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ABSTRACT Human papillomavirus (HPV) infection is a multistep process that implies
complex interactions of the viral particles with cellular proteins. The HPV capsid includes
the two structural proteins L1 and L2, which play crucial roles in infectious viral entry.
L2 is particularly relevant for the intracellular trafficking of the viral DNA toward the nu-
cleus. Here, using proteomic studies we identified CCT proteins as novel interaction
partners of HPV-16 L2. The CCT multimeric complex is an essential chaperonin which
interacts with a large number of protein targets. We analyzed the binding of different
components of the CCT complex to L2. We confirmed the interaction of this structural
viral protein with the CCT subunit 3 (CCT3), and we found that this interaction requires
the N-terminal region of L2. Defects in HPV-16 pseudoviral particle (PsV) infection were
revealed by small interfering RNA-mediated knockdown of some CCT subunits. While a
substantial drop in the viral infection was associated with the ablation of CCT compo-
nent 2, even more pronounced effects on infectivity were observed upon depletion of
CCT component 3. Using confocal immunofluorescence assays, CCT3 colocalized with
HPV PsVs at early times after infection, with L2 being required for this to occur. Further
analysis showed the colocalization of several other subunits of CCT with the PsVs.
Moreover, we observed a defect in capsid uncoating and a change in PsV intracel-
lular normal processing when ablating CCT3. Taken together, these studies demon-
strate the importance of CCT chaperonin during HPV infectious entry.

IMPORTANCE Several of the mechanisms that function during the infection of target
cells by HPV particles have been previously described. However, many aspects of this
process remain unknown. In particular, the role of cellular proteins functioning as molec-
ular chaperones during HPV infections has been only partially investigated. To the best
of our knowledge, we describe here for the first time a requirement of the CCT chapero-
nin for HPV infection. The role of this cellular complex seems to be determined by the
binding of its component 3 to the viral structural protein L2. However, CCT’s effect on
HPV infection most probably comprises the whole chaperonin complex. Altogether,
these studies define an important role for the CCT chaperonin in the processing and in-
tracellular trafficking of HPV particles and in subsequent viral infectious entry.
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Human papillomaviruses (HPVs) are part of a numerous group of small DNA viruses
ubiquitously infecting human epithelia and that are transmitted by direct contact.

More than 200 different HPV types have been identified, each one being evolutionarily
adapted to infect different human epithelial tissues. Therefore, these viruses are classi-
fied into cutaneous or mucosal types, based on their specific tropism. Although HPV
infections are mainly asymptomatic or associated with benign epithelial lesions, the
normal infectious cycle can be perturbed and result in tumor development. Thus, these

Citation Bugnon Valdano M, Massimi P,
Broniarczyk J, Pim D, Myers M, Gardiol D, Banks
L. 2021. Human papillomavirus infection
requires the CCT chaperonin complex. J Virol
95:e01943-20. https://doi.org/10.1128/JVI
.01943-20.

Editor Richard M. Longnecker, Northwestern
University

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Lawrence Banks,
banks@icgeb.org.

* Present address: Marina Bugnon Valdano,
Instituto de Biología Molecular y Celular de
Rosario-CONICET, Facultad de Ciencias
Bioquímicas y Farmacéuticas, Universidad
Nacional de Rosario, Rosario, Argentina.

Received 30 September 2020
Accepted 6 March 2021

Accepted manuscript posted online
17 March 2021
Published 10 May 2021

June 2021 Volume 95 Issue 11 e01943-20 Journal of Virology jvi.asm.org 1

VIRUS-CELL INTERACTIONS

https://doi.org/10.1128/JVI.01943-20
https://doi.org/10.1128/JVI.01943-20
https://doi.org/10.1128/ASMCopyrightv2
https://jvi.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01943-20&domain=pdf&date_stamp=2021-3-17


viral infections cause practically all cases of cervical cancer and a large proportion of
other anogenital and oropharyngeal tumors (1). Despite HPVs’ relevance as human
pathogens, the cellular mechanisms required for effective viral infections are not com-
pletely understood.

All HPVs have a nonenveloped icosahedral capsid that is 50 to 60 nm in diameter.
Housed within the virion is a histone-associated circular viral DNA genome of ;8 kbp.
The virus particle structure comprises two proteins, the major and the minor structural
proteins L1 and L2. The outer shell of the virion contains 360 units of the major struc-
tural protein L1 arranged into 72 pentameric capsomeres. The interactions between
these capsomeric units are achieved through the C-terminal section of the L1 protein,
and mature viral particles present a more rigid conformation that is further stabilized
by disulfide bonds (2, 3). L1 constitutes the major virion component; however, the viral
structure also includes the capsid protein L2, which is present in variable but smaller
amounts. L2 provides minor but significant contributions to the physical features of
the particle. Only some of its regions are typically exposed on the surface of the mature
virion, while most of the protein remains hidden inside (4–6).

Both structural proteins are known to perform essential functions during viral infec-
tious entry. Initial virion structural remodeling takes place at the level of the extracellu-
lar matrix and the cell surface, where L1 engages with heparan sulfate proteoglycans
(7, 8). While L2’s contribution to viral uptake is still uncertain (5, 9–11), L1’s interaction
with this and other cellular attachment factors triggers specific conformational
changes in both structural proteins (11–13). Further structural alterations are caused
by the cleavage of both L1 and L2 by specific cell surface proteases (14, 15). This com-
plex matrix of events partially alters the conformation of the virion, which is thus prepared
for recognition by a still-debated uptake receptor and for subsequent endocytosis through
a process related to macropinocytosis (16–19). Afterward, endocytic vesicles containing vi-
ral particles fuse with early endosomes, and further virion processing depends on the usual
endocytic maturation toward late endosomes (20–23), in which capsid disassembly takes
place, at least in part, facilitated by its acidic environment. These additional conformational
changes allow L2 to emerge from the inner part of the virion. Moreover, cellular cyclophi-
lins aid in segregating L1 from L2, the majority of L1 being then targeted for lysosomal
degradation (24). Through specific sequences on L2, as well as by the action of the host
factor g-secretase, L2 protein inserts into the endosomal membrane, thereby becoming
partially translocated to the cytoplasm (25–30). In this way, L2 can interact with the cellular
cargo-sorting/recycling machinery (21, 22, 31–36), thus allowing complexes of L2 and viral
DNA (L2/vDNA) to be transported toward the trans-Golgi network (TGN) in a process
involving endosome tubulation and the endoplasmic reticulum (ER)-anchored protein VAP
(37). This retrograde transport seems to involve transient contact sites with the ER (23,
37–39) and leads to the progressive accumulation of L2/vDNA in the TGN prior to nuclear
entry during mitosis (40–42). This process is most likely mediated by microtubular traffic of
L2/vDNA-positive vesicles toward the condensed chromosomes once the mitotic nuclear
envelope breaks down (16, 43). Altogether, both L1 and L2 play essential roles in viral entry
by interacting with a large number of cellular proteins. Although much effort has been
made to unravel the processes that take place during the establishment of HPV infection,
given the complexity and multiplicity of these sequential events, many of the cellular
mechanisms involved still need to be elucidated.

Although host chaperones have been widely reported to be coopted by several
viruses to complete their life cycle (44), there is only limited information available for
their roles in the case of HPV. The relevance of chaperones has been mostly examined
in regards of the late steps of genome replication and virus assembly (45–48), while
only the cyclophilin chaperones have been proposed to facilitate the release of L1
from the L2/vDNA complex (24). For the early stages of the infection, comprising the
initial conformational changes in the viral capsid, there has been no compelling infor-
mation concerning the requirement for chaperones (13, 15, 27).

Among functional chaperones that are known to be important for diverse viruses, it
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is worth mentioning the eukaryotic cytosolic containing TCP1 (CCT), also named TCP1
ring complex (TRiC), which is required for the folding of multiple newly made proteins,
as well as for the control of aggregation (49). A member of the group II of chaperonins,
CCT complex presents a hetero-oligomeric barrel-like structure that can alternate
between open and closed conformations in an ATP-dependent manner and forms a
structure with two optomeric back-to-back stacked rings, each composed of eight dif-
ferent paralogous subunits of about 60 kDa (50). The mammalian subunits of CCT are
commonly designated using the Greek alphabet (a to u ), while Arabic numerals (1 to
8) are usually applied to CCT in yeast (51). However, as a matter of simplicity, the latter
system is used here to refer to the mammalian cell components.

The exact arrangement of the complex has been a matter of controversy, but recent
findings (52–54) have led to a better comprehension of CCT’s interaction with its sub-
strates. Different cellular targets are recognized by distinct subsets of CCT subunits
through specific motifs (55–57). Most likely, this complex at least partially encapsulates
its target proteins to assist in their folding, presenting a broad range of cellular sub-
strates, many with intricate topologies, including the well-reported cytoskeletal targets
tubulin and actin, as well as relevant tumor suppressors and cell cycle regulators (56, 58).

As already mentioned, CCT has been reported to be subverted by several viruses to
achieve a successful infection, including influenza A virus (59), reovirus (60), dengue vi-
rus (61), Zika virus (62), and hepatitis C virus (63). Overall, many reports have estab-
lished the relevance of CCT to the correct folding of newly synthesized viral proteins
required for viral replication (59, 61–66) or for the assembly and release of new viral
particles (60, 67, 68). Here, we report an interaction of the HPV L2 protein with compo-
nents of the CCT complex and we further demonstrate that this complex, and in partic-
ular CCT subunit 3, plays an essential role in HPV infection.

RESULTS
Identification of CCT component 3 as a novel interacting partner of L2. Although it

is well known that the human papillomavirus L2 capsid protein plays a crucial role in
viral infectious entry, the exact cellular mechanisms implicated have been only partially
described (4). Therefore, to identify novel interacting partners of the viral structural
protein L2, we performed a proteomic analysis. HEK293TT cells were transfected with a
plasmid expressing Flag-HA-tagged HPV-16 L2. The cellular extracts were subjected to
immunoprecipitation using anti-HA antibody-conjugated agarose beads, and the resulting
immunoconjugates were analyzed by mass spectrometry. Mock-transfected cells were
used as a control to exclude nonspecifically interacting proteins. As presented in Fig. 1A,
among the potential interacting proteins identified, most of the components of the CCT
complex were observed, constituting a group of interesting novel putative interacting can-
didates. While the number of peptides identified was quite low, previously reported inter-
actors such as SNX17, a well-known binding partner of HPV-L2 (34, 35), was also found,
providing confidence in the performance of the assay. In addition, these results confirmed
our previous findings, in which CCT component 2 had also been identified in the mass
spectrometric analysis of HPV-16 L2 cellular partners (35).

Consequently, we proceeded to further examine the putative interaction of the
HPV L2 protein with the CCT complex subunits. We incubated different in vitro-trans-
lated (i.v.t.) radiolabeled CCT components with glutathione S-transferase (GST) alone or
with GST-L1 or GST-L2, in each case bound to glutathione agarose. After several
washes, bound proteins were analyzed by SDS-PAGE and autoradiography. As shown
in Fig. 1B (upper left panel), i.v.t. CCT subunit 3 (CCT3) clearly binds to L2 and only
interacts marginally with L1. We further analyzed whether L2 truncated mutants, termi-
nated after amino acid 160 or 323, could interact with CCT3. Both bound to CCT3, as
well as full-length L2. These results indicate that L2 binding to CCT3 involves the
amino-terminal region of the viral protein and that the sequences in the carboxy termi-
nus of L2 are not apparently required for this interaction. In contrast, we saw no bind-
ing of HPV structural proteins to the other CCT subunits assayed (2, 4, 5, 6 and 8; Fig.
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FIG 1 CCT subunit 3 interacts with HPV-16 L2. (A) Extracts from HEK293 cells expressing FLAG-HA tagged HPV-16 L2 were immunoprecipitated using anti-
HA antibody-conjugated agarose beads, and the immunoconjugates were subjected to mass spectrometric analysis. The table presents a selection of

(Continued on next page)
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1B), despite the fact that they were prominent in the proteomic analysis. These results
indicate that CCT3 is most likely being bound directly by HPV-16 L2, which in turn is in
complex with the other CCT subunits. Since this proteomic screen is not quantitative, it
is difficult to comment upon the reasons underlying differences in the number of pep-
tides of each subunit that were detected.

In view of the results with i.v.t. CCT proteins, we next studied the binding of HPV-16
L2 to CCT3 by pulldown assays using extracts from HEK293 cells. The bound endoge-
nously expressed CCT3 was detected by Western blotting with specific antibodies. The
results shown in Fig. 1C confirm that L2 protein interacts specifically with endogenous
CCT3 from mammalian cells.

CCT is required for efficient infection by HPV-16 pseudovirions. Taking into
account the important role that CCT complex plays in the life cycle of different viruses
(59–68), we next wanted to address the effect of CCT in HPV infection. Having shown
the interaction between HPV16-L2 and CCT3, we aimed to further investigate the pos-
sible role of this and other subunits of the CCT chaperonin complex in HPV infectious
entry. When produced in diverse recombinant expression systems, L1 self-assembles to
form synthetic virus-like particles (VLPs) and, when coexpressed with L1, L2 can be
incorporated into these VLPs. We here employed a well-established and widely used
HPV-pseudovirion (PsV) system (69, 70), expressing and further assembling L1 and L2
in HEK293TT cells, encapsidating a luciferase reporter plasmid as the pseudogenome
(71).

These particles were used to infect HaCaT cells previously transfected either with
scrambled small interfering RNA (siRNA) as a control (siCTRL) or with siRNA against
CCT3 or CCT2. After 24 h, we monitored the infection efficiency by detecting luciferase
activity in the cell lysates. The results obtained demonstrate that a loss of CCT3 expres-
sion leads to a reduction of around 40% in the level of infection attained by HPV-16
PsVs (Fig. 2A, left panel), an effect which was obtained across a range of viral genome
equivalents (vge) per cell (Fig. 2A, middle panel). This decrease in the infection levels
when CCT3 is knocked down is comparable to the decrease previously observed when
other cellular components required for efficient HPV infection are removed (21, 33–35).
No adverse effects on cell viability (Fig. 2B) or proliferation (data not shown) were observed
following siCCT3 transfection. Interestingly, the ablation of CCT subunit 2 also caused a
clear defect in HPV infectious entry (Fig. 2C), although the reduction was of around 25%
and thus milder than the one observed when depleting CCT3. Altogether, these results
strongly point toward a function for the complete CCT complex in HPV infection, while
also suggest a key role of CCT3 in the interplay between the chaperonin and the viral par-
ticles under study.

HPV-16 PsVs colocalize with CCT at early times after infection. To further explore
the role of CCT in HPV infection, we performed a series of immunofluorescence assays
to determine the localization of HPV-16 capsids and CCT3 protein. HeLa cells were
infected with HPV-16 PsVs encapsidating the reporter DNA labeled with 5-ethynyl-29-
deoxyuridine (EdU). The cells were fixed at 3 h postinfection (hpi), together with unin-
fected cells used as a control. The samples were subsequently subjected to specific
EdU staining and immunodetection of endogenous CCT3. The specificity of the anti-
CCT3 antibody was confirmed in siCCT3-silenced HeLa and HaCaT cells (data not
shown). As presented in Fig. 3A, endogenous CCT3 protein was observed predomi-
nantly in the cytoplasm of uninfected HeLa cells, as expected for a protein reported to

FIG 1 Legend (Continued)
L2-specific hits (protein), their corresponding E value (representing the log of the expectation that the assignment is stochastic), the number of peptide
sequences assigned, and the total number of tandem mass spectra that can be assigned to each protein. (B) The purified GST fusion proteins L1 and L2
were incubated with several in vitro translated (i.v.t.) and radiolabeled CCT components. GST alone was used as control. Two different GST-fusion truncated
forms of L2 were also incubated with i.v.t. and radiolabeled CCT subunits 2 and 3. After an extensive washing, the bound proteins were eluted and
analyzed by SDS-PAGE and autoradiography (upper panels for each subunit analysis). The lower panels show the corresponding Coomassie blue-stained
gels and the purified proteins are indicated. (C) Endogenous CCT3 was extracted from HEK293 cells and subjected to pulldown assays with purified GST
HPV-16 L2 fusion protein (indicated by the arrow) and empty GST as a control. Bound proteins were analyzed by Western blotting assays with anti-CCT3
antibody (upper panel). The corresponding Ponceau red staining of the nitrocellulose membrane is shown (lower panel).
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be cytosolic. On the other hand, its distribution was altered in cells infected with HPV-
16 PsVs, where bright-intensity CCT3 spots were observed. A great number of these
structures were also positive for EdU staining, indicating a certain degree of colocaliza-
tion between CCT3 and the PsVs. Since the signal from EdU-labeled particles can be
used as a surrogate marker for the corresponding L2/vDNA complexes (34, 37), these
results indicate that CCT3 is in close proximity with the L2/vDNA complex. No variation
in the level of expression of CCT3 was observed in response to PsV infection (Fig. 3B),
confirming a redistribution event rather than a change in CCT3 levels.

To further examine this interaction, we performed a series of immunofluorescence
assays with infected cells over time. HeLa cells infected with EdU-labeled PsVs were
fixed at different times postinfection. We monitored the distribution of CCT3, together
with the EdU-labeled DNA at 1, 3, and 7 h postinfection. Cells only temporarily exposed
to PsVs for potential attachment were washed and immediately fixed (0 hpi) as a con-
trol (CTRL). As observed previously in uninfected cells (Fig. 3), endogenous CCT3 shows
a diffuse and predominantly cytosolic expression in the control samples. Conversely, as
shown in Fig. 4, cells infected with pseudovirions consistently showed intense CCT3
positive structures. This clustering was evident even at early times after infection, and
a clear colocalization of these CCT3 spots with the internalized pseudovirion particles
was detected.

FIG 2 Loss of CCT3 or CCT2 reduces HPV16 infection. HaCaT cells were transfected with scrambled siRNA as a control (siCTRL) or siRNA
targeting CCT3 (A) or CCT2 (C). At 48 h posttransfection, the cells were infected with indicated amounts of HPV16 PsVs carrying a luciferase
reporter plasmid. After further 24 h, the cells were harvested, and the luciferase activity was measured. The values were normalized to those
of siCTRL-transfected cells. The data are expressed as the mean luminescence from at least three independent experiments in each case, the
bars indicate the SE (***, P , 0.001; *, P , 0.05). The efficiency of CCT3 or CCT2 knockdown was corroborated by Western blotting of cell
lysates; a-actinin was used as loading control (A and C, right panels). (B) Viability of HaCaT cells transfected with scrambled siRNA as a control
(siCTRL) or siRNA targeting CCT3 was assessed by using a trypan blue exclusion assay. At 72 h after transfection, the cells were trypsinized,
collected, and stained with 0.2% trypan blue. The number of viable cells in siCCT-treated samples was normalized to the number of viable
cells obtained for siCTRL-treated samples. The data are expressed as the mean viability from three independent experiments in each case, and
the bars indicate the SE. ns, nonsignificant.
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Based on our results indicating that CCT3 plays an essential role in efficient HPV
infection (Fig. 2), we addressed its probable involvement in the initial steps of viral
infection. Simultaneously, we analyzed the distribution of the Rab7 GTPase, a broadly
used marker for late endosomes (72). As presented in Fig. 4A, we observed a clear
colocalization of the dual CCT3/Edu-positive structures together also with Rab7, partic-
ularly at early times after infection, suggesting that CCT3 might be involved in HPV in-
tracellular trafficking. Fewer structures concomitantly stained for EdU, Rab7, and CCT3
were observed at 7 hpi, although the colocalization was still noticeable. Fewer CCT3
clusters were also evident at this later time after infection.

To quantitatively assess this codistribution of CCT3, HPV PsVs and late endosomes,
Mander’s colocalization coefficients (MCCs) were calculated, which measure the frac-
tional overlap of the corresponding fluorescent signals (73, 74). In Fig. 4B, the quantified
fractional overlapping of EdU-labeled PsVs and CCT3 (left panel), as well as the ratio of
CCT3 and Rab7 (right panel), are shown. We found that the signals corresponding to EdU-
labeled DNA and CCT3 show statistically significant colocalization at 1 and 3 hpi, with over-
lapping ratios of 0.586 0.03 and 0.516 0.03, respectively, then dropping to a value of
0.266 0.04 (mean 6 the standard errors [SE]) at 7 hpi. In addition, endogenous CCT3 also
colocalized with Rab7 to a significantly greater extent at early times after infection, with
overlapping ratios at 1 and 3 hpi of 0.336 0.03 and 0.456 0.04, respectively. On the other
hand, their remaining colocalization at 7 hpi was not significant (MCC = 0.186 0.03), while
endogenous CCT3 and Rab7 showed no basal cooccurrence in control cells (MCC =
0.066 0.01).

Since other CCT subunits were found in the proteomic analysis, we also proceeded
to investigate whether they were also closely associated with the HPV-16 PsVs. As can
be seen from Fig. 5, CCT5, CTT6, and CCT8 also colocalized with HPV-16 PsVs, while
CCT8-PsV structures were also at least partially positive for Rab7, pointing toward a
joint function for the complete CCT complex.

In order to determine whether the colocalization of CCT components was influ-
enced by L2, HeLa cells were infected either with Alexa Fluor 488 (AF488)-labeled PsVs
or with L1-only VLPs, which lack the minor capsid protein L2. The fixed samples were

FIG 3 CCT3 colocalizes with HPV-16 PsVs during infection while maintaining its expression levels. (A) HeLa cells were infected
with EdU-labeled HPV-16 PsVs using 500 vge/cell. At 3 h postinfection (3 hpi), the cells were fixed and stained for endogenous
CCT3 with specific anti-CCT3 antibody (green) and for EdU (red) to detect reporter DNA encapsidated in PsVs. As a control, CCT3
staining in uninfected (UI) cells was also assayed. Micrographs representative of the results from at least three independent
experiments are shown. White arrows indicate the observed colocalization of EdU-labeled pseudogenome and endogenous CCT3
in infected cells. (B) Western blot showing the expression of CCT3 in HeLa cells infected with HPV-16 PsVs at 500 vge/cell. Cell
extracts were obtained at 1, 2, 3, and 7 hpi, while uninfected cells (UI CTRL) were used as reference sample. a-Actinin was used as
loading control. L2 viral protein was detected as an indicator of cell infection.
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FIG 4 HPV-16 PsVs colocalize with CCT3 at early times after infection in Rab7-positive structures. (A) HeLa cells were exposed to infection with EdU-labeled
HPV-16 PsVs using 500 vge/cell. After initial incubation to allow virus binding, the cells were washed and further incubated during 1, 3, or 7 h before being
fixed (1, 3, and 7 hpi). Cells immediately fixed after washing were used as a control (CTRL). Representative micrographs from two independent experiments
of the corresponding staining for EdU (red), endogenous CCT3 (green), and the GTPase Rab7 (cyan) are shown. White arrows indicate the observed
colocalization of the EdU-labeled PsV pseudogenome, CCT3, and the late endosomes marker Rab7 in infected cells. (B) Ratios of CCT3 colocalizing with
PsVs (left panel) and CCT3 colocalizing with Rab7 (right panel) were determined for at least 25 cells for each time point. Mander’s colocalization
coefficients (MCCs) were determined using JACoP plug-in in Fiji software. MCCs could range from 0 to 1, where MCC= 0 indicates that no colocalization is
present and MCC= 1 indicates perfect colocalization between the signals. Statistically significant variations of colocalization over time are shown (***, P ,
0.001; ****, P , 0.0001).
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subjected to immunodetection of endogenous CCT3 and Rab7. As shown in Fig. 6, the
AF488-PsVs are readily detected in structures positive for CCT3 and Rab7, similar to
what was seen with EdU-labeled particles. However, when L1-only VLPs were used,
minimal clustering with CCT3 spots was observed, further supporting a role for L2 in
this process.

Taken together, these results demonstrate that the CCT complex accumulates early
after infection with the internalized particles, most likely at the level of L2/vDNA com-
plexes, and as a result of an L2-CCT3 interaction. This colocalization occurs within or
near Rab7-positive structures and therefore probably during PsV intracellular traffick-
ing involving late endosomes.

CCT3 plays a role in the intracellular processing of HPV particles. To ascertain
which stages in HPV infection are affected by CCT3, we next sought to determine
whether CCT3 is required for virion attachment to the cellular surface. HeLa cells were
initially transfected either with scrambled siRNA as a control (siCTRL) or with siRNA spe-
cific against CCT3. After allowing proper silencing, the cells were briefly incubated with
HPV-16 PsVs, permitting particles to bind. Immunofluorescence assays using an L1-spe-
cific antibody were then performed on nonpermeabilized cells. As shown in Fig. 7,

FIG 5 Diverse CCT subunits colocalize with HPV particles at early times after infection. HeLa cells were exposed
to infection with EdU-labeled HPV-16 PsVs using 500 vge/cell. After initial incubation to allow the binding of
the particles, the cells were washed and further incubated for 3 h. Representative micrographs of the staining
for EdU (red) and different CCT subunits (green) are shown. (A) CCT8; (B) CCT5; (C) CCT6. The Rab7 GTPase
(cyan) was also detected when analyzing CCT8 cellular distribution, using as a control cells immediately fixed
after washing (CTRL) (A). In every case, white arrows indicate the observed colocalization of EdU-labeled
pseudogenome and the indicated cellular proteins.
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similar levels of L1 protein were detected on the cellular surface of mock-silenced and
CCT3-depleted cells. These results indicate that, regardless of the level of CCT3, compa-
rable amounts of PsVs can bind to the cellular surface of the target cells, demonstrat-
ing that CCT3 does not have a role in initial HPV-16 attachment.

In order to determine whether CCT3 ablation was causing a general defect in endo-
cytic uptake, we analyzed the uptake of the well-studied cellular cargo transferrin (75).
CCT3- or control-silenced HeLa cells were incubated with Alexa Fluor 647 (AF647)-la-
beled transferrin for 30 min before cell fixation. As shown in Fig. 8, CCT3-depleted cells
do not show any changes in the endocytic uptake of transferrin.

Having shown that CCT3 depletion is detrimental to infectious viral entry and given

FIG 7 CCT3 depletion has no effect on virus binding to the cell surface. (A) HeLa cells were transfected with siRNA targeting
CCT3 (siCCT3) or scrambled siRNA as a control (siCTRL). At 72 h posttransfection, cells were exposed to HPV16 PsVs at 500
vge/cell. After incubation for 1 h at 4°C, the cells were washed and immediately fixed. Total L1 in the cellular surface was
consequently assayed by immunofluorescence in nonpermeabilized samples. Representative micrographs of the corresponding
staining for surface L1 using a specific anti-L1 antibody (red) and nuclear marker DAPI used as control (blue) are shown. (B) L1
signal relative to DAPI staining was quantified and normalized to the control treatment (siCTRL). At least 100 infected cells
from two independent experiments were analyzed. Corresponding means are shown, with bars representing the SE. ns,
nonsignificant. (C) CCT3 knockdown was corroborated by Western blotting of cell lysates. a-Actinin was used as loading
control.

FIG 6 L2 plays a role in colocalization with CCT3. HeLa cells were infected with equal amounts of AF488-labeled PsVs
(comprising both L1 and L2) or VLPs (L1 only). After initial incubation to allow virus binding, the cells were washed
and further incubated for 1 h before fixation. The micrographs show the fluorescent particles (green) and the staining
for CCT3 (red) and Rab7 (cyan). White arrows indicate the observed colocalization of CCT3, AF488-labeled PsVs, and
Rab7. Fewer partially colocalizing spots were observed for AF488-labeled VLPs (purple arrows). Yellow arrows indicate
the colocalization of CCT3 and Rab7.

Bugnon Valdano et al. Journal of Virology

June 2021 Volume 95 Issue 11 e01943-20 jvi.asm.org 10

https://jvi.asm.org


that we did not find any associated general effect in endocytic uptake, we next ana-
lyzed whether this defect in viral infection occurs before or after capsid uncoating. We
used the 33L1-7 antibody, which specifically recognizes an epitope on L1 that is only
exposed after the capsid has initiated its disassembly during the process of endocytic
acidification (76). HeLa cells were transfected with siCCT3 or a control siRNA, and the
cells were later exposed to infection with EdU-labeled PsVs. Subsequently, we performed
a series of immunofluorescence assays, examining 33L1-7-reactive signal and EdU stain-
ing. Thus, we simultaneously monitored the degree of disassembly and the corresponding
quantity of infecting particles. As presented in Fig. 9A and B, CCT3 depletion resulted in a
significant reduction (20%) in the number of disassembled virions at 7 hpi, with a normal-
ized 33L1-7/EdU ratio of 0.826 0.03 (mean 6 SE). Therefore, CCT3 seems to play a role in
capsid disassembly during HPV intracellular processing. In order to determine whether loss
of CCT3 resulted in a general defect in endocytic trafficking we analyzed endosomal acidi-
fication following CCT3 knockdown. As can be seen from Fig. 9D, loss of CCT3 has no
major impact on endosomal acidification, indicating that the effects on viral trafficking are
specific and not due to a generalized defect in endocytic transport processes.

These data were strengthened when we analyzed particle internalization by Western
blotting assays. To perform these experiments, HeLa cells were first transfected with either
a control siRNA (siCTRL) or with siCCT3. Subsequently, mock-silenced or CCT3-depleted
cells were exposed to infection with HPV-16 PsVs. At various times postinfection, the cells
were treated with trypsin to remove noninternalized particles and then harvested. The
amount of L1 and L2 proteins were then determined in these lysates. As can be seen in
Fig. 10A (and as quantified in Fig. 10B), similar amounts of PsVs were internalized regard-
less of the level of cellular CCT3 (trypsin-collected samples, 0 hpi). These results further
complement the information presented above, pointing to an unaltered uptake of diverse
cargos in the absence of CCT3, including HPV particles. Likewise, no major differences
were observed in L1 and L2 levels at early times after infection. Interestingly, significantly
higher intensities of both L1 and L2 were detected at later times (16 and 24 hpi) in CCT3-
depleted cells, indicating a slower processing of PsVs.

DISCUSSION

The early steps of HPV infections are a series of consecutive and interdependent
processes comprising the initial attachment to the target cell and the virion

FIG 8 CCT3 knockdown does not influence transferrin uptake. HeLa cells were transfected with siRNA
targeting CCT3 (siCCT3) or with scrambled siRNA as a control (siCTRL). At 72 h posttransfection, the
cells were incubated with AF647-labeled transferrin for 30 min before cell fixation. Representative
micrographs of the corresponding staining for the internalized transferrin (cyan) and the endogenous
early endosome marker EEA1 (red) are shown, with the colocalization being clear in both conditions.
Note that transferrin uptake and distribution is similar in the presence or absence of CCT3 (green).
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FIG 9 Loss of CCT3 leads to defects in PsV capsid disassembly but it does not affect endosomal acidification. (A) HeLa cells were transfected with siRNA
targeting CCT3 (siCCT3) or scrambled siRNA as a control (siCTRL). At 72 h posttransfection, the cells were infected with EdU-labeled HPV-16 PsVs at 500
vge/cell and fixed at 7 hpi. Representative micrographs of the corresponding staining for L1 in disassembled capsids using an uncoating-specific anti-L1
antibody (33L1-7, green) and EdU-stained pseudoviral particles (red) are shown. (B) 33L1-7 staining relative to EdU signal was quantified in at least 150
infected cells from each condition corresponding to three independent experiments. The data are expressed as mean ratios normalized to the siCTRL-
treated cells, with bars indicating the SE (****, P , 0.0001). (C) CCT3 knockdown was corroborated by Western blotting of cell lysates. a-Actinin was used
as loading control. (D) Endosome acidification of HeLa cells transfected with siRNA targeting CCT3 (siCCT3) or scrambled siRNA as a control (siCTRL) was
assessed 72 h after transfection using pHrodo Green AM intracellular pH indicator (Thermo Fisher Scientific), together with EEA1 (red) and CCT3 (cyan)
staining. Yellow arrows indicate the unchanged endosomal acidification in cells effectively silenced for CCT3.
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internalization, followed by the progressive disassembly of viral capsids. However,
many of the mechanisms associated with HPV infectious entry are still unclear (4, 16,
23, 77). This study was orientated toward the identification and characterization of
novel cellular factors relevant for infectious entry.

Chaperones, which tightly control cellular protein quality, are frequently exploited
by viruses to support the completion of their life cycles. However, the role of these cel-
lular proteins during the HPV cycle had only partially been described: two heat shock
proteins, Hsp70 and Hsp40, are implicated in the genome replication of these viruses
(78); the interaction of HPV structural proteins with NPM1 and Hsc70 have important
functions in viral assembly (46, 47); and karyopherins were proposed to play a role
both in capsid assembly and in viral genome nuclear entry (48, 79). All of these events
occur in the late stages of an HPV infection, but less information is currently available
concerning chaperone function in the corresponding early or middle steps. In this
regard, while the effect of the host cyclophilins in the initial conformational changes of
L2 has been demonstrated (13), the importance of this event in L2 cleavage and thus
its relevance for infection are still controversial (4, 15). It is noteworthy that cyclophilins
have also been shown to mediate the dissociation of L1 and L2 structural proteins fol-
lowing the acidification of endosomes (24). Also, the in vitro disassembly of bovine
papillomavirus particles has been associated with the Hsc70/40 chaperones (80).

FIG 10 CCT3 is necessary for PsV intracellular processing (A) HeLa cells silenced for CCT3 or a control scrambled siRNA (siCTRL) were infected with HPV16
PsVs at 500 vge/cell. Uninfected (UI) and total infected samples (INPUT) were obtained to use as control. At different times after infection cells were
washed, treated with trypsin in order to remove noninternalized viruses, and then harvested. PsV internalization and subsequent digestion were assessed
by Western blotting with anti-L2 anti anti-L1 specific antibodies. a-Actinin was used as a loading control and CCT3 was monitored to confirmed silencing
when corresponding. (B) Relative levels over time after infection of L2 (left panel) or L1 (right panel) were quantified and normalized to the initial amount
of the corresponding viral structural protein (INPUT). Data from three independent experiments is expressed as mean ratios, bars representing the SE (*, P ,
0,05; **, P , 0,01; ns, nonsignificant).
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Altogether, the analysis of the association of host chaperones to the initial stages of
HPV infection is a highly relevant and only partially comprehended topic.

The specific requirement for CCT chaperonin in several viral processes has been pre-
viously identified, but chiefly concerning replication or assembly, both late phases of
the viral life cycles (59–68). Moreover, no CCT involvement in any step of the HPV viral
cycle had previously been described. In this study, we have identified the involvement
of the CCT chaperonin complex in the HPV life cycle. We present here compelling evi-
dence supporting CCT, and particularly its subunit 3, as a critical component of the
HPV-16 entry pathway.

We considered that further exploration of the nonstructural functions of L2 and its
interactions with host cell proteins was particularly relevant. The results from our pro-
teomic screen indicated the CCT complex as a novel putative cellular partner of L2.
Moreover, we further reinforced these data by showing the interaction between L2
and the component 3 of the chaperonin complex, both in vitro and ex vivo, while con-
firming that L1 has no relevant association with CCT3. Interestingly, we were unable to
demonstrate any significant degree of association between HPV-16 L2 and several
other CCT subunits, despite them being present in the proteomic analysis. Overall, L2
is most likely interacting only with CCT3, which in turn would be responsible for the
cointeraction of the other CCT subunits. Indeed, the immunofluorescence analyses also
support this notion, where there is a clear colocalization between incoming PsVs and
several subunits of the CCT complex.

We found that the L2/CCT3 interaction involves the N-terminal region of L2, as a
truncated form of L2 comprising only the first 160 amino acid residues binds to CCT3
equally well. This was surprising, given that the CCT complex has been extensively
reported to localize in the cytosol (81) and considering that the HPV-L2 C-terminal
region mediates contact with diverse cytosolic cellular partners, including a variety of
cell-sorting/recycling factors (21, 22, 33, 35, 82). However, the exact topology and stoi-
chiometric distribution of L2 is still a matter of controversy (4, 40). A large portion of L2
is thought to be exposed to the cytosol, most probably extending from the region C-
terminal to the transmembrane-like domain, which is situated at residues 45 to 67 in
HPV16-L2 (15, 26). Therefore, although more data are needed to determine the precise
sites of contact of L2 with CCT3, the results presented here clearly point toward a
region of L2 within the first 160 residues.

Moreover, we assessed the effect that abrogating CCT might have upon viral infec-
tion and we found a clear decrease in the levels of infection with HPV-16 PsVs when
CCT3 expression levels were knocked down. Significantly, under the conditions used
for CCT3 ablation, no effect on the cellular viability was observed. A milder but still sig-
nificant defect in HPV infection was observed by the ablation of CCT2. Although CCT-
independent mechanisms cannot be ruled out, these observations point toward a role
for the complete CCT complex in HPV infection, while they also highlight the main rele-
vance of its subunit 3, probably by interacting directly with L2.

We obtained immunofluorescence data indicating the proximity of HPV particles,
and most likely the L2/vDNA complexes, with CCT3 in characteristic spots that were
mainly present at early times after infection. This colocalization is clearly disturbed
when using L1-only VLPs, further pointing toward an L2-dependent mechanism.
Furthermore, we showed that this clustering is only due to a redistribution of CCT3,
while its total expression levels were unchanged during HPV infection. We examined
the colocalization of CCT3 with vDNA over time and found that it reaches its peak early
after infection and occurs in structures positive for Rab7. This GTPase is present in late
endosomes and its different forms play important roles in trafficking both to lysosomes
and the TGN (72). Moreover, its importance in HPV intracellular transport has been
demonstrated (17, 31, 83–87). Thus, the aforementioned results initially point toward
the participation of CCT in the viral trafficking within the infected cell. While it is not
possible to estimate the percentage of viral particles which associate with the CCT
complex, the overall levels of colocalization and alteration in CCT distribution upon
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infection are indicative of a substantial proportion of PsVs following this route. No gen-
eral defects in endocytic transport pathways were observed when silencing CCT3, since
neither transferrin uptake nor endosomal acidification were affected. In contrast, CCT3
depletion resulted in a defect in the intracellular processing of the viral capsid, with a
significant reduction in the exposure of disassembly-specific L1 epitopes in the CCT3-
depleted cells and a corresponding decrease in the degradation of the structural
proteins.

In addition, CCT has previously been shown to take part in the dissociation of oligo-
meric structures (88). Thus, in the processing of HPV capsids during the maturation of
the endosomal compartments, the evidence here clearly suggests a role for this chap-
eronin in the natural disassembly of the virions. CCT appears to have an impact on this
process by directly interacting with the cytosolic region of L2 and probably by modu-
lating its interplay with other effectors important for viral traffic.

Regardless of CCT’s well-studied effect on the structure of its substrates, it is also
interesting to highlight that CCT proteins have also been shown to directly bind and
regulate some targets without affecting their folding (89). Several reports have shown
the individual action of specific subunits of CCT (89–94), many of which act in a com-
plex-independent manner. Therefore, in addition to the more obvious possible action
of this cellular chaperonin, other possibilities might also be considered. The question
arises whether the effect of CCT on HPV infective entry shown here concerns the com-
plete chaperonin complex or the individual subunit 2 and, particularly, the component
3. However, we identified other CCT components colocalizing with HPV virions, simi-
larly to CCT3, and, in addition, our proteomic screen also identified several CCT subu-
nits in the L2 pull downs. These observations once again suggest that the interaction
between L2 and CCT3 results in a recruitment of the whole CCT complex to sites of vi-
ral infection, indicating that it is not just the monomeric CCT3 which is required for in-
fectious entry but also the integrity of the CCT complex.

The CCT chaperonin has a wide range of substrates comprising several viral proteins
(59–65, 67, 68), although it is principally known to be an important cytoskeletal regula-
tor center, actin and tubulin being its most studied and well-reported substrates
(95–97). Therefore, the modulation of CCT may have relevant effects on HPV infection
by affecting any of these cytoskeletal proteins. It is particularly noteworthy that the in-
tracellular transport of HPV L2/vDNA complexes depends on the microtubule network
both to reach the TGN and for their migration toward the condensed chromosomes (4,
17, 41, 87, 98). Nevertheless, the precise mechanisms by which CCT influences the viral
infectious entry remains to be elucidated.

Altogether, this study sheds light onto the previously unreported participation of
the CCT chaperonins in the HPV life cycle, demonstrating a role for these cellular pro-
teins at early steps during infection. Further studies will be focused on whether the
observed effect in HPV infection is due solely to the identified direct interaction with
L2 or whether, as previously discussed, it might also be a consequence of affecting the
viral endosome trafficking, probably via alteration of important cytoskeletal players.
Determining the underlying mechanisms by which CCT modulates the HPV infection
will enhance our understanding of the cellular basis of HPV-host interaction.

MATERIALS ANDMETHODS
Cell culture and transfections. HeLa cervical cancer cells, HEK293 and HEK293TT (71) human em-

bryonic kidney cells, and HaCaT human skin keratinocytes were maintained in Dulbecco modified Eagle
medium supplemented with 10% fetal bovine serum, penicillin-streptomycin (100 U/ml), and glutamine
(300mg/ml).

HEK293 and HEK293TT cells were transfected by the calcium phosphate precipitation method (99).
For transient siRNA experiments, HeLa or HaCaT cells were transfected by using Lipofectamine
RNAiMAX (Invitrogen) with a pool of siRNAs specific against CCT3 (59-CAGACUGACAUUGAGAUUACA,
59-AGCGGCCAAGUCCAUGAUCGA, 59-AUCCACGUAUGCGGCGCUAUA, and 59-CUUGCGUGGAGUCAUGAUUAA)
(Sigma; as previously reported [60]) or by using an ON-TARGETplus SMART pool against CCT2 (Dharmacon).
Concomitantly, a scrambled siSTABLE nontargeting siRNA (Dharmacon) was used as a control.

Plasmids. Plasmids expressing FLAG-HA-tagged HPV-16 L2 were described previously (100). The
pUC-derived CCT-expressing plasmids were described previously (101) and were kindly provided by
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Hiroaki Imataka (University of Hyogo, Hyogo, Japan). The expression vectors for HPV-16 L1 and HPV-16
L2 full-length GST fusion proteins were already described (35). The plasmids for the expression of trun-
cated forms of GST-tagged HPV-16 L2 were generated by the GENEART site-directed mutagenesis sys-
tem (Invitrogen) and further confirmed by DNA sequencing. In-house designed oligonucleotides synthe-
sized by Eurofins MWG were used. Plasmid p16shell L2-3�FLAG-HA expresses HPV-16 L1 and L2 in a
codon-optimized bicistronic manner, where L2 is FLAG and hemagglutinin (HA) tagged (28). The pXull
L1 plasmid expresses HPV-16 L1 only and was generated by deleting the L2 sequence from WT pXull
(37). pGL3 Luci construct, carrying the firefly luciferase gene, was purchased from Promega.

Antibodies. In this study, the following primary antibodies were used: mouse anti-CCT3 (F-3; Santa
Cruz), mouse anti-CCT2 (D-8; Santa Cruz), mouse anti-CCT8 (E-1; Santa Cruz), mouse anti-CCT5 (D-5;
Santa Cruz), mouse anti-CCT6 (F-12; Santa Cruz), mouse anti-a-actinin (H-2; Santa Cruz) for loading con-
trol in Western blotting experiments and rabbit anti-Rab7 (D95F2; Cell Signaling), goat anti-EEA1 (N19;
Santa Cruz), mouse anti-HPV-16 L1 (CAMVIR-1; Santa Cruz), mouse anti-HPV-16 L2 (16.D4 64–81; kindly
provided by Martin Müller), and mouse anti-33L1-7 (kindly provided by Martin Sapp). The secondary
antibodies AF488 donkey anti-mouse, AF647 donkey anti-rabbit, AF647 donkey anti-mouse, rhodamine
goat anti-mouse, and AF546 donkey anti-goat (Invitrogen) were used for the immunofluorescence
assays, while horseradish peroxidase-conjugated swine anti-rabbit and rabbit anti-mouse secondary
antibodies (Dako) were used in Western blotting experiments.

Mass spectrometry analysis. HEK293 cells were transfected with FLAG-HA-tagged HPV-16 L2 expres-
sion plasmid or the empty plasmid as control. After 48 h, the corresponding extracts were obtained with
mass spectrometry lysis buffer (50mM HEPES [pH 7.4], 150mM NaCl, 50mM NaF, 1mM EDTA, 0.5% NP-
40) and consequently incubated with EZview Red Anti-HA affinity gel beads (Sigma) for 2 h on a rotating
wheel at 4°C. The beads were rinsed first with wash buffer (25mM HEPES [pH 7.0], 0.1% NP-40, 150mM
NaCl) and then with phosphate-buffered saline (PBS) and subsequently subjected to proteomic analysis
as previously described (35).

Briefly, proteins were eluted from the affinity beads using 50 ng of sequencing-grade trypsin in
20mM triethanolamine bicarbonate (pH 8.5) for 12 h at room temperature. After digestion, the superna-
tant was removed from the beads, and the beads were briefly incubated with an additional aliquot of
20mM triethanolamine bicarbonate (pH 8.5), which was removed and pooled with the first supernatant.
The reactions were stopped by the addition of formic acid to 0.1%, and the resulting mixture was
desalted using C18 STAGE (STop And Go Extraction) tips and lyophilized to dryness.

Nanobore columns were constructed using in-house constructed columns packed with 15 cm of 3-mm
Ascentis RPA particles (Sigma) using a high-pressure column loader. The desalted samples were resus-
pended in 0.1% formic acid and injected onto the column in 0.1% formic acid. The column was developed
with a discontinuous gradient of 0% to 80% acetonitrile in 0.1% formic acid for 60 min and sprayed
directly into the orifice of an Amazon ETD ion trap mass spectrometer (Bruker). A cycle of one full scan
(375 to 1,700 m/z), followed by eight data-dependent tandem mass spectrometry (MS/MS) scans, was per-
formed throughout the liquid chromatography (LC) separation. Raw data files from the Amazon ETD
instrument were converted to mgf files by a data analysis software package (Bruker) and searched against
the Ensembl human protein database and the NCBInr Viral database using the Global Proteome Machine
interfaced with X!Tandem, and the resulting matches were filtered at a 1% false discovery rate.

Fusion protein purification and binding assays. GST alone or GST-tagged fusion proteins were
expressed and purified as described previously (102) and immobilized on glutathione agarose (Sigma).
CCT2 and CCT3 proteins were in vitro transcribed and translated using a TNT T7 coupled reticulocyte
lysate system (Promega) and radiolabeled with [35S]methionine (Perkin-Elmer). Equal amounts of in vitro
translated (i.v.t.) proteins were added to GST alone or GST-tagged fusion proteins, followed by incuba-
tion on a rotating wheel for 2 h at room temperature in E1A buffer (25mM HEPES [pH 7.0], 0.5% NP-40,
150mM NaCl) plus protease inhibitors. After extensive washing in the same buffer, retained proteins
were eluted and separated by SDS-PAGE. The gel was stained with Coomassie blue, dried, and analyzed
by autoradiography.

For the pulldown analysis, HEK293 cell were extracted with radioimmunoprecipitation assay (RIPA)
buffer (150mM NaCl, 5mM EDTA, 50mM Tris [pH 8.0], 1% NP-40, 0.5% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate [SDS]) plus protease inhibitors, followed by incubation with GST or HPV-16 L2 GST-
purified proteins for 1 h at 4°C on a rotating wheel. After extensive washing in E1A buffer, the retained
proteins were separated by SDS-PAGE and analyzed by Western blotting. The nitrocellulose membrane
was stained with Ponceau red to detect the GST or GST-tagged proteins.

Synthetic HPV particle production and labeling. HPV-16 PsVs containing a luciferase reporter plas-
mid (pGL3 Luci) were generated in HEK293TT cells as described previously (71). The purity and the capsid
protein content of the PsV preparations were analyzed by SDS-PAGE and Coomassie brilliant blue staining,
using solutions of bovine serum albumin (BSA) at different concentrations as standards. For EdU labeling,
the growth medium was supplemented with 25mM EdU at 12 h posttransfection during PsV production.
The encapsidated DNA was analyzed by real-time PCR, using a standard curve of the reported plasmid
DNA to quantify the copy number of each PsV preparation. HPV-16 L1-only VLPs were generated using a
similar protocol as for PsVs. Labeling of both types of synthetic particles, i.e., PsVs and VLPs, with the
AF488 fluorophore was performed according to the manufacturer’s protocol (Molecular Probes).

Infectivity assays. To check the infectivity in HaCaT cells, silencing using siRNA specifically targeting
CCT3, CCT2, or a control siRNA (siCTRL) was performed for 48 h. These cells were further challenged with
HPV-16 PsVs at a concentration of 300, 150, or 50 vge/cell, as indicated in each case. Firefly luciferase ac-
tivity was monitored after 24 h as a measure of infection using a luciferase assay system (Promega).
Total cell protein extracts were quantified to ensure the use of equal protein inputs in the luciferase
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measurements. The change in luciferase activity in siCCT-treated cells was normalized to the luciferase
readings obtained for siCTRL-treated cells in each experiment, and statistical significance was analyzed
by performing a one-tailed t test. The cellular lysates were also used to confirm the efficiency of CCT3 or
CCT2 knockdown by Western blotting.

Cell viability assay. To measure the number of viable cells, a trypan blue exclusion assay was used.
HaCaT cells were seeded in a 12-well plate, incubated for 24 h, and treated with siRNA specifically target-
ing CCT3 or a control siRNA (siCTRL). After 72 h, the cells were trypsinized, collected, and stained with
0.2% trypan blue. The numbers of viable cells were determined by direct counting of cells under the
microscope by using a standard hemocytometer. The number of viable cells in siCCT-treated samples
was normalized to the number of viable cells obtained for siCTRL-treated samples in each experiment,
and statistical significance was analyzed by performing a one-tailed t test. The cellular lysates were also
used to confirm the efficiency of CCT3 by Western blotting.

HPV tracking assays. HeLa cells previously seeded on sterile glass coverslips were challenged with
the synthetic HPV particles and incubated at 4°C on an orbital shaker for 1 h to allow its attachment to the
cells. Cells were then washed, supplemented with new medium, and incubated at 37°C. EdU-labeled PsVs
were used at a concentration of 500 vge/cell. For AF488-labeled PsVs and VLPs, the total protein content
was measured, and the preparations were subsequently used in equivalent amounts. Uninfected samples,
or cells immediately fixed after this incubation time, were used as control, as indicated in each case. Cells
were fixed at one or more time points postinfection (1, 3, or 7 h) with 3.7% paraformaldehyde for 15 min
at room temperature. After being washed in PBS, the cells were permeabilized with 0.5% Triton in PBS at
room temperature for 5 min, washed in PBS, briefly incubated with 0.1 M glycine in PBS to reduce back-
ground staining, and further analyzed by immunofluorescence. The samples were incubated with primary
and secondary antibodies for 1 h each at 37°C, with intermediate washes in PBS.

For the detection of EdU-labeled PsVs, cells were then washed in 3% BSA in PBS and incubated with
freshly prepared Click-iT reaction solution (Molecular Probes) for 40min at room temperature. The cells
were then washed with 3% BSA in PBS and finally with water before being mounted on glass slides.
Samples were visualized using an Axiovert 100 M microscope (Zeiss) supported by an LSM 510 confocal
unit. Colocalization analysis was performed using Fiji software to determine the corresponding Mander’s
colocalization coefficients for two channels. Statistical significance was ascertained by one-way analysis
of variance, followed by a Bonferroni post hoc test.

In parallel, to assess CCT3 protein levels during PsV infection, cells were challenged as described
with PsVs at an approximate concentration of 500 vge/cell, collected in RIPA buffer with protease inhibi-
tors at different time points after infection (1, 2, 3, or 7 h), and subsequently analyzed by Western blot-
ting. Samples from uninfected cells were used as a control.

PsV cell attachment assays. To analyze HPV PsV binding to the cell surface, HeLa cells, previously
seeded on sterile glass coverslips, were treated with siRNA specifically targeting CCT3 or a control siRNA
(siCTRL). After 72 h, the cells were further challenged with PsVs at a concentration of 500 vge/cell and
incubated at 4°C on an orbital shaker for 1 h. The cells were then washed and fixed with 3.7% parafor-
maldehyde for 15 min at room temperature. These nonpermeabilized cells were then subjected to quan-
titative immunofluorescence to detect L1 signal on the cellular surface and counterstained with DAPI
(49,69-diamidino-2-phenylindole) as a reference signal before being washed with water and mounted on
glass slides. Samples were visualized using an Axiovert 100 M microscope (Zeiss) supported by an LSM
510 confocal unit. Statistical significance was analyzed by performing a one-tailed t test. In parallel, to
confirm the efficiency of CCT3 knockdown, the cells were treated as described with the corresponding
siRNAs and, after 72 h, cellular lysates were collected in RIPA buffer with protease inhibitors and subse-
quently analyzed by Western blotting.

Transferrin uptake. In order to analyze transferrin internalization, HeLa cells previously attached to
sterile glass coverslips were treated with siRNA specifically targeting CCT3 or a control siRNA (siCTRL). At
72 h after transfection, cells were incubated for 30min at 37°C in serum-free medium with the addition
of 50mg/ml AF647-labeled transferrin (Molecular Probes). After incubation, the cells were washed sev-
eral times with PBS and fixed in 3.7% paraformaldehyde for 15min at room temperature. The cells were
incubated for 1 h at room temperature with 10% goat serum and later stained for EEA1. Slides were
visualized using a Zeiss Axiovert 100M microscope attached to an LSM 510 confocal unit.

PsV capsid disassembly analysis. HeLa cells previously attached to sterile glass coverslips were
treated with siRNA specifically targeting CCT3 or a control siRNA (siCTRL). After 72 h, the cells were
exposed to EdU-labeled PsVs at a concentration of 500 vge/cell and incubated at 4°C on orbital oscilla-
tion for 1 h. The cells were then washed, supplemented with new medium, and incubated at 37°C for
further 7 h. Subsequently, the samples were fixed with 3.7% paraformaldehyde for 15 min at room tem-
perature, washed, and permeabilized with 0.5% Triton in PBS for 5 min at room temperature. After a
brief wash with 0.1 M glycine in PBS, the cells were further subjected to quantitative immunofluores-
cence to detect the uncoating-specific L1 epitopes using the primary antibody 33L1-7 and an AF488-
tagged secondary antibody. EdU-labeled PsVs were detected as described above, according to the man-
ufacturer’s indication (Molecular Probes). After final washes with 3% BSA in PBS and water, the cells
were mounted on glass slides and visualized using an Axiovert 100M microscope (Zeiss) with an LSM
510 confocal unit. Statistical significance was analyzed by performing a one-tailed t test. At the same
time, cells were treated with CCT3 or CTRL siRNA and, after 72 h, lysed in RIPA buffer containing prote-
ase inhibitors and then analyzed by Western blotting to confirm the corresponding silencing.

Acidification assay. To assess endosome acidification, HeLa cells previously attached to sterile glass
coverslips were treated with siRNA specifically targeting CCT3 or a control siRNA (siCTRL). After 72 h, the
cells were incubated with pHrodo Green AM intracellular pH indicator (Thermo Fisher Scientific) at a final
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concentration of 1mg/ml for ;4 h. The cells were then washed with PBS, fixed with 3.7% paraformalde-
hyde, and processed for immunofluorescence as previously described. To localize early endosomes
(EEA1) and CCT3, immunofluorescence was carried out with specific primary antibodies and AF546- and
AF647-tagged secondary antibodies, respectively. A Zeiss Axiovert 100 M microscope attached to an
LSM 510 confocal unit was used for the analysis.

PsV internalization and intracellular digestion assays. HeLa cells were initially treated with siRNA
specifically targeting CCT3 or a control siRNA (siCTRL). After 72 h, the cells were challenged with HPV-16
PsVs at a concentration of 500 vge/cell, followed by incubation at 4°C on an orbital shaker for 1 h. The
cells were then washed, supplemented with new medium, and further incubated at 37°C for 0, 3, 7, 16,
or 24 h before being collected by trypsin treatment and harvested in RIPA buffer plus protease inhibi-
tors, thus collecting only internalized viruses. Uninfected (UI) and total infected samples (INPUT) were
immediately lysed with SDS sample buffer (100mM Tris-HCl [pH 7], 200mM dithiothreitol, 4% SDS, 0.2%
bromophenol, 20% glycerol) to monitor the total input virus. PsV internalization levels and subsequent
digestion were assessed by Western blotting using anti-L2- and anti-L1-specific antibodies, while CCT3
silencing was also analyzed. Statistical significance in the levels of structural viral proteins were analyzed
for each time point by performing one-tailed t tests.
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