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Abstract

Human papillomaviruses (HPV) are among the most common sexually transmitted
infections and are responsible for 5% of all human cancers. HPV type 16 is the most
prevalent of the high-risk HPVs (a subgroup of HPVs with potential to cause cancer),
accounting for ~55% of HPV-associated cancers. HPV16 is a nonenveloped virus,
composed of the major capsid protein L1, the minor capsid protein L2, and a circular
double-stranded DNA genome (VDNA) condensed with human histones. HPV initially
infects undifferentiated basal keratinocytes and viral replication is dependent on
epithelial differentiation. Like many other DNA viruses, HPV must deliver its vDNA to
the host cell nucleus to successfully replicate. Initial binding of HPV16 to host cells is
through L1 interactions with cell surface heparan sulfate receptors. Shortly after virus
binding, L2 is believed to undergo furin cleavage-dependent conformational changes,
resulting in spanning of the protein across the local membrane and exposure of the
central and C-terminal regions of L2 (which was lumenal and and inaccessible before
furin cleavage) to the host cell cytosol. L2 is critical for transport of the L2/vDNA from
endosomes to the trans-Golgi network (TGN). We hypothesize that furin-dependent
early L2 spanning, through the direct binding and recruitment of cytosolic sorting
factors, may contribute to viral endocytosis and subcellular retrograde trafficking
(trafficking from endosomes to Golgi) of vDNA. We have developed a Tac receptor
(CD25 or IL2 receptor, a transmembrane cell surface protein) chimera system to study
L2-dependent endocytosis and trafficking. In this system the Tac ecto- and

transmembrane domains are fused to the ~400 amino acid portion of L2 that is likely



cytosolic upon L2 spanning. Through transient expression of Tac-L2 chimera we use
anti-Tac ectodomain antibodies to label and track cell surface populations by
immunofluorescence and confocal microscopy. We have also adopted this system to
study endocytosis through a cell surface biotinylation approach. Both approaches
suggest that L2 may enhance endocytosis and preliminary evidence suggests that the
Tac-L2 chimera may recruit the cytosolic retromer complex (the host cytosolic factors
help protein retrograde trafficking) to preferentially traffic to the TGN. Retromer-
dependent trafficking of cargo from early endosomes to the TGN is known to involve
certain members of the sorting nexin family, specifically the SNX-BAR proteins. We
performed a small siRNA screen and identify SNX6 and SNX32 (aka SNX6b) as SNX-
BAR proteins that may be specifically involved in retrograde trafficking of HPV16
L2/vDNA during infection. Future work will focus on the mechanisms through which

L2 and SNX6 influence HPV16 entry and trafficking.



Introduction

The human papillomavirus family and its structure

Human papillomavirus (HPV) is a non-enveloped double-stranded circular DNA
virus from the papillomaviridae family that is capable of infecting human keratinocytes
[1]. Many different types of HPVs have been identified and are detected in epithelium
of the oral mucosa, larynx, trachea, skin, anogenital tract, and urethra [2]. They can be
divided into 2 broad groups based on their tropism: the cutaneous viruses that infect
skin and the mucosal viruses that infect oral and anogenital mucosa [3]. They can also
be divided into low-risk and high-risk groups based on the lesions they can induce [4].
Most low-risk HPV infections are transient and asymptomatic, and induce only benign
warts that typically regress spontaneously due to host immune response. In normal
populations without immunosuppression or genetic predispositions, low-risk HPVs are
very rarely associated with neoplasia or cancer. Like low-risk HPVs, high-risk HPV's
typically cause asymptomatic or benign lesions in most individuals. However,
persistent high-risk HPV infections with deregulated viral gene expression can disturb
the normal keratinocyte physiology, stimulating abnormal cell proliferation to promote
immortalization and progression towards cancer [5]. Accordingly, persistent infections
by high-risk HPVs are associated with cervical cancers, many other anogenital cancers,
and a rising incidence of head/neck cancers [6,7].

The structure of HPV is relatively simple. The viral particle, or virion, is about 55
nm in diameter. The capsid consists of two proteins (Fig. 1A). The major capsid protein

L1 is arranged as 72 pentamers, forming the basic structure of icosahedral capsid [1],



and is involved in initial cell surface binding [8]. L1 pentamers can also assemble
themselves into empty capsid (virus-like particles) in the absence of any other proteins
[9], and for a long time L1 was thought to be the key factor for virus infection and the
importance of L2 was not appreciated. Recent evidence suggests that L2, the minor
viral capsid protein, plays a critical role in the subcellular trafficking of the HPV
genome during initial HPV infection. L2 is mostly buried underneath the L1 pentamers,

except some residues at the N terminus are exposed on the viral capsid surface [10].
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Fig 1. HPV structure and infection pathway. (A) HPV capsid is composed of two proteins: L1 is the major
protein form 72 disulfide-linked pentamers, and L2 (red density), the minor protein buried underneath L1 and
attached to the viral genome. (B) HPV can get access to and infect undifferentiated basal lamina
keratinocytes when microwounds occur on the epidermis, replicates itself during keratinocyte life cycle as the
cells move towards surface skin (modified from [5]). (C) HPV interacts with cell surface receptors, is then
taken up through endocytosis and transported into early endosomes. During endosomal acidification the virus
capsid disassembles. L1 is degraded in the lysosome, L2 together with the virus genome are directed to the
TGN by interacting with host cell factors. During cell mitosis the L2/viral genome are somehow translocated

into the cell nucleus.



L2 is complexed to the 8 kb circular viral dsDNA genome, which is condensed with
histones [11]. A lot of evidence suggested L2 is not merely a structural protein but has
many additional functions during infection. L2 facilitates virus escape from endosomal
degradation and helps the genome traffic into the trans Golgi network (TGN) by
interacting with sorting nexin 17 and the retromer complex [12, 48] (Fig 1C). It may
also interact with dynein light chains to transport virus towards the host cell nucleus

[13].

Infection and pathogenesis of human papillomavirus

Human skin epithelial tissue is composed of differentiating keratinocyte layers
organized above the basement membrane. When an epithelial micro-wound occurs
(Fig.1B), HPV can get access to the basement membrane to infect the undifferentiated
basal keratinocytes [14]. This initial infection is followed by viral genome replication
and maintenance of the viral genomic episome at low copy number [15]. During the
initial infection viral proteins play different roles in replication. The E1 protein
assembles as a hexamer on the viral origin of replication [16]. E2 is a DNA binding
transcription factor that can also help recruit E1 to the viral origin during genome
replication [5], and it also controls the expression of E6, E7, E1 and E2, itself [17]. E2
also regulates accurate genome partitioning during cell division by physically tethering
the viral genome to mitotic chromosomes [18]. E6 and E7 have the ability to modulate
the host cell-cycle, enabling otherwise differentiating cells to enter S phase allowing for

viral genome replication [19].
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Infected basal stem cells form a reservoir of infection as the viral episome is
maintained at low copy number [5]. As basal cells divide and push upwards into the
epidermis, virus genomes are replicated and carried by differentiating daughter cells
[20]. Viral oncogenes have the ability to force cells into the cell cycle. The E6
oncoprotein can associate with host proteins and increase p53 (a tumor suppressor)
proteosomal degradation to avoid host cell apoptosis [33]. E7 can bind and inactivate
pRb (retinoblastoma), which is an important tumor suppressor that inhibits cell cycle
progression [21]. The late viral promoter is activated in the upper spinous epithelial
layers, and viral late proteins (including capsid proteins) are expressed at high levels
[22]. The viral genome copy numbers also increase dramatically [23]. After genome
amplification, virus capsid proteins L1 and L2 are expressed and progeny virions are
assembled in granular layer cells. Finally viruses are shed into the environment with the
dead desquamated cells. The replication of the virus in these cell layers contributes to

their avoidance of the host immune responses [24].

HPV immune evasion and persistence

HPYV has evolved a variety of mechanisms to avoid the host immune response. First,
HPV is a non-lytic virus, and its infection causes no cell death. As mentioned above, it
utilizes the natural death and disintegration of the upper epithelium, and the newly-
replicated progeny virus is shed with dead keratinocytes from skin surface. This life
cycle limits the opportunity of antigen presentation cells (APC) to digest and present

viral antigen peptides to the host immune system [26]. Additionally, the viral proteins
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expressed during infection also contribute to its avoidance of the immune response. E7
can down-regulate the host transporter associated with antigen processing protein 1
(TAP1), which transports antigen from the cytoplasm to the endoplasmic reticulum,
thus decreasing antigen availability for binding to MHC class I (MHC-I) molecules
[27]. E6 and E7 can down-regulate the transcription of TLR9, which is important in
recognizing viral dsSDNA and activating the innate immune responses [28]. E6 and E7
can also down-regulate expression of IFN-a and IFN-B, which has anti-viral and anti-

tumor functions during virus infection [29].

HPV16 also seems to somehow reduce Langerhans cell (LC) numbers. LCs are
resident dendritic cells in skin and mucosa, crucial to the initiation of adaptive immune
response and LCs are very depleted in dysplastic cervical tissue [67,70]. HPV16 may
achieve this by decreasing surface expression of E-cadherin on infected keratinocytes.
E-cadherin is an important adhesion factor that mediates LCs retention on
keratinocytes, and early viral proteins in lower-layer keratinocytes may reduce cell
surface E-cadherin expression [69]. Additionally, interaction between HPV16 and LCs
through the PI3-K/Akt signaling pathway may suppress LC activation [73]. Research
also shows LCs exposed to HPV types 18, 31, 45, 11 and HPVS5 lack costimulatory
molecule (important signaling molecules during antigen presentation) expression,
cytokine and chemokine secretion and migratory ability, and they have deregulated
cellular signaling [74].

Despite viral immune evasion mechanisms, HPV infections can eventually cause

activation of the adaptive immune response. Langerhans cells can engulf dead or dying
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infected keratinocytes, allowing host APCs to get access to virus L1 capsid protein and
oncoprotein E7 for antigen presentation [26,71]. After taking up infected cell debris,
Langerhans cells become migratory, losing their endocytic and antigen processing
potential, migrate to local lymph nodes, and present antigens to naive T cells [68].
Those naive T cells that encounter specific antigen will stop migrating and start
proliferating and differentiating into effecter cells. The primed CD8+ T cells are then
attracted by chemokines and traffic back into infected epithelial tissues. They can then
kill those infected cells efficiently and usually viruses are eliminated and lesions will

regress [25].

Accidental _integration _and consequences: cervical cancer and mechanism of

oncogenesis

HPV infections are quite universal during the female life span. Although most HPV-
induced lesions will regress spontaneously and few infected woman will get invasive
disease [30], it is thought that persistent high-risk HPV infection is the greatest risk
factor for anogenital malignancies, such as cervical cancer. It is reported that the viral
genome can be found in more than 95% of cervical cancer biopsies [31]. Cervical
cancer is the second most frequent cancer in women in the world. In 2012, about
445,000 new cervical cancer cases were identified and about 270,000 people died
because of cervical cancer. In total, infections by high-risk HPVs are responsible for an

astounding 5% of cancers worldwide [32].
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So what is the linkage between persist high-risk virus infection and its malignancy
mechanism? As mentioned before, the HPV life cycle is tightly linked to the epithelial
cell differentiation, Initially it is necessary for the virus to maintain low copy number in
the nuclei of undifferentiated host cells. This forms a reservoir because they are
nonlytic and progeny viruses are shed in dead epithelial squamous cells. It is reasonable
for the virus to possess mechanisms to induce growth-arrested differentiated epithelial
cells to reenter the cell cycle for the purpose of viral genome synthesis, and the ability
of high-risk HPV to establish persist infection directly contributes to its oncogenic
potential [21]. Certain viral proteins seem to play important roles in oncogenesis. The
E6 oncoprotein can associate with host EGAP, an E3 ubiquitin ligase, to increase p53 (a
tumor suppressor) proteosomal degradation. This avoids cell apoptosis [33]. It is also
found to upregulate telomerase activity, thus promoting cellular immortalization and
transformation [34]. The E7 oncoprotein binds to retinoblastoma protein (pRB inhibits
cell cycle progression) and inactivates it, thus increasing cell division [35]. During the
stage of low-copy episome maintainance, the expression of the E6 and E7 oncogenes
used for viral replication are tightly regulated by other viral proteins, so the infected
cells will be lost with the dead squamous epithelium, and this process will lead to
progeny virus but will cause no cancer [36]. However, in some cases the viral E6 and
E7 oncogenes will integrate into cellular genome accidentally, whereas other genes
which functions to repress these oncogenes are deleted or their expression is disturbed
[37]. This may lead to deregulated high level expression of E6/E7, and the cells with

integrated E6/E7 have a selective growth advantage compared with those cells have
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only episomal HPV genomes [38]. This seems to play an important role in progression
of cervical dysplasia, as HPV genomes are found to be integrated in many advanced
preneoplastic cervical lesions and carcinomas [39]. However, the integration is really
accidental for the viral life cycle because many viral genes needed for virion synthesis

are deleted and it's a dead end for an infectious virus [36].

Virus binding, entry, and subcellular trafficking in infected basal keratinocytes

It is essential for HPV to deliver its viral genome into the host cell nucleus and the
HPV capsid has evolved special structures to achieve this (Fig.1C). For HPV16, the L1
capsid protein initially binds to epithelial cell surface heparin sulfate proteoglycans
(HSPGs), causing a conformational changes which increases accessibility of the L2 N-
terminus [40]. This is thought to be facilitated by cyclophilin B (CyPB) [41]. After that,
a highly conserved consensus furin convertase site (9-RTKR-12, L2 N-terminus)
becomes accessible to furin and related proprotein convertases (PC) 5/6 [42]. L2 is then
cleaved and the capsid is believed to transfer to an as yet unidentified cell-surface

receptor to be endocytosed and begin its intracellular trafficking [43].

After HPV is internalized, the virus is trafficked into early endosomes and it is
believed that endosomal acidification is important for virus capsid disassembly and
egress from endosomes [43,44]. L1 dissociates from L2 and the viral genome,
remaining in the late endosome and lysosomal compartments to be degraded [45].
However, the L2 protein has a transmembrane domain which somehow enables L2 to
span through the endosomal membrane to interact with host cytosolic sorting factors

15



and direct its retrograde trafficking [46]. L2 spanning is believed to occur after a capsid
conformational change due to furin cleavage [47]. Our unpublished data also shows that
L2 fails to reach the Golgi when furin cleavage is blocked, suggesting that L2 spanning

was triggered by furin cleavage very early on cell membrane before endocytosis.

The exposed cytosolic part of L2 has sequences able to interact with cytosolic
sorting factors, and this is believed to contribute to virus escape from endosomes and
transport into the trans-Golgi network (TGN) to avoid lysosomal degradation. There are
many candidates for such interaction sequences and two of them seem to be most
important. One is NPAY at residues 254-257, a highly conserved sorting nexin 17
(SNX17) binding motif. Research shows that SNX17 binding is essential for L2
retention in late endosomes, allowing the L2-genome complex to have enough time to
egress by retromer-mediated trafficking and avoid rapid lysosomal degradation, or even
directly help L2-genome complex egress together with retromer [12]. Another
important motif is FYL and YYML at residues 446-448 and 452-455, located close to
the C-terminus of L2. These motifs resemble known retromer binding motifs and
interact with retromer complex directly to mediate retrograde trafficking [48], and we

will mainly focus on the important role of retromer during virus infection.

Retromer and retrograde transport

The mammalian retromer is a multisubunit complex that mediates retrograde

transport of transmembrane cargos from endosomes to the TGN. There are two main
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components of retromer: sorting nexin (SNX) dimer and the vacuolar protein sorting
(Vps) 26/29/35 trimer [49, 50] (Fig.2A).

Sorting nexins are a family of proteins localized in the cytoplasm which has the
ability for membrane association through its phox-homology (PX) domain [51].
Currently there are 33 known sorting nexins. Different sorting nexins play diverse roles
in cells, such as endosomal recycling, endosomal sorting, endosomal signaling and
endocytosis [50] (Fig.2D). There is a subfamily of sorting nexins called SNX-BARs
because of one BAR (Bin/Amphiphysin/Rvs) domain in addition to the PX domain.
There are a total of12 SNX-BAR proteins (SNX1, SNX2, SNX4, SNX5, SNX6, SNX7,
SNX8, SNX9, SNX18, SNX32 and SNX33) [52]. They attract more interest in our
research due to their BAR domain properties. The BAR domain can help SNX form a
rigid curved dimer (Fig.2B). Its concave face can recognize and interact with positive
membrane curvature. Some evidence shows SNX-BARs can also induce membrane
tubulations (the important endosomal sorting platforms) [53] (Fig.2C). The PX domain
can bind to phosphatidylinositol-3-monophosphate (PtdIns3P), which is enriched in the
early endocytic network [54]. Both the PX domains and BAR domains are required for
SNX-BARs to associate with membranes [52]. In some SNX-BARs there is an
additional amphipathic helix (AH) structure at the N-terminus which can detect
membrane curvature located in BAR domain, and this can help SNX-BAR be recruited

to curved membranes [55].
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Fig 2. Retromer and SNX structure. (A) Retromer consists of the Vps26, Vps29 and Vps35 trimer and the
SNX-BAR dimer. Vps trimer plays an important role in transmembrane cargo selection (from [59]). (B)SNX-
BAR dimer can bind and induce endosomal membrane tabulation (from [53]). (C) SNX can form homodimers
or heterodimers through its BAR domains and form the curvature structure, which plays an important role in
endosomal membrane tubulation (from [54]). (D) Different groups of SNXs have various functions depending

on their sequence similarity (from [50]).

Research shows that the Vps26/29/35 subcomplex is not able to interact with
membrane lipids directly, but it is recruited to SNX-Bar dimers [56]. How the retromer
subcomplex associates with SNX remains unknown, although there is evidence
showing that retromer interacts through N-terminal extensions of SNX1 and SNX2
[57,58]. It is also believed that the SNX subcomplex is required for retromer
subcomplex recruitment onto membranes by creating a subdomain of the early
endosome, which acts as a docking site to recruit the Vps26—Vps29-Vps35 subcomplex
[59]. However, SNX alone is not enough to recruit the Vps subcomplex. Other factors
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on the endosomes seem also to be crucial for Vps subcomplex recruitment. Research
shows that the small GTPase Rab7 is necessary to regulate VPS recruitment onto
membranes, and Rab5 also indirectly contributes to the recruitment through

phosphatidylinositol 3-kinase (PI3K, a Rab5 effector) activation [60].

Once both the SNX-BAR dimer and Vps trimer are recruited onto the endosomal
membranes, the Vps trimer can recognize and bind to certain motifs of the cytosolic
domain [51, 60]. L2, as mentioned before, utilizes the WLM-like motifs FYL and
YYML, which are located close to the C-terminus, to bind to Vps35 and direct its
egress from endosomes [48]. Knock-down of Vps26, Vps29 or Vps35 inhibits HPV16
transport into the TGN [61]. After HPV-containing vesicles leave endosomes, they
enter the TGN with the help of gamma-secretase (a membrane associated protease
complex) [62], and thus the virus avoids the fate of degradation in host cell lysosomes.
However, to establish effective viral infection, viruses still need to find a way to deliver
their viral genome into the nucleus. How HPV imports its genome into the nucleus is
still unknown, but mitosis is believed to be critical for HPV infection, as the nuclear
envelop breaks down and the TGN becomes dispersed, so the virus can access the
nucleus [63]. Research has also shown that G1, S, G2 and early M phase cell cycle
inhibitors will inhibit virus infection [15]. The virus genome eventually localizes to
nuclear structures called promyelocytic leukemia bodies (PML) and PML bodies are

required for efficient transcription of the virus genome [64].
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Studies with TacL2 chimeras to better understand L2-dependent endocytosis and

trafficking and the role of SNX-BAR proteins in HPV infection

More and more evidence suggests HPV can utilize host cell retrograde transport
mechanisms to transport its genome to the TGN, thus avoiding lysosomal degradation.
In this study we hypothesize that early L2 spanning of the endosome membrane,
followed by direct binding and recruitment of cytosolic sorting factors, may contribute
to viral endocytosis and subcellular retrograde trafficking of viral DNA towards the
TGN. We took a Tac-chimera approach to study L2-dependent trafficking and
endocytosis. Upon spanning of the endosomal membrane, sequences downstream of the
L2 transmembrane domain are presumably exposed to the cytosol. We fused this
intracellular portion of L2 (residues 67-473) with the N-terminal ectodomain and trans
membrane domain (TMD) of the Tac protein (CD25/IL-2 receptor), adding an HA tag
at the extreme C-terminus (Fig. 3). Transient expression of this TacL2HA chimera
enables us to study endocytosis and trafficking with anti-Tac ectodomain antibodies.
We also combined this system with a cell surface biotinylation approach to further

study L2-dependent endocytosis of the chimera.

™D Fig 3. TacHA and TacL2HA

-‘ 473 constructs. L2 residues 67-473 are

S omsll i b fused to the Tac ectodomain and its
trans membrane domain (TMD).

ectodomain TMD intraceliular Both Tac and the TacL2 chimera are

Tac receptor chimeras M attached to an HA tag at their C-

terminus. These proteins can be

M stained by anti-Tac antibody outside
of cell membrane and anti-HA inside
anti-Tac anti-HA
of membrane.
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Retromer-dependent trafficking of cargo from early endosomes to the TGN is known
to involve certain members of the sorting nexin family, specifically the SNX-BAR
proteins. We also performed a small siRNA screen of the SNX-BAR subfamily proteins
and identified SNX6 and SNX32 (aka SNX6b) as SNX-BAR proteins that may be
specifically involved in retrograde trafficking of HPV16 L2/vDNA during infection.
Future work will focus on the mechanisms through which L2 and SNX6 influence

HPV16 entry and trafficking.

Results

TacL2HA chimera has higher internalization efficiency compared to TacHA

In order to investigate if L2 affects endocytosis from the cell surface, we used NHS-
SS-biotin to label all cell surface proteins of TacHA-, TacL2HA- and GFP-transfected
cells (Fig.4A). For the control groups (GFP and “total” groups, transfected with TacHA
or TacL2HA), the cells were washed, lysed, and aliquots were prepared for Western
Blot to measure total surface biotinylated TacHA/ TacL2HA levels. For the rest of the
experimental groups, their surface proteins were allowed to undergo endocytosis for
different amounts of time. Remaining cell surface biotin molecules were then cleaved
and washed away using the cell-impermeable reducing agent MESNA, thus only
internalized biotin signals to remain. Cells were lysed and aliquots were prepared for
western blot. Aliquots were run on SDS-PAGE and western blots were performed,
staining with Rat anti-HA to measure total HA signal of both control group and
experimental groups (input group, total levels of TacHA or TacL2HA following
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transfection). For the remaining lysate samples, we used immobilized neutravidin resin

to pull down all the biotinylated proteins, washing away all unbound (no biotin labeled)

proteins, and performed western blot, staining with rat anti-HA antibody to detect

internalized TacHA or TacL2HA levels (pull down group, only internalized HA signals

are detected because MESNA is membrane impermeable and removes only surface-

bound biotin). Pull down band intensities were first normalized to input bands, then the

percent internalization was calculated and normalized. The ratio represents percentage

of internalized TacHA/TacL2 proteins compared with total surface TacHA/TacL2HA

level before endocytosis. The western blot bands and normalized TacHA/ TacL2HA

internalization level for different endocytosis duration is shown in Fig.5A.
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Fig 4. A schematic diagram of biotin pull down
experiments. (A) TacHA-, TacL2HA- or GFP-
transfected cell surface proteins are labeled by NHS-SS-
biotin. For the control plate (GFP group, and total
group), the cells were washed and collected to measure
total surface HA level. For the experimental group, they
undergo endocytosis for different time periods. Then,
MESNA is used to cleave and remove all cell surface
biotin. Cells are lysed and aliquots taken from the
experimental and control plates group. Western Blots are
performed with Rat anti-HA to measure total HA levels
(input, total levels of TacHA or TacL2HA transfection).
For the rest of samples, immobilized neutravidin resin is
used to pull down biotinylated proteins and perform
western blot, probing with rat anti-HA antibody to detect
internalized TacHA or TacL2HA levels (pull down, only
internalized HA signals are detected). Any proteins
without biotin labeling are washed away by using RIPA
washing buffer. (B, following page) A more simplified
diagram is shown to demonstrate the basic ideas

described above.
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The TacL2HA protein tends to have higher internalization compared with TacHA
protein, suggesting that TacL2HA is internalized more efficiently. Alternatively,
TacL2HA has slower degradation, suggesting that TacL2HA and TacHA follow
different intracellular trafficking pathways. Both factors may contribute to more
endocytosed HA level detected in TacL2HA-transfected cells. We also used
immunofluorescence staining to verify the observed increase in endocytosis of
TacL2HA. Live chimera-expressing cells were first surface stained by Mouse anti-Tac
antibody at 4°C to label all the cell surface TacHA/TacL2HA molecules. Cells were
then transferred to 37°C incubator to allow to internalize for different time periods.
Unbound Mouse anti-Tac antibodies were washed away and cells were then fixed, and
stained with anti-mouse 488 secondary antibody (green signal). Cells were washed
again to remove unbound secondary antibody and then permeabilized and stained with
anti-mouse 555 so all the TacHA or TacL2HA proteins are stained by red. In this way
the red-only signal represents TacHA or TacL2HA proteins that have been internalized

into cells, and were thus protected from the initial anti-mouse 488 stain before

23



permeabilization. The yellow signal (green plus red) represents the TacHA or TacL2HA
proteins remaining on cell surface (Fig.5B). In TacL2HA transfected cells, more
internalized TacL2HA signal (red) can be detected after same internalization duration
compared to TacHA transfected cells. This is more significant at late time points for

endocytosis such as two hours and three hours.
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Fig 5. TacL2HA chimera has higher internalization efficiency compared to TacHA . (A) Cell surface proteins
are biotinylated as described in Materials and Methods and Figure. 4, then cells are incubated at 37°C to start
internalization. After different duration of incubation, biotin remaining on cell surface is stripped by MESNA,
and cells are lysed by RIPA buffer. The internalized biotin lysate is pulled down by neutravidin. A portion of
the lysate is collected from each group to perform western blot, staining with Rat anti-HA antibody to detect
total expression level in each group. Pulldown bands are first normalized to input bands, then the
internalization percentage (divided by normalized total band) is calculated. (B) Cells were first surface stained
by Mouse anti-Tac antibody then transferred to 37°C for different amounts of time to permit internalization.
Cell were fixed, stained with anti-mouse 488, and then permeabilized, followed by staining with anti-mouse
555. The yellow signal (green plus red) presents the TacHA or TacL2HA proteins remaining on cell surface.
The red signal presents the TacHA or TacL2HA proteins internalized into cells. (C) Cells were first surface
stained by Mouse anti-Tac antibody followed by incubation at 37°C. Surface Tac antibody was washed away
by acetic buffer. Cells were fixed and stained with rat anti-HA. Then, cells were stained with anti-mouse 488

to identify internalized Tac, and stain with anti-rat 555 to visualize total levels of the chimeras.
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To further verify the effects of L2 on endocytosis efficiency of the chimera, we
performed another immunofluorescence-based internalization assay. Live chimera-
expressing cells were first surface stained by Mouse anti-Tac antibody to label all
surface TacHA/TacL2HA proteins. Then, cells were transferred to 37°C to allow for
chimera internalization for different periods of time. After incubation, any remaining
surface mouse anti-Tac antibody was washed away by rinsing cells twice with acetic
buffer. Acetic buffer was then washed away with a PBS rinse. Cells were then fixed,
permeabilized, and stained with rat anti-HA. Secondary stain with anti-mouse 488 was
used to identify internalized Tac chimeras (all surface Mouse anti-Tac antibodies are
washed away by acetic acid buffer), and stained with anti-rat 555 to identify total
chimera levels (Fig.5C). Compared to TacHA transfected cells, there is more
endocytosed protein signal (green) in the TacL2HA group. This suggests an important
role of L2 sequences in chimera endocytosis. Combined, all three separate assays

suggest that L2 residues 67-473 can enhance the efficiency of Tac chimera endocytosis.

TacL2HA chimera follow different intracellular trafficking pathway compared to

TacHA

To investigate how the internalized TacL2HA and TacHA proteins traffic in the cells,
we used different intracellular markers to identify the internalized protein location.
Cells were first surface stained by Mouse anti-Tac antibody and then transferred to 37°C
to permit internalization and trafficking. Surface Tac antibodies were then washed away

by acetic buffer and cells were fixed, permeabilized, and stained with antibodies against
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proteins that mark intracellular compartments such as rabbit anti-EEA1 (labels early
endosome) or rabbit anti-TGN46 (labels trans-Golgi network). Cells were then stained
with secondary (anti-mouse 488) to identify internalized Tac, and anti-rabbit 555 to
stain different intracellular compartments. As seen before, the overall levels of
endocytosed TacL2HA (green signal) was much greater than TacHA, again suggesting
that L2 sequences can promote endocytosis. Both TacHA and TacL2HA proteins have
some colocalization with the early endosome at different time points. This may suggest
L2 didn’t have significant effects for proteins to traffic into early endosomes (Fig.6A).
For the TGN staining, both TacHA and TacL2HA have limited colocalization with
TGN at 30 minutes, but at 2 hours there is a dramatic increase of TacL2HA
colocalization with TGN, suggesting L2 plays an important role directing protein traffic
from endosomes to the TGN (Fig.6B). We also tried to stain with rabbit anti-Vps26 in
this experiment. However, after acetic buffer washing, the Vps26 signals were very
weak. Therefore, data in Fig.6C was collected without acetic buffer washing. Compared
with TacHA transfected cells, TacL2HA transfected cells seem to have higher
colocalization level with Vps26 (labels the retromer subcomplex) after either 30
minutes or 2 hours, suggesting retromer may interact with TacL2HA directly after

endocytosis and may play an important role during TacL2HA intracellular trafficking.
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Fig 6. TacL2HA chimera follows different intracellular trafficking pathway compared to TacHA. Cells were first
surface stained by Mouse anti-Tac antibody, then transferred to 37 °C, to allow internalization. Surface Tac
antibodies were washed away by acetic acid buffer. Cells were fixed and stained with rabbit anti-EEA1 or rabbit
anti TGN46. Secondary stain was performed with anti-mouse 488 to identify internalized Tac level, and anti-
rabbit 555 to stain different intracellular markers. All cells are at the same magnification but with different zoom

in scale. (A) Co-stained with Tac and EEA1. (B) Co-stained with Tac and TGN46. (C) Co-stained with Tac and

Vns26.

27



HPV16 infection efficiency is affected by certain SNXs

To investigate if SNX-BARs family proteins have effects on virus infection, we

performed siRNA knockdown for each SNX-BARs family member in HaCaT cells.

Knock-down cells were infected with luciferase-expressing pseudovirus to detect virus

infection activity by luciferase assays (Fig.7A). All siRNA knockdowns were verified

by RT-qPCR (except SNX32) (Fig.7B). SNX6 knockdown was also verified by western

blot (Fig.7C). For the SNXs shown in the literature which are involved in endosomal

sorting through retromer (SNX1, SNX2, SNX5, SNX6 and SNX32, Figure 2D), we

found they have drastically different effects on viral infection.

normalized infection

normalized transcript

—
Ser

SNX6 KD

Fig 7. HPVI16 infection efficiency is
affected by certain SNXs. (A) HaCat cells
are transfected by Sorting Nexin siRNA and
with control siRNA (Scramble) using
Lipofectamine RNAIMAX reagent. 24h
after transfection, cells were infected by
Pxull WT-Luc virus. After 24 hours of
infection, cells were lysed and analyzed by
Luciferase assay to quantify virus infection.
All knockdown samples were normalized by
western blot of GAPDH. (B) The
knockdown cells were also collected for
RNA extraction to perform RT-qPCR to
detect SNX transcript levels. (C) The SNX6
knock down cell lysate is performed western
blot method together with Scramble. The
blot was stained by mouse anti-SNX6

antibody.
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Single knockdown of, and SNXS5 had little effects on virus infection, despite their
important role in endosomal membrane binding and tubulation induction [57, 76]. In
contrast, both SNX6 knockdown and SNX32 knockdown had very strong effects that
decrease virus infection. SNX4, SNX7 and SNX30 are supposed to be involveed in
endosomal recycling [50]. Interestingly, in addition to SNX4, knocking down SNX7
and SNX30 also decreased virus infection moderately. These SNXs are reported to be
involved in endosomal recycling [50]. Knocking down SNX18 increased virus infection
dramatically, and SNX18 has been identified as a positive regulator of autophagosome
formation [66]. This might suggest host cell may use autophagy pathway to restrict

HPV infection.

TacL2HA transfected cells tend to have abnormal cell phenomenon: Golgi

fragmentation and multinucleation.

During the TacHA and TacL2HA transfection we found some strange phenomena.
After 48 hours of transfection, the TacHA-transfected cells are quite normal and have
compact Golgi, but the Golgi of TacL2HA-transfected cells are more dispersed, and
they tend to occupy more space in the cytoplasm (Fig.8A). We used the ratio of Golgi
area to nuclear area (defined as dispersal index) to quantify this phenomenon. The
TacL2HA-transfected cells have a higher average dispersal index and some of them
have larger Golgi area compared to nuclear area (Fig.8B). In TacL2HA-transfected
cells, there are more nuclei per cells compared to TacHA transfected cells (Fig.8C).

Some of them even have more than 5 nuclei in a single cell. During mitosis the Golgi is
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dispersed, partitioned into daughter cells, and is later reorganized after cell division.

The mitotic chromosomes also segregate into daughter cells.
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Fig 8. TacL2HA transfected cells tend to have abnormalities: Golgi fragmentation and multinucleation. (A) For

the Golgi Fragmentation experiments, cells were fixed, permeabilized and stained with mouse anti-p230

followed by Alexa Fluor 488-conjugated donkey anti-mouse IgG, and rat anti-HA followed by Alexa Fluor

555-conjugated donkey anti-rat IgG. Slides were imaged using a confocal microscope. (B) Both the area of

Golgi and area of nuclei are circled and calculated and their ratio is defined as the dispersal index. (C) For the

multinucleation experiments, cells were stained by mouse anti-Tac followed by Alexa Fluor 488-conjugated

donkey anti-mouse IgG. The nucleus number was counted in each single cell and if the nucleus number was

difficult to determine, then the smallest possible number was used.
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Sustained Golgi fragmentation and multinucleation phenomenon may imply the
TacL2HA transfected cells undergo some mitotic defect, and L2 appears to play a role
in such phenomenon. Future work is required to investigate if L2 can affect the process

of cellular mitosis.

Discussion

Although a lot of work has been done on HPV binding and subcellular trafficking,
the mechanisms of virus infection are still unclear and a lot of data remains
controversial. L1 is crucial in initial virus binding and encapsidation, but binding of L1
to heparin sulfate proteoglycan (HSPG) alone could not mediate efficient virus
endocytosis, suggesting L2 could play an important role for virus internalization [40].
Binding of HPV to HSPG will cause capsid conformational changes mediated by
cyclophilin B (CyPB), allowing more L2 protein N-terminus exposure [41]. On the L2
N-terminus there is a highly conserved furin convertase site (9-RTKR-12), which can
be cleaved by furin. In this study we hypothesize that L2 plays an important role for
virus egress from the endosome and trafficking to the TGN, maybe through its
membrane spanning and recruitment of host sorting factors such as certain SNXs. This
spanning may happen very early after entry or even on the surface before endocytosis
and may require furin cleavage to adopt the spanning conformation. Research shows
that L2 fails to reach the Golgi when furin cleavage is blocked [72].

Because it is difficult to use native virus to study HPV biology, we use virus-like

particles (VLP) and the TacL2HA chimera to study L2 function during virus infection.
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Both the biotin pull-down experiments and surface Tac immunofluorescence
experiments show that L2 can enhance endocytosis efficiency. After TacHA or
TacL2HA chimera get endocytosed into the cell, they seem to follow different
intracellular trafficking pathways. The TacL2HA chimera has high colocalization with
TGN46, and TacHA protein has little colocalization to TGN46, suggesting L2 may
contribute directing protein egress from endosome and trafficking into the TGN. The
most well-known protein trafficking pathway from endosome to Golgi is the retrograde
pathway, and retromer is one of the most important components to perform this
function by selecting cargo and recruiting a motor complex on the endosomal
membrane, followed by trafficking towards the TGN. At late time points there is
significant colocalization of TacL2HA with Vps26, suggesting it may interact directly
with retromer. It is not surprising for the virus to hijack host cell trafficking pathways
for its own benefit. Since studies have shown that L2 can span through the endosomal
membrane, we hypothesize that L2 can bind to retromer and mediate transport of the
virus genome to the TGN, thereby avoiding lysosomal degradation.

Studies showed that knock down of certain Vps proteins can affect virus transport
from endosome to TGN [61], but the importance of SNX-BAR family proteins during
HPV infection still needs to be determined, and we know they can cause membrane
curvature and bind to and induce endosomal membrane tubulation, which is an
important endosomal cargo selection platform. N-terminal extensions of SNX1/SNX2
can interact with Vps, and it can also bind to or induce endosomal membrane tabulation

[59]. Thus SNX1 and SNX2 are thought to be important during retrograde transport.
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Research also show SNX1/SNX2 is crucial in retrograde transport of CI-MPR together
with SNX6 [59]. We performed a SNX-BAR siRNA knockdown experiment and found
that SNX6 and SNX32 both have strong effects on virus infection. However, despite the
fact that they are main retromer partners for endosome to TGN traffic, SNX1, SNX2 or
SNXS alone have little effects on virus infection.

We found that knock down of SNX18 can increase virus infection. SNX18 was
identified as a positive regulator of autophagosome formation [66]. Because
autophagosome is the intracellular organelle that capable to deliver cytoplasmic
contents and invading microorganisms into the lysosome for degradation [75], it maybe
suggest host cell may use autophagy pathway for HPV degradation, thus restrict HPV
infection.

After HPV is transported into the Golgi, it must find a way to get access to the host
cell nucleus. There is no evidence showing L2 can cause nuclear envelope disruption
directly, and it is more likely that the virus must wait for cell to disassemble the nuclear
envelop during mitosis and then traffic into nucleus and replicate. During TacL2ZHA
transfection, we found that the Golgi of host cells seems to be more dispersed and there
are multiple nuclei in single cells. This suggests that TacL2ZHA causes some mitosis
defects, and this may or may not relate to virus translocation into cell nucleus.

Future research should focus on looking for evidence to show direct interaction
between L2 and SNXs. We know that knocking down certain SNXs such as SNX6 and
SNX32 will affect virus infection dramatically, and if we can find evidence showing

SNX6 or SNX32 interact with TacL2HA chimera directly, but not with TacHA, added
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together with our TGN46 and VPS26 TacL2HA colocalization immunofluorescence
results, then this may contribute to our model that HPV can hijack host cell retrograde
mechanisms to traffic into the TGN, mediated by host cell retromer composed of Vps
trimer and certain SNX dimers, such as SNX6 and SNX32.

If we found direct evidence for L2/SNX6 and SNX32 interaction, the next step is to
identify how such interaction occurs. Does L2 bind to SNX6 directly (and what are the
domains and residues involved), or does it interact with SNX6 indirectly through Vps?
These questions can be addressed through mutagenesis of L2.

Another question is whether SNX affect virus endocytosis directly. The mechanism
of virus endocytosis is still poorly understood. There are controversial data showing
different possible mechanisms, and maybe SNX also plays a role in virus endocytosis.
We found a subfamily of SNX-BAR family (SNX4, SNX7 and SNX30) proteins that
have moderate effects on virus infection, and they are supposed to be involved in
endosomal recycling to return vesicles to cell surface [50]. It may imply the host
endosomal recycling pathway can contribute to virus egress from endosome, but it is
also likely to contribute to viral infection in an indirect way. We hypothesize that if we
knock down those SNXs involved in endosomal recycling, then the pathway of certain
surface molecules returning back to cell surface membrane may be restricted, and those
molecules may play important roles during viral endocytosis towards endosome. So,
these SNXs may contribute to virus infection through endocytosis, if not through egress
from endosome by retrograde transport. To verify this we may need to knock down the

SNXs that involve in endosomal recycling, and then investigate the endocytosis
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efficiency of VLPs. For example, we may try to repeat the surface biotin-labeled
endocytosis experiments in SNX (those involved in endosomal recycling) knockdown
cells. If we do find difference of endocytosis efficiency, then it may suggest certain
SNXs are important for viral endocytosis. Additionally, it may be also necessary to
identify which cellular membrane molecule is important for endocytosis efficiency.

Finally, it may be helpful to investigate the relationship between TacL2HA and
strange Golgi dispersal and polynucleation phenotype because they may relate to cell
mitosis deficiency. We don’t know which part on L2 downstream sequence is
responsible for the Golgi dispersal phenomenon and polynucleation phenotype. We
could perform mutagenesis of L2 combined with immunofluorescence (IF) staining for
Golgi and nucleus to identify these regions. If the deletion of certain sequence on
TacL2HA chimera will lead to the transfected cells undergo normal cell cycle without
the abnormal Golgi dispersal and polynucleation phenomenon, then we may conclude
that certain sequence on L2 is responsible for cell mitosis deficiency on TacL2HA
transfected cells. We can also check whether the viral trafficking is affected if the
strange Golgi dispersal and polynucleation phenotype disappeared. Will the viral
endocytosis efficiency get affected? Or will the retrograde trafficking get inhibited? Or
it just induces abnormal Golgi dispersal and polynucleation phenomenon but has no
effects on viral trafficking?

It may be also important to identify which cellular factor is interacting with such
sequence of L.2. We could attempt an siRNA knockdown screen of cellular proteins to

see if anything prevents the strange phenotypes observed with TacL2-HA transfection.
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Alternatively, we could attempt to identify these [.2-interacting proteins by pull down
experiment. If we can pull down certain cellular factors (such as SNX6 or SNX32)
together with TacL2HA chimera, but cannot pull down with the mutated TacL2HA
chimera (that induces no abnormal Golgi dispersal and polynucleation phenomenon),
then those cellular factors may be also involved in abnormal Golgi dispersal and
polynucleation. If those cellular factors can be identified, then we may try to knock
down them and transfect cells with normal TacL2 HA chimera to see if the abnormal
Golgi dispersal and polynucleation phenomenon decreased. If yes, then the cellular
pathways that involve these factors may be crucial for abnormal Golgi dispersal and
polynucleation phenomenon. For example, if we knock down SNX6 or SNX32 and the
abnormal Golgi dispersal and polynucleation phenomenon decreased, then this may
suggest the cellular retrograde trafficking pathway is required or upstream of the

abnormal Golgi dispersal and polynucleation phenomenon.

Materials and methods
Cell culture.

HaCaTs cells (an immortal human keratinocyte cell line) were maintained in high-
glucose cDMEM media supplemented with 10% fetal bovine serum (FBS) and
antibiotic/antimycotic (Bio5 Institute Media Facility). Hela cells were maintained in
high-glucose cDMEM media supplemented with 10% bovine growth serum (BGS) and
antibiotic/antimycotic (Bio5 Institute Media Facility). Both cell lines were kept in 37°C

incubator with 5% COx.
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TacHA and TacL2HA plasmids.

Chimera L2 protein was made by transmembrane domain (TMD) downstream
sequence of L2 fused with ectodomain and trans membrane domain of Tac protein (I-2
receptor), which is a cell surface protein. The Tac-L2 was also fused with a HA tag at
its end. Tac protein is attached by HA tag at its intracellular end for control. Both
proteins can be stained by mouse anti-Tac antibody from outside of cell membrane or

stained by anti-HA inside of cell membrane (Fig.3)

TacHA and TacL2HA surface internalization efficiency, surface biotinylation and pull

down_experiment

Hela cells were grown on 6-well plates and transfected by TacHA, TacL2HA, and
GFP plasmids using Lipofectamine 2000 reagent (Invitrogen) for 48 hours. Cells were
cooled to 4°C for 20 minutes to stop surface protein endocytosis. Then cells were
washed 3 times with washing buffer (1x PBS, pH=7.5 with Mg 2+, Ca 2+). The plasma
membrane proteins were biotinylated in washing buffer containing 1.5 mg/mL Sulfo-
NHS-SS biotin (Thermo) for 1 hour. Cells were washed with 1 time quenching buftfer
(100 mM glycine in PBS buffer) to remove excess free biotin and wash 2 times
washing buffer. For the control plate (GFP group and no MESNA washed TacHA/
TacL2HA group, the total group), the cells were added 500 ul cold lysis buffer (490 ul
RIPA, 5ul PMSEF, 5ul protein inhibitor), swirl to cover cells, freeze plate at -80°C
overnight. For the experiment plates, they were put in 37°C incubator and incubate for

0, 15m, 30m, 45m, 1 h, 2h, 4h to allow biotinylated surface protein endocytosis.
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After each time points the cells were quickly cooled to 4°C, and all biotinylated
proteins remaining on cell surface were stripped by three times 15 minutes washes in
MESNA (Sigma) stripping buffer (75 mM 2-mercaptoethanesulfonic acid, 150 mM
NaCl, 1 mM EDTA, 0.2% BSA, and 20 mM Tris, pH 8.6). Then wash away excess
MESNA by three 5 minutes washes in iodoacetamide (IAA. Sigma) buffer (50 mM
iodoacetamide in PBS). The cells were added 500 uL cold lysis buffer (1% PMSF and
1% protein inhibitor in RIPA), swirl to cover cells, freeze plate at -80°C overnight.
Thaw all plates on ice and transfer lysate to microfuge tubes. Spin down at 10000g for
5 minutes in 4°C. Collect supernatant into new tubes. Take part of both experiment
group and control group lysate and elute them in sodium dedecyl sulfatel (SDS1)
buffer (0.5M Tris, glycerol, 10%SDS, 2-mercaptoethanol and 1% bromophenol blue)
and perform western blot methods described below. Stain with rat anti-HA antibody and
anti-rat 800 to measure HA transfection level of each group (input). For the rest lysates,
add 15 ul neutravidin resin, mix by inversion on shaker, Bind for 3h at 4°C, spin down
at 2500g for 2m, discard supernatant, add RIPA lysis buffer (S0mM tris-HCL PH=8.0,
150mM NaCl, 0.5 Na-deoxycholate, 0.5% SDS. Bio5 Institute Media Facility) into
tubes, vortex and set on ice for Sm, spin down at 2500g for 2m, and discard supernatant
again. Repeat RIPA washing 3 times and wash 1 time 1x PBS, discard supernatant and
dilute pellet with SDS1, PBS, PMSF, protein inhibitor solution. Perform western blot,
stain with rat anti-HA antibody and anti-rat 800 to measure biotin-labeled

TacHA/TacL2HA signal (pull down). Pull down band intensities were first normalized
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to input bands, then calculate percent internalization (divide by normalized total). The

ratio shows percentage of internalized TacHA/TacL2HA at different time points.

TacHA and TacL2HA surface internalization efficiency, two different secondary

antibody staining for Tac antibody.

Hela cells were plated on 6-well plates and transfected by TacHA and TacL2HA
plasmids using Lipofectamine 2000 reagent (Invitrogen) for 24 hours, then transfer
them into 24 well plates for another 24 hours growth. After 48h transfection cells were
placed in 4°C for 20 minutes to stop cell surface protein internalization. Cells were
washed 3 times with cold PBS and surface stain with mouse anti-Tac (Catalog # 05-
170) antibody (1:500 in 200 ul FBS) for 1h at 4°C. Wash with 1x PBS, add warm FBS
and put in 37°C incubator to allow internalization for different time points. After
incubation, chill cells and fix by PFA fixation buffer for 10 minutes, stain with anti-
mouse 488 (1:1000 in 80% PBS and 20% blocking buffer) for 1h at RT. Then wash
with 3 times PBS, permeabilize with permeabilization buffer, stain with anti-mouse 555
(1:1000 in 80% PBS and 20% blocking buffer) for 1h at room temperature. Wash with 3

times PBS, prepare the slides and check by confocal microscope.

TacHA and TacL2HA surface internalization efficiency, acetic acid wash for cell

surface Tac antibody.

Hela cells were plated on 6-well plates and transfected by TacHA and TacL2HA

plasmids using Lipofect AMINE 2000 reagent for 24 hours, then transfer them into 24
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well plates for another 24 h growth. After 48h transfection cells were placed in 4°C for
20 minutes to stop cell surface protein internalization. Then cells were washed 3 times
with cold PBS and surface stain with mouse anti-Tac antibody (1:500 in 200 ul FBS)
for 1h at 4°C. Wash with PBS, add warm FBS and put in 37°C incubator to allow
surface internalization for different time points. After incubation, chill cells and wash
with 2 time PBS, 2 times acetic acid buffer (0.5 M NaCl, 0.5% acetic acid, pH=2.4), 2.5
minutes each time (wash away any mouse anti-Tac antibody binds to surface Tac), then
wash 3 times PBS. Fix by fixation buffer for 10 minutes, stain with rat anti-HA (1:400
in 80% PBS and 20% blocking buffer) 1h at room temperature (detects total Tac
transfection level). Wash 3 times of PBS, secondary stain with anti-mouse 488 (1:1000
in 80% PBS and 20% blocking buffer, for internalized Tac), and anti-rat 555 (1:1000 in
80% PBS and 20% blocking buffer). Wash with 3 times PBS, prepare slides by adding
anti-fade mounting medium with DAPI (Life technologies) and check by confocal

microscope.

TacHA/TacL2HA internalization and colocalization with intracellular markers

The experiment method is the same as the acetic acid wash experiment described
above except the primary antibody is replaced by rabbit anti-TGN46 (Sigma. 1:400 in
80% PBS and 20% blocking buffer), rabbit anti-EEA1 (Cell Signaling. 1:400 in 80%
PBS and 20% blocking buffer) and rabbit anti Vps 26 (abcam. 1:400 in 80% PBS and
20% blocking buffer). The secondary antibody is replaced by anti-rabbit 555 with same

concentration.
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Sorting nexin knockdown

35000 HaCaT cells were plated on 24-well plates in SIRNA media Chigh-glucose
cDMEM supplemented with 10% FBS, antibiotics-free. Bio5 Institute Media
Facility) . Replace media with 1x Opti-MEM reduced serum medium (life
technologies) in each well and add different SNX SiRNA-lipofectamine complex and
control SiRNA-lipofectamine complex. 16h after transfection, wash with 1x PBS and

replace with SIRNA media.

Luciferase assay

24h after performing sorting nexin knockdown protocol, cells were infected by Pxull
WT-Luc virus (2E8 viral genome equivalents in 500 ul SIRNA media). After 24 hours
of infection, cells are washed by PBS and treated with 100 ul 1x RLB for 5 minutes at
room temperature and then freeze in -80°C overnight. Thaw plates on ice and collect
lysate into tubes, add 10 ul sample lysate into 96 well white microtiter plate and add 50
ul Luciferase assay reagent (LAR. Promega) into each well. Then turn on DTX800
multimode plate reader to record luciferase activity. The remaining samples are
performed western blot and stained with GAPDH (cell signaling) to normalize the

Luciferase activity.

RNA extraction and gPCR of SNX knockdown cells
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24h after performing sorting nexin knockdown protocol, cells were washed by 1x
PBS, and lysed by 200ul RLT buffer (1% beta-mercaptoethanol added), transfer to a
gDNA Eliminator spin column to remove genomic DNA. Centrifuge for 30s at 8000g,
collect flow through and add 1 volume 70% ethanol and mix. Transfer to RNeasy spin
column, centrifuge and discard flow-through. Add buffer RW1, centrifuge and discard
flow-through. Add buffer RPE, centrifuge and discard flow-through. Add 50ul RNase
free water into tube, centrifuge and collect flow-through. For the RNA sample, add 5ul
10x TURBO DNase buffer and 1 ul DNase to each tube, incubate at 37°C for 25
minutes. Add 5 ul resuspended DNase inactivation reagent and mix twice during 5
minutes incubation. Centrifuge at 12500 rpm for 1.5 minutes, collect 45 ul RNA
supernatant. Dilute purified RNA into same concentration and reverse transcribe them
by using high-capacity cDNA Reverse Transcription kit (Thermo fisher Scientific) add
10 ml diluted RNA into 10 ml master mix. Incubate at 25°C for 25 minutes, 37°C for 2
hours, 85°C for 5 minutes to terminate reaction. Use Maxima SYBR Green qPCR
master Mix (Thermo Fisher Scientific) for gPCR amplification. The SNX transcription
level was detected by Rotor Gene Q qPCR machine (Qiagen) and data was analyzed by
using Rotor Gene Q Series Software. The SNX sequences are listed below:
SNX1 primer sequence: 124 (length), AAGCACTCTCAGAATGGCTTC (forward),
CGGCCCTCCGTTTTTCAAG (reverse)
SNX2 primer sequence: 139 (length), GGGAAGCCCACCGACTTTG (forward),

GGCCATTGGAGTTTGCACTAATA (reverse)
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SNX4 primer sequence: 99 (length), AGCAGAAAAACGAACTGGAAGA (forward),
CTCTGACCATCGGTATGTTCAAC (reverse)

SNX5 primer sequence: 113 (length), TCTGTATCTGTGGACCTGAATGT (forward),
GTGGGCAGTGTGGTCTTTGT (reverse)

SNX6 primer sequence: 324 (length), TTTCTTTGAGCACGAACGAACA (forward),
GACCTAGACCTTCGATACAGGAG (reverse)

SNX7 primer sequence: 108 (length), ACTAAGACATCTCGTGGGGAA (forward),
CAGAGTGGGGTGTGCTTCTTC (reverse)

SNX8 primer sequence: 122 (length), TACAGACGGTACAATGACTTCGT (forward),
GCCTCGATGAACTCCCTGTC(reverse)

SNX9 primer sequence: 144 (length), ACCAAGGCTCGGGTTATGTAT (forward),
CCCTCGTTCTCCTTTGATGTTT (reverse)

SNX18 primer sequence: 133 (length), AACCCCTACCCGTTCCAGT (forward),
AGTGCTTGTAGCGCCGATG

SNX30 primer sequence: 167 (length), AGCTTCGGTGACAAGGATCTC (forward),
CACACATGCTTCTTGGGATCAT (reverse)

SNX32 primer sequence: 128(length), GAGCGGGACAAGGTGAAATTC (forward),
TCATTCTCCACGTAGGCATCA (reverse)

SNX33 primer sequence: 106 (length), AGATCGCTGAGACATACTCCAT (forward),

TTGGTCTGTTTTGTGGGGTCC (reverse)

Golgi fragmentation and multinucleation phenomenon analysis

43



Hela cells were plated on 6-well plates and transfected by TacHA and TacL2HA
plasmids using Lipofectamine 2000 reagent for 24 hours, then transfer them into 24
well plates for another 24 h growth. Cells are performed with standard
immunofluorescence staining methods. For the Golgi Fragmentation experiment, cells
are stained by mouse anti-P230 (No.611280. 1:500 in 80% PBS and 20% blocking
buffer), rat anti-HA (1:500 in 80% PBS and 20% blocking buffer), wash, stained by
anti-mouse 488 (1:1000), anti-rat 555 (1:1000). Slides are imaged by confocal
microscope. Both the area of Golgi and area of nuclei are circled and calculated and
their ratio is defined as dispersal index. For the multinucleation experiment, cells are
stained by mouse anti-Tac antibody (1:500 in 80% PBS and 20% blocking buffer),
wash, stained by anti-mouse 488 (1:1000). The nuclei number is counted and if the
nuclei number is difficult to determine, then we use the smallest possible number to

indicate its nuclei number.

Western blot

For biotin pull down experiments and luciferase assay experiments, samples were
lysed in Ix RIPA lysis buffer or 1x RLB (Reporter Lysis Buffer, Promega)
supplemented with 1% PMSF and 1% Proteinase inhibitor cocktail (Sigma) mixed with
20% SDS-PAGE denaturing/reducing loading buffer (0.5M Tris, glycerol, 10%SDS, 2-
mercaptoethanol and 1% bromophenol blue). Samples were vortexed and incubated for
5 min at 95°C. Same volume samples were loaded in 12.5% polyacrylamide gels for 2h

at 100V in Gel running buffer (1X Tris-Glycine-SDS, Bio5 Institute Media Facility).
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Samples were transferred to nitrocellulose membrane by using 1x western transfer
buffer (0.25M Tris, 1.92M Glycine. Bio5 Institute Media Facility) supplemented with
10% methanol for 1h15m at 0.3A in cold room, and the membrane was blocked in 5%
non-fat milk diluted in 1x Tris-buffered saline—Tween (TBST, 200mM Tris, 1.5M NacCl,
1% Tween20, pH=7.5. Bio5 Institute Media Facility) plus 5% milk overnight at 4°C.
The blocked membrane was stained with primary and secondary antibodies and was

scanned by an Odyssey scannetr.

Immunofluorescence staining and confocal microscopy.

Samples staining vary and were described as above. Samples were fixed by fixation
buffer (2% paraformaldehyde in PBS) for 10 min at room temperature, wash 3 times by
PBS, permeabilized by Permeabilization buffer (0.2% Triton X-100 in PBS) for 7 min
at room temperature. After 3 times washing, samples were then blocked in blocking
buffer (4% BSA and 1% goat serum in PBS) at 4°C overnight before performing
immune-staining protocol as described above. The Slides were examined on Zeiss
inverted microscope with a 63x objective. Confocal imaging is performed and analyzed
by Zeiss LSM 510 system. The laser settings used include 405 nm, 488 nm, and 543 nm
laser. Laser intensity was adjusted to bright enough but not to oversaturate. Multiple

focal planes are imaged during single stacking on one field.
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