observed when E6 was downregulated as a result of EGAP
silencing, which is consistent with previously published results (Figure 4A) [11]. When the same experiment
was performed in CaSki cells, the expression profile of p53 was similar to the one observed in Hela cells.
Silencing E6AP resulted in the depletion of E6 and subsequent accumulation of p53 (Figure 4B).
Furthermore, silencing MAML1 in HPV-8 E6 expressing HT1080 cells also resulted in downregulation of E6.
This effect was nullified when BTZ was added, suggesting that MAML1 also stabilizes HPV-8 E6 in a
proteasome-dependent manner (Figure 4C). Conversely, silencing E6AP had no discernable effect on HPV-
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8 E6 levels (Figure 4C). These results are in accordance with those depicted in Figure 2, where
overexpression of E6AP with HPV-8 E6 does not lead to its increased protein stabilization. Even though
E6AP has been shown to interact with some E6 oncoproteins of B-HPV types and stabilize them, no such

studies, thus far, have been performed for HPV-8 E6 [20].

Having established via western blot that MAML1 has an impact on HPV-16, -18 and -8 E6 protein
stability, we aimed to further confirm these results by investigating how MAML1 knockdown influences
cellular localization of HPV-18 and -8 E6 cellular pools. To assess this, we again performed siRNA silencing
of EBAP and MAML1 in Hela cells and HPV-8 E6-expressing HT1080 cells. Seventy-two hrs post transfection,
cells were fixed and immunolabeled, and the localizations of both HPV-8 E6 and p53 (serving as a control
for E6 expression in Hela cells) proteins were monitored by laser confocal microscopy. As expected, E6GAP
ablation in Hela cells led to p53 recovery in the nucleus, likely due to the downregulation of HPV-18 E6 in
the absence of E6GAP (Figure 5A). By contrast, there was no discernible effect on HPV-8 E6 protein levels
under the same experimental conditions (Figure 5C). Ablation of MAML1 in Hela cells did not have any
effect on nuclear accumulation of p53 (Figure 5B), while MAML1 silencing in HPV-8 E6-expressing HT1080
cells did result in the downregulation of nuclear HPV-8 E6 (Figure 5D). These results are in line with
observations from our western blot analyses (Figure 4), suggesting that silencing MAML1 does not affect
the HPV-18 E6 pool involved in p53 degradation. Furthermore, the fact that E6AP silencing did not have
any effect on HPV-8 E6 protein stability additionally confirmed the aforementioned results (Figure 4C),

indicating that there is likely only one pool of HPV-8 E6, which solely interacts with MAML1.

p53 and DLG1 degradation is not E6/MAMLI complex dependent

Following the observed effect on endogenous p53 in HPV-18 positive background, we sought to
confirm the results by ectopically expressing the proteins in question in HEK293 E6AP KO cells. We wanted

to see whether the opposite effect on p53 could be observed when overexpressing MAML1 or EGAP with
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HPV-16 E6. As depicted in Figure 6A, MAML1 overexpression with HPV-16 E6 does not induce additional
degradation of p53, even though it increases E6 protein levels. By contrast, overexpression of E6GAP leads

to both higher level of E6 and lower level of p53 (Figure 6A), as previously published [34].

Apart from p53, E6 targets a number of other cellular proteins for proteasome-mediated
degradation and this process is considered to play an essential role in later stages of HPV-induced
tumorigenesis. Some of these protein targets include PDZ domain-containing proteins, for example, the
tumor suppressor DLG1 [41]. It was previously shown that catalytically active E6AP is essential for the ability
of E6 to degrade p53, while DLG1 and the MAGI family proteins were shown to be degraded by E6 quite
effectively without requiring E6AP, indicating that E6 targets these cellular substrates in an E6AP-
independent manner [34]. Therefore, we proceeded by investigating whether MAML1 stabilization of HR
E6 might have any impact on targeting DLG1. As with p53, we co-transfected HEK-293 E6AP KO cells with
plasmids expressing DLG1 in the presence of HPV-16 E6, together with either wild type E6AP or MAML1.
Twenty-four hrs later, the protein extracts were separated by electrophoresis and changes in DLG1 protein
levels were assessed by immunoblotting. As can be seen in Figure 6B, DLG1 was degraded very effectively
by HPV-16 E6 both in the absence and presence of the functional EGAP, as expected [34]. Ectopic co-
expression of MAML1 and HPV-16 E6 did not result in any additional degradation of DLG1, when compared
to 16 E6 alone. All of this suggests that the E6/MAML1 complex is likely to be involved in other cellular
activities which do not involve degradation of some of the well-characterized E6 substrates. Taken together
with our previous results, these observations suggest that, while both E6GAP and MAML1 stabilize HPV-16
and -18 E6, they do not promote stability of the same cellular pools of E6. When MAML1 is silenced, the
remaining pool of E6 is still in complex with EGAP and retains its catalytic activities. However, when MAML1
is overexpressed together with HR E6, the stability of the E6 pool bound to MAML1 is increased, yet it
appears that this cellular pool of E6 is not catalytically active in targeting cellular proteins such as p53 or

DLGI.
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HPV E6 protein turnover is requlated by MAML1

Since we demonstrated that MAML1 silencing downregulates E6 steady state levels, we further
wanted to examine the effects on E6 protein turnover. We again used siRNAs to silence MAML1, E6AP or
both, in Hela and HPV-8 E6-expressing HT1080 cells, also including siRNA against luciferase as a control.
Seventy-two hrs post transfection protein synthesis was blocked by cycloheximide in order to determine
the rate of E6 protein turnover under these conditions. After blocking protein synthesis, the cells were
collected and proteins isolated at indicated time points, separated on SDS-PAGE and detected by western
blot analysis. As previously reported, the half-life of HPV-18 E6 in control Hela cells treated with siRNA
luciferase was around 120’ [11,44]. Silencing either MAML1 or E6AP led to a shorter E6 half-life; when
MAML1 was ablated, the half-life of HPV-18 E6 was around 90, whereas silencing E6AP caused a shortening
of half-life to around 80’. Simultaneous silencing of both MAML1 and E6AP induced a further decrease to
approximately 60’, demonstrating a synergistic effect on E6 half-life (Figure 7A). HPV-8 E6 stably expressed
in HT1080 had a half-life longer than the 120’ in this experimental setting. When MAML1 was silenced, the
half-life decreased to between 90 and 120’, while, as expected, silencing E6AP had no impact on HPV-8 E6
half-life (Figure 7B). Silencing both MAML1 and E6AP did not lead to any further decrease of HPV-8 E6 half-
life. These results further suggest that MAML1 has a direct role in HPV E6 protein turnover of both a- and
B-HPVs. Additionally, the exclusive impact of MAML1 on HPV-8 E6 protein turnover regulation was further

confirmed, as E6AP was again shown to have no direct impact on HPV-8 E6 stability.

E6 cellular distribution is altered by MAML1

Since both MAML1 and E6AP stabilize E6, we next aimed at determining whether these interactions
may also influence subcellular distribution of E6. For this reason, we transfected HEK-293 cells with either
HPV-16 or -8 E6, either alone or in combination with MAML1 or E6AP. Cellular proteins were extracted
using the “ProteoExtract” Subcellular Proteome Extraction Kit” which allowed for further separation into
cytosolic (C), membrane (M), nucleic (N) and microtubule (T) fractions. The fractionated proteins were
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separated on SDS-PAGE and detected via western blotting. When transfected alone 16 E6 primarily
localized in the cytosolic fraction. Co-transfection with E6AP led to a primary stabilization of cytosolic E6,
but also to an increase in E6 in other fractions. When co-transfected with MAML1, these proportions
changed, and there was a notable increase in the amounts of E6 detected in the nucleic and membrane
fractions, which was also accompanied with MAML1 accumulation in these fractions (Figure 8). When
examining the effect of MAML1 and E6AP on HPV-8 E6 localization, a different distribution of E6 was
observed. E6AP had no discernible effects on HPV-8 E6 localization, while MAML1 caused an increase in
the amount of E6 in the cytosol, where MAML1 was predominantly detected (Figure 8). The increase in the
cytosolic E6, as well as the stabilization of the nucleic E6, further underpinned the immunofluorescence
results (Figure 5D). Based on these results, as well as those from the gene silencing experiments (Figure 4),
we further confirmed that MAML1 and E6AP have an impact on two distinct pools of HR HPV E6. This
observation highly suggests that the proportion of E6 proteins stabilized by MAML1 likely has distinct
cellular functions, and possibly different interacting partners compared with E6 stabilized by E6AP and, as

a direct consequence of this, it may therefore be distributed in different cellular compartments.

E6/MAMLI complex impacts cell proliferation and migration

Aforementioned experiments have shown that the ablation of MAML1 has a direct impact on the
stability, distribution and turnover of E6. Thus, we wanted to assess whether these changes in E6 have an
effect on the behavior of the cell, that is, whether the decrease in E6 levels leads to an alteration of the cell
proliferation potential. To test this, we ectopically expressed HPV-18 or -16 E6, together with MAML1, EGAP
or both, in HEK-293 E6AP KO cells. Five thousand transfected cells were transferred from dishes to 96 well
plates in quadruplicates, and Uptiblue reagent was added in the log phase of growth to measure cell
proliferation, 48hrs after the transfer. Absorbance was detected 5hrs later and the percentage of reagent
reduction calculated. Compared with HPV-16 E6 transfected alone, transfection with E6AP led to an

increase in the proliferation of E6AP KO cells, whereas transfection in combination with MAML1 did not
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change the rate of proliferation. In cells co-transfected with all of the expression plasmids proliferation was
significantly elevated, demonstrating a synergistic effect of MAML1 and E6AP (Figure 9). HPV-18 E6 showed
a similar trend compared to that of HPV-16 E6. HPV-18 E6 alone induced an increase in cellular
proliferation, which became even more pronounced with the addition of E6AP. Addition of both E6AP and
MAML1 resulted in a further increase in proliferation, strongly hinting at a synergistic effect, despite
MAML1 not having an individual impact. Very little is known about the interactions between a-HPVs and
MAML1, but our hypothesis of two distinct pools of HR E6 could potentially explain the effects described
here. E6 promotes cell proliferation in a variety of ways, but its effects are limited in the absence of E6AP.
Transfecting cells with both E6 and E6AP allows the viral oncoprotein to exert its typical functions, while
transfection with MAML1 does not have the same effect, even though it does increase the overall stability

of E6.

Despite the fact that we saw no significant effects of the interaction of MAML1 and E6 on cell
proliferation in the overexpression experiments, it is well known that Notch signaling is involved in
proliferation as well as cellular migration, and it could therefore very well be possible for E6 and MAML1
to influence cell behavior in this manner. For this reason, we silenced either MAML1 or E6AP (or both) in
Hela cells with designated siRNAs, and also included siRNA against luciferase as a control. Forty-eight hrs
after silencing the confluent cell monolayer was scratched with a pipette tip and photographed (Figure 10,
left panel). Eighteen hrs later, the cells were photographed again, and the surface area of the wound was
determined with the MRI wound-healing tool macro for the Imagel software. By creating a gap in the cell
monolayer, we were able to observe changes in the migratory/proliferation potential of cells at the edge
of the gap depending on the silencing. Silencing E6AP led to a decrease in wound closure from 73% to 57%,
most likely due to the consequential diminished amount of E6 driving proliferation and deregulating cell
polarity (Figure 10, right panel). Surprisingly, considering that overexpressing MAML1 alone did not impact

proliferation, silencing MAML1 decreased Hela migratory/proliferation capacity to a similar degree as
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silencing E6AP —i.e. from 73% to 64% (Figure 10, right panel). This could be due to the decline in the total
amounts of E6 protein. Alternatively, this could also be an effect resulting from the loss of Notch signaling.
It was a quite curious observation that, in contrast to what had been observed in our proliferation
experiments, in this experimental setup E6AP and MAML1 did not act synergistically since the rate of
migration/proliferation remained the same as with individually silenced E6AP and MAML1, i.e. migratory

activity decreased from the 73% in controls to 64% in both treated samples (Figure 10, right panel).

Discussion

a-HPVs have been in the focus of HPV research for many years, mostly due to their impact on
human health and the disease development, while B-HPVs have, thus far, been considered auxiliary factors
in skin carcinogenesis, with the exception of HPV-38 [15]. Species from both a and  genera use E6 and E7
oncoproteins to remodel the cellular environment to suit viral needs, but in distinct and genus-specific
ways. A recent manuscript emphasized these differences by demonstrating a clear preference of a-E6
oncoproteins to bind to E6AP, while E6 oncoproteins from the remaining four genera complex with MAML1
[19]. Indeed, it is well-described that B-HPV E6s' binding to MAML1 has an inhibitory effect on Notch
signaling and, subsequently, on keratinocyte differentiation. This effect is extremely important for the
maintenance of a productive viral life cycle, considering that Notch signaling in keratinocytes regulates cell
cycle progression [22,25]. Interestingly, a-HPV-16 E6 was also found to bind to MAML1, but to a much
lesser degree [19]. As the effect of Notch signaling in a-HPV infections and carcinogenesis is poorly
described, and furthermore, considering that MAML1 interaction was thought to be exclusive for B-HPVs,

the biochemical basis of this potential interplay has not been explored in much detail up to present.

Our experiments now confirm the previously reported interaction between MAML1 and HPV-16
E6, which is evidently weaker than the interaction between HPV-8 E6 and MAML1. This observation

encouraged us to further investigate if other a-E6s could also associate with MAML1. Using GST pull-down
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assays, we demonstrated that, in addition to HPV-16 and HPV-8 E6s, -18 E6 and -11 E6 also interact with
MAML1. We chose to examine these species because HPV-16 and HPV-18 are the most prominent HR HPVs,
and HPV-11 is a common representative of LR mucosal type [1]. As expected, HPV-8 E6 was found to be
the strongest interactor of MAML1, followed by HPV-18 E6 and -16 E6, and finally HPV-11 E6 which had
the weakest overall indicating that both HR and LR mucosal HPVs bind to MAML1. Because of this very

weak interaction between HPV-11 E6 and MAML1, we chose not to pursue this avenue further.

The main interaction partners of E6 serve to adapt the cellular milieu to viral replication,
irrespective of the genera the E6 oncoproteins belong to. HR E6s hijack EGAP and form a stable complex
with it, resulting in E6 protein stabilization. The stable complex is then directed by E6 towards a number of
cellular targets important for the maintenance of a virus-optimized environment, ensuring a regulated
turnover at the proteasome [41]. B-PVs interact with MAML1 in order to block cell differentiation and cell-
cycle arrest of target cells as completion of the viral life cycle is highly dependent on the host cell
differentiation status [22,25]. Interestingly, both a- and B-HPV E6 proteins utilize the same LXXLL motif to
bind to E6AP and MAML1, respectively, and, as the impact of EGAP on E6 protein turnover is well defined,
we sought to determine if MAML1 would induce a similar effect. By co-expressing MAML1, or EGAP as a
control, together with the E6 oncoproteins of different a- and B-HPVs, we demonstrated that MAML1 had
an upregulatory effect on E6 protein expression levels, irrespective of the HPV genus. E6GAP demonstrated
positive effects on the stability on all a-PVs examined, but had no effect on the protein stability of the
analyzed B-PV E6, with the exception of HPV-24 E6 and HPV-38 E6. Previous reports have noted that these
types interact with both MAML1 and E6AP, making it likely that, like a-HPVs, they might also possess two
pools of E6 proteins. [20]. The initial analyses were repeated in an E6AP-null background and these
experiments yielded similar results. This allowed for the conclusion that the effects of MAML1 in inducing
E6 oncoprotein stability were indeed mostly E6GAP-independent. The stabilization effect of MAML1 on B-E6

oncoproteins makes perfect sense, considering MAML1 utilization for Notch inhibition by B-HPV E6s, as
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well as the absence of stabilization by E6AP, but the reasons behind a-HPV E6 stabilization appear to be
much more complex. One possible reason could be that a-HPVs, like B-HPVs, use MAML1 to block the
formation of the Notch ternary complex and thus consequently block the activation of Notch and
keratinocyte differentiation. HR E6 oncoproteins could have evolved to use the same conserved interacting
motif to maintain both their primary strong interaction with E6AP and the weaker secondary interaction
with MAML1 in order to maximize their overall protein stability and the potential for viral propagation. It is
also likely that each of these two interacting complexes might be required for establishing an optimal

cellular environment for the virus to successfully complete its life cycle.

The LXXLL motif is exceedingly important for the binding of E6 to many cellular targets, including
E6AP and MAML1, and disrupting the binding of E6 to this peptide leads to the inhibition of E6 downstream
effects [45]. With some E6 oncoproteins, auxiliary interactions in the carboxyl-terminal HECT domain or a
region in the amino terminus are required for E6-E6AP binding, and we do not know whether similar
accessory regions are required for E6-MAML1 interactions [46]. That being said, not all E6 mutations
completely inhibit the binding of E6 to its targets, and there is a certain degree of flexibility in respect to
amino acid residues included, as far as E6 interaction capabilities with its targets are concerned. For this
reason, we wanted to further examine whether E6 stabilization by MAML1 might be exclusively dependent
on the LXXLL motif or if it might also require binding to additional regions of MAML1, and to determine
how susceptible these interactions might be to mutations in the LXXLL motif [45,46] . Previous research has
shown that mutating the aspartate residues of the MAML1 LXXLL motif to histidine decreases the binding
of HPV-8 E6 to MAML1 and, consequently, the rate of Notch inhibition [32]. We assessed whether mutating
the same residues (LDDLL to LHHLL) would lead to a decreased stability of HPV-8, - 16 and — 18 E6 proteins,
or have an impact on binding to MAML1. Interestingly, HPV-8 and -18 Eb6s were still stabilized by the
mutated MAML1, albeit to a lesser degree, while HPV-16 E6 was not. The MAML1 LHHLL was found to

retain a weaker affinity for HPV-8 E6 and HPV-18 E6, indicating that binding to the motif is indeed required
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for the interaction with E6, but it opens a possibility that broader peptide domains or specific neighboring
amino acids may be involved in achieving the complete interaction. These results are in accordance with
those of the GST pull-down assay, where in the comparison with HPV-18 E6, HPV-16 E6 demonstrated a
weaker interaction with MAMLI. It is therefore possible that their binding is somewhat different, as it is
the case with E6AP [42], and that mutating the two aforementioned amino acid residues might be sufficient
to completely disable the binding capacity of HPV-16 E6 to MAML1. Most surprisingly, HPV-16 E6 and HPV-
18 E6 have shown opposing results, even though their biochemical behavior has thus far been considered
identical. This again demonstrates that the interactions of different E6 oncoproteins, even of those of the
same genus, cannot not be generalized and could have potentially different impacts on HPV-mediated

pathogenesis.

Ectopic expression assays demonstrated that E6 binds to MAML1, and that this binding results in
E6 protein stabilization. However, since overexpression experiments do not always translate entirely into
naturally occurring systems, we aimed at determining whether the same effect can be observed in the cell
lines that express E6 endogenously. Silencing MAML1 in an HPV-8 E6 expressing HT1080 fibrosarcoma cell
line [17] decreased the amount of detectable 8 E6, while silencing E6AP had no effect. These results were
expected, as it was previously described that EGAP does not interact with or impact a vast majority of B-
HPV E6s [20]. Silencing endogenous MAML1 expression in HPV-18 positive Hela cells resulted in the
downregulation of E6 protein levels. Interestingly, this did not have any effect on some of the main E6
functions, such as regulation of p53 protein turnover. E6 was stabilized at the protein level, as blocking the
proteasomal turnover nullified the effect. We also confirmed that this effect was not HPV-18 E6 specific,
since it was also seen in HPV-16 E6-positive CaSki cells. These results led us to believe that there are two
distinct cellular pools of HR E6. One of these E6 pools binds to MAML1, resulting in E6 stabilization, but this
complex appears not to be involved in some of the known E6/EGAP dependent functions. The remaining

cellular E6 is EBAP-bound and plays a role in some of the previously characterized E6 oncogenic functions,
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as demonstrated by our immunofluorescence experiments and the observed restoration of p53 levels
following E6AP silencing. Likewise, we observed a downregulation of endogenous p53 protein level in the
presence of ectopically expressed HPV-16 E6 alone or with E6AP, while overexpressing MAML1 with HPV-
16 E6 led to restoration of initial p53 levels. This observation strongly indicates that overabundantly present
MAML1 may occupy all available E6 molecules within the cell and prevent E6 from interacting with EGAP,
and as such marking of p53 for proteasomal degradation. Furthermore, we wanted to expand our analysis
by examining another well-defined E6 target, such as PDZ domain-containing protein DLG1. Unlike p53,
which was previously found to be degraded exclusively in the presence of E6AP, an additional, currently
unknown, E6AP-independent mechanism is involved in E6-mediated DLG1 degradation [34]. As expected,
DLG1 was degraded inthe presence of 16 E6, alone orin combination with E6AP, while no additional change
in DLG1 level was detected when 16 E6 was overexpressed with MAML1, indicating that the E6 pool

stabilized by MAML1 is not involved in regulation of DLG1 turnover.

Having established that silencing MAML1 affects E6 protein levels irrespective of the HPV genus,
and that this regulation is proteasome-dependent, we wanted to further verify these results by determining
the half-life of E6 in the presence or absence of MAML1. Ablating MAML1 caused a notable decrease in the
half-life of both HPV-8 and -18 E6s, while silencing E6GAP only decreased HPV-18 E6 half-life, confirming that
there is only one cellular pool of HPV-8 E6, exclusively regulated by binding to MAML1. With HPV-18 E6,
the synergistic impact of MAML1 and E6AP was also visible when both were silenced, as this silencing led
to a further decrease in protein half-life, when compared with cells with individually silenced genes. These
findings corroborate our two-pools hypothesis; when either MAML1 or E6AP are depleted HPV-18 E6 half-

life is noticeably shorter than when both are present (Figure 11).

The binding of proteins to their interacting partners can lead to the blocking of their active or
binding sites, or can induce shuttling of the entire complex to a new subcellular location, leading to

modulations in protein functions. Consequently, we went on to determine whether E6 localization and the
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area of accumulation might be changed by interacting with MAML1 in comparison with E6AP. HPV-16 and
-18 E6 have previously been shown to be localized mostly in the nucleus and the ribosomal areas of the
cytoplasm [36,47]. This localization may just be a snapshot of a more dynamic state of E6 protein
localization within a cell, as there are reports indicating that the formation of a tertiary complex of HPV-18
E6, p53 and E6AP causes protein shuttling from the nucleus to the cytoplasm and that the majority of p53
is degraded in the cytoplasm [48]. MAML1 and E6AP are both usually found in the nucleus, but can be
found in the cytoplasm as well. Interestingly, stabilizing HPV-16 E6 by MAML1 leads to a drastic increase of
16 E6 localized in the nucleus and membranes, while stabilizing it by E6AP increases the E6 cytosolic
fraction, indicating that the two different pools localize in different cellular compartments [20,42]. It is clear
that MAML1 and E6AP do not stabilize HPV-16 E6 in the same manner. The increase of HPV-16 E6 in the
nuclear fraction may impact E6 functions, as previously shown for HPV-18 E6, by exposing it to different
binding partners [48]. On the other hand, considering the subcellular location of MAML1 and the lack of
evidence for active protein shuttling, the likely explanation could be that MAML1 might simply increase the
amount of protein presentin the nuclear fraction because it stabilizes this particular pooland thus increases
its total amount and activity in the nucleus. On the other hand, E6AP is used as a molecular tool by E6 for
performing distinct cellular functions, mostly protein degradation in the cytoplasm, so the E6/E6AP

complex is primarily found in that part of the cell.

Like HPV-16 E6, HPV-8 E6 has been previously found to be localized predominately in the nucleus
and to a lesser extent, in the cytoplasm [47]. When examining HPV-8 E6 overexpressed in HEK-293 cells,
we noticed again that the distribution of HPV-8 E6 changes depending on the presence of MAML1. When
expressed alone, HPV-8 E6 is mostly found in the nucleus, as when expressed with EGAP which, in this case,
served as a negative control for HPV-8 E6 distribution and confirmed that E6AP does not influence 8 E6
cellular shuttling. When co-expressed with MAML1, we found HPV-8 E6 to be distributed in the cytosolic

and nuclear fractions. This nuclear localization of HPV-8 E6 is most evident in immunofluorescence, where
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cytoplasmic localization is less noticeable and silencing MAML1 leads to a much dimmer HPV-8 E6 signal,
pointing towards the importance of MAML1 in HPV-8 E6 turnover. Considering that HPV-8 E6 interacts
mostly with proteins located in the nucleus and cytoplasm, it would be of interest to see whether this
binding has an effect on the binding of HPV-8 E6 to its other partners, and whether the presence or absence

of MAML1 impacts the profile of the interacting partners of HPV-8 E6.

MAML1 binding clearly has a profound effect on E6 oncoprotein stability and localization of both
a-and B- HPVs, but whether and how this interaction translates into biological functions is of great interest.
Considering that the interaction of HPV-8 E6 with MAML1 has well-established biological consequences on
Notch signaling, cell proliferation and keratinocyte differentiation, the focuses of this research were to
elucidate biochemical and cellular effects of HR a-HPVs complexing with MAML1 [25]. We overexpressed
HPV-16 E6 and -18 E6 alone or in combination with MAML1, E6AP or both, in EBAP KO cells, in order to
ensure that E6 stabilization would not be promoted by endogenous E6AP. We found that, when
overexpressed in a cellular system, E6AP-mediated E6 stabilization leads to a statistically significant
increase of cell proliferation, as we and others have previously described [39]. MAML1-mediated
stabilization of E6 had no discernible effects on cell proliferation, when compared with the effects of HR
HPV E6 proteins alone. Remarkably, when HPV-16 E6 or -18 E6 were co-expressed with both MAML1 and
E6AP, the effect on cell proliferation was much stronger than that of EGAP alone. This effect could be due
to MAML1-mediated increase in E6 stability which might, in turn, increase the amount of E6 molecules
present within a given cell and, as a long-term consequence, increase the amount of E6 available for
interaction with E6AP. When this concept is transferred to a naturally occurring cell line, such as Hela,
silencing E6AP by RNA interference leads to decreased wound healing, probably due to growth suppression
by p53, whose protein level within the cell increases as a consequence of decreased E6 presence [49]. In
the same system, inhibition of MAML1 leads to a decrease in wound healing, comparable to that of

abrogated E6AP. Interestingly, the same effect has previously been reported and associated with inhibition
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of Notch signaling in Hela cells, but the authors offered no further explanation as to how this came to be
[50]. It is possible that maintaining E6 stability with MAML1 is indispensable for sustaining Hela cell viability,
but it is likely that completely abrogating Notch signaling by silencing MAML1 leads to a growth arrest, as
Notch signaling is very finely tuned and both under- and over-modulation can be detrimental for cell
proliferation [50,51]. Interestingly, in the same experimental setting, MAML1 and E6AP do not exhibit
synergistic effects, as silencing both does not lead to an additional decrease in the percentage of the wound
healed. MAML1 could therefore contribute to an increase in absolute amounts of E6 within the cell. In this
context, MAML1 silencing would influence proliferation only through decreasing the availability of E6 for
binding to E6AP, through which it exerts most of its functions. Hela proliferation is only partially dependent
on the effects of E6, which also means that reducing the amount of E6 by any means will only influence the
cellular phenotype to a limited degree. Considering that E7 is considered to be the main driver of
proliferation combined with the fact that it is still abundantly present in Hela cells could be the explanation

for the observed effects [52].

Our research focused on the previously uninvestigated effects that E6s interacting partners have
on its stability and function. Here, we show that a well-defined interaction of B-HPVs with MAML1 serves
to increase E6 protein stability, in addition to inhibiting Notch signaling and abrogating keratinocyte
differentiation. Moreover, we show for the first time that a formerly overlooked, LXXLL motif-dependent
interaction of HR a-HPVs with MAML1 has a stabilizing effect on E6s. The increased stability of E6 does not
translate to an increase in E6-mediated degradation efficiencies for some of its most common targets.
However, importantly, it seemingly has an impact on cell migration and proliferation, presumably via a still
undiscovered mechanism. Taken together, and as summarized in Figure 11, our results imply the existence
of two distinct pools of HR E6 oncoproteins; E6/E6AP being well-characterized, and E6/MAML1, whose

functions are currently being investigated further.
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Figure legends

Fig. 1. a- and B- HPV E6 oncoproteins bind to MAML1. A) HEK-293 cells were transfected with HA-
tagged HPV-16 E6 or HPV-8 E6 alone or in combination with FLAG-tagged MAML1. Transfected cells were
harvested, resuspended in lysis buffer and incubated with anti-HA beads on a rotating wheel at RT. The
beads were extensively washed and co-immunoprecipitated complexes were subjected to western blot
analysis with anti-FLAG antibody and compared with the amount of MAML1 present in 10% of the input.
Dotted line divides two different exposures of the same membrane. B) Extracts from C33A cells, transiently
transfected with either empty vector or plasmids coding for FLAG-16E6 were incubated with anti-FLAG
beads. Co-immunoprecipitated MAML1 and HPV-16 E6 and 10% of the input extracts were subjected to
western blots with specific antibodies. Equal protein loading was confirmed by immunoblotting for GAPDH.
* immunoglobulin light chain. C) HEK-293 cells were transfected with FLAG-tagged MAML1. After 24hrs,
the cells were harvested, and the cell lysates were incubated with 16 E6, 18 E6, 8 E6 and 11 E6 GST fusion
proteins. GST alone was included as a control. After extensive washing, bound MAML1 was detected by
western blotting using anti-FLAG antibody and compared to the amount of MAML1 present in 10% of the
input. The lower gel shows the positions of purified GST proteins used in the pulldowns visualized by

Ponceau staining.

Fig. 2. MAML1 stabilizes E6 oncoproteins from both a- and B- HPV types. A) HEK-293 cells and B)
HEK-293 E6AP KO cells were transfected with HA-tagged HPV-8, -12, -14, -16, -18, -24, -33 and -38 E6 alone
or in combination with either FLAG- or Myc-tagged MAML1 or E6AP. After 24hrs cells were harvested and
isolated proteins from complete cell lysates separated on SDS-page, detected by anti-FLAG, anti-Myc and
anti-HA antibodies and visualized by chemiluminescence. B-galactosidase (LacZ) was used as the control to
monitor transfection efficiency and loading. Densitometric analysis was performed with Image)J software.
The band densities were first normalized for background for each of the samples after which relative

expression was calculated by dividing E6 normalized density with LacZ normalized density. Average relative
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expressions of control E6s were calculated and all other relative E6 expressions were compared to it in
order to obtain E6 fold change. LOG2 of that fold change is depicted on the bar chart so that the increase
in intensity is seen as a positive value and the decrease as a negative value. Each experiment was repeated

at least three times.

Fig. 3. E6 protein stabilization is MAML1 LXXLL motif dependent. A) HEK-293 and HEK-293 E6AP KO
cells were transfected with HA-tagged HPV-8,-11,-16 and -18 E6 alone or in combination with FLAG-tagged
MAML1 or FLAG-tagged MAML1 mutant (MAML1 LHHLL). After 24hrs cells were harvested and isolated
proteins from complete cell lysates were separated on SDS-page and analyzed by western Blotting. E6,
MAML1 and MAML1 LHHLL were detected by anti-HA and anti-FLAG antibodies. B-galactosidase (LacZ) was
used as the control for the transfection efficiency and loading. B) HEK-293 cells were transfected with HA-
tagged HPV-8 E6 alone or in combination with FLAG-tagged MAML1 or FLAG-tagged MAML1 mutant.
Transfected cells were harvested, resuspended in lysis buffer and incubated with anti-HA beads on a
rotating wheel at RT. The beads were extensively washed and co-immunoprecipitated complexes subjected
to western blot analysis with anti-FLAG antibody and compared to the amount of MAML1 or MAML1 LHHLL

present in 10% of the input.

Fig. 4. HPV E6 protein stability in CaSki, HeLa and HPV-8 E6 expressing HT1080 cells is MAML1
dependent. A) Hela cells, B) CaSki and C) HT1080 HPV-8 E6 cells were transfected with individual siRNA
against Luciferase (siLuc), or a pool of siRNA against MAML1 (siMAML1) or siRNA against E6AP (siEGAP).
Forty-eight hrs later, proteasome inhibitor Bortezomib (BTZ) was added as indicated and the cells were
then incubated for a further 24hrs after which they were harvested, separated on SDS-page, and detected
by western blotting with anti-MAML1, anti-E6AP, anti-HPV-18 E6 (B) and anti-FLAG antibodies (C) followed
by HRP-coupled anti-mouse and anti-rabbit antibodies and ECL detection. B-actin was used as internal

control to monitor protein loading.
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Fig. 5. MAML1 stabilizes a distinctive cellular pool of HPV-18 E6 and an exclusive single cellular pool
of HPV-8 E6. (A and B) Hela cells and (C and D) HT1080 8 E6 cells were transfected with indicated siRNAs.
Seventy-two hrs post transfection the cells were fixed and stained with antibodies against MAML1 and
EGAP to determine the silencing efficiency; p53 as readout for 18 E6 ablation; and FLAG (HPV-8 E6). Anti-
mouse and rabbit secondary antibodies conjugated to Alexa Fluor 488 or rhodamine red were used to
detect the primary antibodies, and nuclei were visualized with DAPI. Scale bars 10 um; the white arrows

point towards cells of interest.

Fig. 6. E6/MAML1 complex does not induce p53 and DLG1 degradation. HEK-293 E6AP KO cells
were transfected with A) p53 or B) HA-tagged DLG1, in combination with HA-tagged 16 E6 alone or in
combination with either FLAG-tagged MAML1 or E6AP. After 24hrs the cells were harvested and isolated
proteins from complete cell lysates were separated on SDS-page, detected by HRP-linked anti-HA or anti-
p53 antibodies with an appropriate secondary antibody, after which the proteins were visualized by
chemiluminescence. B-galactosidase (LacZ) was used as control to monitor transfection efficiency and
loading. Densitometric analysis was performed with ImageJ software. Band densities were first normalized
for background for each of the samples, after which relative expression was calculated by dividing p53 or
DLG1 normalized density with LacZ normalized density. p53 or DLG1 average normalized relative expression
was calculated for control samples, and all normalized relative expressions were compared to it. Fold
change was obtained by dividing the relative expression of p53 or DLG1 in co-transfected samples with
average relative expression of samples transfected alone. Each experiment was repeated at least four

times.

Fig. 7. HPV E6 protein turnover is regulated by MAML1. (A) Hela cells and (B) HT1080 8 E6 cells
were transfected with siRNA against Luciferase (siLuc), MAML1 (siMAML1) and E6AP (siE6GAP) alone or in
combination. Seventy-two hrs later the cells were treated with Cycloheximide prior to harvesting at the

time points as indicated. E6 protein expression levels were analyzed by western blotting with anti-MAML1,
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anti-E6AP, anti-18 E6 (A) and anti-FLAG antibodies (B) followed by HRP-coupled anti-mouse and anti-rabbit
antibodies and ECL detection. B-actin was used as internal control to monitor protein loading.
Densitometric analysis was performed with Imagel software. Band intensities were first normalized for
background for each of the samples after which relative expression was calculated by dividing E6
normalized density with B-actin normalized density. The initial band intensity of E6 was taken as 100%, and
the density at other time points were calculated as percentage of the starting amount. The experiment was

repeated at least three times. The results obtained are depicted in the graph (lower panel).

Fig. 8. MAML1 causes changes in 16 E6 and 8 E6 cellular accumulation. HEK-293 cells were
transfected with HA-tagged HPV-16 E6 or HPV-8 E6 alone or in combination with either FLAG-tagged or
myc-tagged MAML1 or E6AP. After 24hrs, the protein lysates were separated into the cytosolic (C),
membrane (M), nucleic (N) and microtubule (T) cellular fractions by ProteoExtract” Subcellular Proteome
Extraction Kit. The fractionated proteins were separated on SDS-PAGE and E6 was detected by western
blotting with HRP-linked anti-HA antibody, while MAML1 was detected with anti-FLAG or anti-myc
antibodies. The protein fraction purity was determined by incubation with specific antibodies (MCM7 for

cytoplasm, GAPDH for membrane, histone H3 for nucleus and vimentin for cytoskeleton).

Fig. 9. MAML1 and E6AP cooperate in increasing E6-dependent cellular proliferation. HEK-293
E6AP KO cells were transfected with HA-tagged HPV-16 E6 or HPV-18 E6, alone or in combination with
FLAG-tagged MAML1, E6AP or both. The cells were also transfected with pCDNA3, used as a negative
control, and B-galactosidase (LacZ) as an internal standard to monitor transfection efficiency and loading.
Twenty-four hrs after transfection, the cells were detached, counted and seeded in quadruplicates in a 96
well plate (5 x 10* cells per well), after which they were grown for a further 48hrs. Uptiblue was then added
to the wells and the absorbance at 570 nm and 595 nm was measured 5hrs later. The percentage of
Uptiblue reduction was calculated following manufacturer’s instructions and it responds to the rate of

proliferation. The average of at least three experiments is depicted on the graph, along with standard
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deviations. Significance was determined by student’s t-test, with p<0.05 taken as significant, and marked

with * above the bar (p<0.01 marked with **).

Fig. 10. Silencing MAML1 impacts cell migration in HPV-18 positive cells. HelLa cells were
transfected with individual siRNAs either against Luciferase (siLuc), against MAML1 (siMAML1) or against
EGAP (siE6AP). Forty-eight hrs later, a wound scratch was made in the cell monolayer, the cells were washed
and photographed (left panel). Eighteen hrs after scratching, the cells were photographed again (left
panel). The surface area of the wounds was calculated with the MRI wound healing tool macro for Image
software, and the significance in the surface area difference between treatments was determined by
student’s t-test, with p<0.05 taken as significant and marked with * (p<0.01 marked with **) (right panel).

All experiments were repeated at least four times.

Fig. 11. Working model for a-HPV E6 and B-HPV E6 interplay with MAML1. While majority of B-E6
oncoproteins bind exclusively to MAML1 (right), a-E6 oncoproteins bind either MAML1 or E6AP (left).
MAML1 binding increases both mucosal and cutaneous E6 protein stability, impacts cell migration in HPV-

18 positive background, but it does not influence HR mucosal E6 target degradation.

Supp. Fig. 1. Negative controls for Figure 2. HEK-293 cells (left panel) and HEK-293 E6AP KO cells
(right panel) were transfected with either FLAG- or Myc-tagged MAML1 or E6AP, alone or in combination
with HA-tagged HPV-16 E6 or HPV-8 E6. After 24hrs cells were harvested and isolated proteins from
complete cell lysates separated on SDS-page, detected by anti-HA, anti-FLAG and anti-Myc antibodies and
visualized by chemiluminescence. B-galactosidase (LacZ) was used as the control to monitor transfection

efficiency and loading.

Supp. Fig. 2. Negative controls for Figure 3. (A) HEK-293 (left panel) and HEK-293 E6AP KO cells
(right panel) were transfected with Myc-tagged MAML1 or Myc-tagged MAML1 mutant (MAML1 LHHLL),

alone or in combination with HA-tagged HPV18 E6 or HPV-8 E6. After 24hrs cells were harvested and
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isolated proteins from complete cell lysates were separated on SDS-page and analyzed by western Blotting.
MAML1 and MAML1 LHHLL were detected by anti-Myc antibodies, while HPV-8 E6 was detected with an
anti-HA antibody. B-galactosidase (LacZ) was used as the control for the transfection efficiency and loading.
(B) HEK-293 cells were transfected with either an empty plasmid, Myc-tagged MAML1, FLAG-tagged
MAML1 LHHLL mutant and HA-tagged HPV-8 E6 alone or in combination. Twenty-four hrs post transfection
the cells were harvested, resuspended in lysis buffer and incubated with anti-HA beads on a rotating wheel
overnight at 4°C. The beads were extensively washed and co-immunoprecipitated complexes subjected to
western blot analysis with anti-myc, anti-FLAG anti-HA-HRP antibodies and compared to the amount of

MAML1, MAML1 LHHLL or 8 E6 present in 10% of the input.

44



A B C

©
aHA-IP Input Q;(f
MAML1 L Qf"
- - - + o+ - - -+ +
< 4 MAML1
HPV16E6 - + - + - L o
HPVEE6 - - + - 4 I S MAML1 — E
MAML1 * o
Unspeces =i - 4.9 . O
nspecmmc -y HPV]‘G EG = GST- EB
HPV16 E6 - A o
HPVS E6 - - GAPDH | 8




MAML1

EGAP
16E6
8E6

MAML1
EGAP

E6

LacZ

HEK-293

- + - = +

- - + - - +

+ + + - - -

- - - + + +

HEK-293 E6AP KO

3 + & = + =

- - + - - +

+ + + - - -




A HEK-293 HEK-293 E6AP KO

MAML1 - + - - + - - + - - + - - + -
MAMLI LHHLL - - + - - t - - + - = & - - +
18E6 - ; 5 ” + " = ; : ; ) } . . .
8E6 2 - : - - - - + + - - - - - -
MAML1/ MAMLL LHHLL S——e Sy T p——— . Sy e,
e . _ s @~ o=

E6 _-”—_. — — T — -—

L T T T P e —— e ————

B
aHA-IP Input
MAML1 + + + + + + 5 - + -
MAML1 LHHL = L - - + - + 2 3 +
8E6 - - + + + - - + + +

MAML1 i ‘ .[l P— :

HpREED T —— - -



HPV12 HPV14 HPV16 HPV18 HPV24 HPV33 HPV38

HPV8

MAML1 -

E6AP -

MAML1

-j-‘m———-—‘—-—w

LI I
ST H

.

HH
.

=
HIH

+—
o=

E6AP

E6 | _—— - ‘l"‘

Laczp- Mr- ——

1 I I
< o <

(aBueyo pjoy) 2901

0 HPV12 [0 HPV14 [ HPV16 [@O HPV18 [ HPV24 [ HPV33 [ HPV38

HPV8



HEK-293

HEK-293 E6AP KO

HPV38 HPV16 HPV18
MAML1 ¥ + +
MAML1 LHHLL + + _ +
MAMLL  epams @— |
LacZ fg | — — |~
MAML1 . — e a———
E6 e-aae @ - . e
lacZ (i =] TN T == PP

B
MAML1
MAML1 LHHLL
MAML1
HPVS8 E6

aHA-IP Input
+ - - + -
- - + - - +
- i d

— e D



~ HPVE8 HPV12 _ HPV14 HPV16 - HPV18 HPV24 - HPV33 - HPV38
MAML1 - + . . + . - + - - + . . + - X + 5 , + . ; +

EGAP - = + i 3 i r ? v . : + : 1 * - - + - - * - - +
MAML1 o ‘ — - - — e
EGAP _.' -— - - S -
E6 bl — - C owmdlilD — - I—' -ﬁ -—

- — — o — e — .=

e R | \ : ‘ . I |

1 HPV8 = HPV12 — HPV14 —1 HPV16 — HPV18 = HPV24 B HPV33 — HPV38




HEK-293

HEK-293 E6GAP KO

MAML1
MAML1 LHHLL

MAML1

E6
LacZ

MAML1

E6

LacZ

HPVS HPV16 HPV18
+ + +

+ + - - +
B ol ——— | S
e — —
-- S gaa= '__-'_-
a-aaes D - . W
R —— T S e (G

B
MAML1
MAML1 LHHLL
MAML1
HPVS8 E6

aHA-IP Input
+ - - + -
- - - - +
- -y =7

— . e G



siLuc  + - +
siMAML1 - + +
SIEBAP - . + +
BTZ . - : + s +
MAML] | e — | — -—
EGAP | === = — —
p53 C e— -
HPV18 E6 s e | o i e
B-actin‘ —_——
siLuc  + + -
siMAML1 - + - + -
SiEGAP - - + . - +
BTz . - + + 4
MAMLL @ ol "= -
EGCAP | ‘i — —
HPVS Eo| = = 0 i
B-actin | . ———— .“

siLuc

siMAML1
SiEGAP

BTZ
MAML1
E6GAP
p53
B-actin

. . + -
- - e +
- . + + +
o e |y -
e —
- T | — ——




dvo3is
LINYINIS




merge

merge

siMAM L1




MAML1

MAML1

EGAP

HPV16 E6

E6GAP
HPV16 E6

DLGL | g

e R

HPV16 E6

HPV16 E6

LacZ

/
- o,
ST
H (e ©
: .h.__%x ..WE_N
i Oy Oy X
+ | i H o,@ Q,,.on 9,
x ‘x_ ©
| O, Oy, O
I _-|,._ _ _|_ 1 _VQ NO sVQ
w o ®w 9o v o ¥
abueya pjo4
b 14
.,
T %%, %o
LR, Dy,
- @ L) X
ﬂDm o«amx ov@x S
—EE < %, S
e o o 9 9
= ™ o~ — (=]
abueyo pjo4



MAML1

E6AP
HPV18 E6

B-actin

120

Amount of E6 (%)
8 58 8 8

o

siLuc

siMAML1

SIE6AP

siMAML1 + siE6AP

0" 30" 60" 90°120° O’ 30" 60" 90’120° 0O 30" 60" 90’ 120’ 0" 30" 60" 90’ 120’
L — g -~ ‘-p-.* N ———
DR e —
S e e ————— 'WM
120 120 120
— l 100 | pm T 100 | gu T 100 @
l l 80 | 80 | 80 1
: lﬁo 60
A0 40
20 H ﬂzo ﬂ
0 - 0 B
0 30 60 90 120 0 30 60 90 120 0 30 60 90 120 0 30 60 %0 120

Timepoint (min)

Timepoint (min)

Timepoint (min)

Timepoint (min)




MAML1

EGAP

HPVS8 E6

B-actin

siLuc

siMAML1

SIE6AP

siMAML1 + siE6AP

0" 30" 60" 90" 120’

0" 30" 60" 90" 120’

0" 30" 60" 90’ 120’

0" 30" 60" 90" 120’

Y

Timepoint (min)

| | | |1
120

0 30 60 90
Timepoint (min)

0 120

Timepoint (min)

111

30 60 90
Timepoint (min)



MAML1
E6
MCM7
GAPDH
H3

vimentin

CTRL MAML1 16E6 16E6+ MAML1 16E6+ EGAP 3E6 8E6+ MAML1 8E6 + EGAP
CMNT CMNT CMNT CMN T CMNT CMNT CMNT CM NT
= - - =

— - s e 4 - — - -
- - —_— - 3 - - T— —— s
T e - - - - e -— -
'l—.r T Se— — — - — o— — —
- — — — - — " ﬂ ﬂ s — w—— o —




* %
k%
* |

‘ * |

100

o o o
o0 ~ O

(1us3eas paonpad %) uoiresayljoid

o
N

o
<

o
o

o
~N



siEGAP siMAML1

siMAML1 + siE6GAP

Initial scratch

H
o
o

90
80
70
60
50
40
30
20
10

Percentage of wound closed (%)

=

siLuc

siMAML1
SiIEGAP

MAML1

E6AP

B-actin

* * %
] * %
siluc siMIAML siEGAP siVIAML +
SiEBAP
+ - - =
- + - +
- + +
| —




a-HPV B-HPV

o o (g o

P C?@

(E6)
NS NS
E6 stability E6 stability E6 stability
Migration Proliferation
No effect on target Migration
degradation Target

degradation



	MAML1_manuscript_references_RESUB_1402023
	Figure_1.
	SuppFig1
	SuppFig2
	Fig2A
	Fig2B.
	Fig2B
	Fig3.
	Fig4
	Figure_5AB.
	Figure_5CD.
	Fig6.
	Fig7A.
	Fig7B.
	Fig8.
	Fig9
	Figure_10.
	Fig11

