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1 | INTRODUCTION

Porphyrins are organic compounds with a basic structure of
four pyrroles and, in some cases, a coordinated metal ion.
Porphyrins have long been known to have an affinity for

Abstract

Porphyrins are used for cancer diagnostic and therapeutic applications, but the mech-
anism of how porphyrins accumulate in cancer cells remains elusive. Knowledge of
how porphyrins enter cancer cells can aid the development of more accurate cancer
diagnostics and therapeutics. To gain insight into porphyrin uptake mechanisms in
cancer cells, we developed a flow cytometry assay to quantify cellular uptake of
meso-tetra (4-carboxyphenyl) porphyrin (TCPP), a porphyrin that is currently being
developed for cancer diagnostics. We found that TCPP enters cancer cells through
clathrin-mediated endocytosis. The LDL receptor, previously implicated in the cel-
lular uptake of other porphyrins, only contributes modestly to uptake. We report
that TCPP instead binds strongly (K, =42 nM) to CD320, the cellular receptor for
cobalamin/transcobalamin II (Cbl/TCN2). Additionally, TCPP competes with Cbl/
TCN2 for CD320 binding, suggesting that CD320 is a novel receptor for TCPP.
Knockdown of CD320 inhibits TCPP uptake by up to 40% in multiple cancer cell
lines, including lung, breast, and prostate cell lines, which supports our hypothesis
that CD320 both binds to and transports TCPP into cancer cells. Our findings provide
some novel insights into why porphyrins concentrate in cancer cells. Additionally,
our study describes a novel function for the CD320 receptor which has been reported

to transport only Cbl/TCN2 complexes.
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neoplastic tissue,1 which has led to their use in cancer di-
agnosticsz’4 and cancer therapeutics such as photodynamic
therapy (PDT).>” PDT causes cellular damage through
the generation of oxygen radicals when photosensitizing
agents are exposed to light.8 The first porphyrin that was

Abbreviations: Cbl, cobalamin; CLTC, clathrin heavy chain; EGTA, ethylene glycol tetra-acetic acid; EIPA, ethyl-isopropyl amiloride; LDL, low-density
lipoprotein; LDLR, low-density lipoprotein receptor; MES, 2-(N-morpholino) ethanesulfonic acid; TCN2, transcobalamin 2; TCPP, meso-tetra

(4-carboxyphenyl) porphyrin.
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approved as a photosensitizer in PDT for humans, porfimer
sodium, was a mixture of porphyrins that also accumulated
in healthy tissues; patients experienced the most severe
side effects on their skin. The next-generation, laboratory-
synthesized porphyrins, are single compositions and show
an improved uptake in tumor tissue compared to skin, for
example. They absorb long-wavelength light better than
their older counterparts, which is critical for deeper tissue
penetration. With the development of more focused and sta-
ble light sources, as well as flexible endoscopes, PDT has
become a very successful and safe therapeutic approach for
the treatment of non-melanoma skin cancers,9 as well as
obstructive biliary tract and lung cancers'®'! and localized
prostate cancer.® Furthermore, PDT shows great promise

in the treatment of head and neck cancers'”
13-15

and cutaneous
metastatic breast cancer.

The modifications of porphyrins and porphyrin-like
molecules that make them into desirable photosensitizers
for PDT have been largely focused on properties of light
absorption and tissue retention, without fully understand-
ing how porphyrins and like molecules enter cells in the
first place, and why some porphyrins, but not others, show
a preference for tumor tissues. It has been shown that por-
phyrins can bind to low-density lipoproteinsl6'18 and that
the low-density lipoprotein receptor (LDLR) transports
porphyrin-lipoprotein complexes into cells'2? through
clathrin-mediated endocytosis.”’24 Interestingly, cancer
cells have increased uptake of lipoproteins,25 possibly due
to their increased metabolic needs.”® Moreover, emerging
evidence suggests that deregulated endocytosis is a char-
acteristic of cancer cells.””*® It is thus conceivable that the
selective uptake of porphyrins by cancer cells is in part due
to increased LDLR internalization through an abnormally
regulated endocytic process. However, some porphyrins
show preferential uptake for one type of cancer over an-
other,”’ indicating that a porphyrin's selectivity for tumors
or healthy tissues is more complex than a single receptor
and abnormally regulated endocytosis.

Our laboratory has been interested in the synthetic por-
phyrin meso-tetra (4-carboxyphenyl) porphyrin (TCPP).
TCPP has been shown to accumulate in tumor cells***! and is
highly fluorescent,*® which makes it an especially attractive
agent for cancer diagnostics. As demonstrated by Patriquin
et al in a clinical trial for the early detection of lung cancer
in sputum cells, TCPP labeling of sputum cells can distin-
guish samples from high-risk patients with lung cancer from
those without the disease with 81% accuracy.” Very little is
known about the molecular basis of TCPP’s tissue/tumor
specificity, how TCPP enters cells, and where TCPP locates
once in the cell. Hu et al have reported that cellular uptake
of TCPP can be attenuated by general inhibitors of endocy-
tosis, such as cold temperatures and hypertonic sucrose, but
a more fundamental understanding is needed.” Elucidating

novel processes of cellular uptake can lead to TCPP modi-
fications that may improve tumor specificity for diagnostic
and/or therapeutic purposes.

Previous studies with other porphyrins have shown that
tumor specificity may be related to the tumor microenviron-
ment.*** For simplicity, the current study focuses on the can-
cer cell itself, in particular on the question, “How does TCPP
enter cancer cells?” We found that the mechanism of TCPP
internalization occurs in part through clathrin-mediated en-
docytosis. While we confirmed a modest 10% contribution
to this process by LDLR, CD320, the cellular receptor for
vitamin B12 (Cobalamin; Cbl),***” contributed nearly 40%
to TCPP uptake in multiple cancer cell lines. This CD320-
mediated uptake constitutes a novel mechanism for porphy-
rins to enter cancer cells.

2 | MATERIALS AND METHODS

2.1 | Cell lines and reagents

Lung cancer cell lines HCC15, H1993, H157, H358, H1395,
and HCC2450 (The Hamon Center for Therapeutic Oncology
Research at UT Southwestern Medical Center, Dallas, TX)
and prostate cancer cell line LNCaP and breast cancer cell line
MDA-MB-231 (ATCC, Manassas, VA) were grown in RPMI
1640 (GE-Hyclone, Logan, UT) supplemented with 10% fetal
bovine serum (Sigma-Aldrich, St. Louis, MO), 50 units/mL
penicillin, and 50 pg/mL streptomycin (Life Technologies,
Grand Island, NY). Prostate cancer cell lines PC3 and DU145
and breast cancer cell line MCF-7 (ATCC), were grown in
DMEM (GE-HyClone) supplemented with 10% fetal bovine
serum and 50 units/mL penicillin and 50 pg/mL streptomy-
cin. Trypsin-ETDA was obtained from Life Technologies
(Carlsbad, CA). Accutase was obtained from Innovative Cell
Technologies (San Diego, CA). Collagenase IV and dispase
were obtained from STEMCELL Technologies (Vancouver,
British Columbia, Canada). Unless specified elsewhere, all
other chemicals were obtained from Sigma-Aldrich.

Cell lines were DNA fingerprinted through the McDermott
Center Sequencing Core at UT Southwestern Medical Center
using the PowerPlex Fusion system (Promega, Madison, WI)
and confirmed against fingerprint libraries.

2.2 | Chemical inhibition of endocytosis and
TCPP uptake

Cells were treated with the following chemical inhibi-
tors of endocytosis: sucrose, filipin III (2 ug/mL) (Cayman
Chemical, Ann Arbor, MI), ethylene glycol tetra-acetic acid
(EGTA) (Research Products International, Mount Prospect,
IL), rottlerin (Tocris Bioscience, Bristol, UK), ethyl-isopropyl
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amiloride (EIPA), and chlorpromazine hydrochloride. Cells
were incubated with these inhibitors for 10 minutes at room
temperature before being assayed for TCPP uptake by flow
cytometry as described.

23 | Kj determination of CD320: TCPP
interaction and inhibition of TCPP uptake by
Cbl/TCN2

Serial dilutions of TCPP (from a TCPP stock solution of
1.26 x 107> M in water with 4.76 x 107> M sodium bicar-
bonate) were made in MES buffer (0.1 M, pH 6.1) con-
taining 2 mM calcium chloride in molecular biology-grade
water (HyClone) to reach a 10 nM TCPP solution. Human
recombinant (r) CD320 (R&D Systems, Minneapolis, MN)
was resuspended in 0.1 M MES buffer, pH 6.1, containing
2 mM calcium chloride and combined with equal volumes
of the 10 nM TCPP solution described previously to achieve
a final concentration of rCD320 from 0-70 nM and 5 nM
of TCPP. The combined solution was incubated in a black
96-well plate (Corning Life Science, Corning, NY) in the
dark for 1 hour at 21°C prior to fluorescence measurements.
Fluorescence measurements were made using a Tecan Spark
plate reader (Minnedorf, Switzerland) with an excitation
wavelength of 414 nm and fluorescence emission detected at
656 nm. Data were analyzed using GraphPad Prism software
(San Diego, CA), as described in the Supplemental Material.
For the transcobalamin IT (TCN2) inhibitory studies, human
TCN2 (R&D systems) and Cbl were complexed at a ratio of
1:3 at 4°C for 2-4 hours as described.”® The Cbl/TCN2 com-
plex (8 pg/mL) was added simultaneously with the TCPP for
the TCPP uptake assay in live cells.

2.4 | Immunofluorescence
microscopy of CD320

HCCI15 cells were grown on glass coverslips overnight
and serum-starved for 1 hour before treatments. Cells were
exposed to 0.1 M MES buffer with 2 mM calcium chlo-
ride with or without 9 ug/mL. TCPP (Frontier Scientific,
Logan, UT) or 33 pg/mL Cbl/TCN2 for 10 minutes. Cells
were fixed in 4% paraformaldehyde prepared in Dulbecco's
phosphate-buffered saline (DPBS) for 10 minutes at room
temperature and permeabilized in 0.5% Triton-X in DPBS
for 10 minutes at room temperature. Cells were immu-
nostained with an anti-CD320 antibody (Proteintech,
Chicago, IL) overnight at room temperature, followed by
incubation with Alexa Flour 488-conjugated-anti-rabbit
antibody (Thermo Fisher Scientific) for 60 minutes at
room temperature. Coverslips were mounted in Anti-Fade
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Diamond with DAPI (Thermo Fisher Scientific) and ana-
lyzed on an Olympus Microscope using a 40 X objective.

Images were captured with cellSens software (Olympus
Life Science, Waltham, MA).

2.5 | Lentivirus production and shRNA
knockdown of LDLR and CD320 proteins

Lentivirus were prepared in 293T cells via calcium phosphate
transfection with the Broad Consortium shRNA library clones
as described.*® The sSIRNA targeting sequences are as follows:
human LDLR-46: GGGCGACAGATGCGAAAGAAA,;
human LDLR-48: ACATCAACAGCATCAACTTTG; human
CD320-27: CCCTCAGAGACCTGAGCTCTT; human
clathrin heavy chain —83: CCTGTGTAGATGGGAAAG
AAT; human clathrin heavy chain-84: GCCAATGT
GATCTGGAACTTA; control shRNA: CGTGATCTTC
ACCGACAAGAT. Two days after infection, cells were
grown in a selection medium containing 2.5-5 pg/mL puro-
mycin (Corning Life Sciences) for 2 more days, after which
cells were harvested for flow cytometry and western blot
analysis.

2.6 | TCPP uptake by flow cytometry

Cells were harvested by trypsinization and washed twice in
DPBS. 0.5 to 1 x 10° cells were added to 0.1 M MES buffer
with TCPP and incubated at 37°C for 10-30 minutes. Cell
labeling was stopped by placing cells on ice and immediately
adding ice-cold DPBS. Cells were spun down and washed
twice more in DPBS. The last wash step contained 2 pg/
mL propidium iodide (Thermo Fisher Scientific) so dead
cells could be excluded from the analysis. Cells were kept
on ice until their analysis on the LSRII flow cytometer (BD
Biosciences, San Jose, CA).

2.7 | Subcellular fractionation

Subcellular fractions were prepared from HCC1S5 cells using
the Minute Plasma Membrane Protein Isolation and Cell
Fractionation Kit (Invent Biotechnologies, Inc, Plymouth,
MN) as per the manufacture's protocol. Prior to subcellular
fractionation, HCC15 cells were serum-starved for 1 hour,
followed by a 10-min exposure to 0.1 M MES buffer with
2 mM calcium chloride, with or without 9 ug/mL TCPP.
Membrane fractions were solubilized in 30 mM Triton X-
100 (Fisher Scientific, Waltham, MA) and 10.3 mM sodium
dodecyl sulfate (Fisher Scientific) in PBS prior to the BCA
protein concentration assay (Thermo Fishier).
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2.8 | Western
immunoblotting and antibodies

Whole cell lysates or subcellular fractions were separated by
SDS-PAGE, and protein expression was analyzed by west-
ern immunoblotting as described.*” The bands on the western
blots were visualized by enhanced chemiluminescence (ECL)
(GE-Amersham, Amersham, UK) and quantified by Li-
COR Image Studio software (Li-COR Biosciences, Lincoln,
NB). Antibodies used were anti-CD320 and anti-LDLR
(Proteintech), anti-tubulin (Sigma-Aldrich), anti-GAPDH
(Thermo-Fisher, Rockford, IL), anti-ATP1A1 (Novus
Biologicals, Centennial, CO), anti-rabbit-IgG-HRP, and anti-
mouse-IgG-HRP (both from Cell Signaling Technologies,
Danvers, MA).

2.9 | In-cell ELISA assay for
endocytosis activity

In-cell ELISA assays to quantify endocytosis activity in
HCCI15 cells were performed as previously described.”!
The antibodies used for uptake were biotin-labeled anti-
transferrin receptor (clone OKT9, Thermo Fisher Scientific),
biotin-labeled anti-CD44 (clone G44-26, BD Biosciences,
San Jose, CA), and biotin-labeled anti-IGFIR (R&D sys-
tems). Streptavidin-HRP secondary antibody, HRP substrate
detection reagents, and sulfuric acid were obtained from
R&D systems and used per the manufacturer's instructions.
When inhibitors of endocytosis were used in selected uptake
assays, cells were incubated for 10 minutes at 37°C prior to
the addition of the biotinylated antibody.

3 | RESULTS
3.1 | TCPP uptake by various cancer cell
lines measured by flow cytometry

To determine the mechanism of TCPP uptake in cancer
cells, we first developed a flow cytometry assay that would
allow us to quantify cellular uptake of TCPP. As depicted in
Figure 1A, HCC15 lung cancer cells exposed to increasing
doses of TCPP show a dose-dependent increase in fluores-
cence intensity. An extensive dose range experiment, shown
in Figure 1B, reveals a small but reproducible plateau from 9
to 11 pg/mL TCPP. When HCC15 cells are exposed to 9 ug/
mL TCPP, the cellular uptake of TCPP occurs in a linear
manner between 5 and 20 minutes after the onset of the ex-
posure (Figure 1C). Based on these results, we selected 9 pg/
mL TCPP and 10 minutes labeling time for all subsequent
experiments. A panel of lung cancer cell lines (Figure 1D),
prostate cancer cell lines (Figure 1E), and breast cancer cell

lines (Figure 1F) show that all cancer cell lines take up TCPP,
albeit at different levels.

TCPP labeling of cells was performed after the cells were
dissociated from the plate by trypsin treatment. Trypsin is
known to cleave peptides after C-terminal arginine and lysine
residues.** To investigate whether trypsin treatment damages
cell surface proteins important for TCPP uptake, we mea-
sured TCPP uptake in HCC15 and LNCaP cells after detach-
ment by collagenase or dispase—both of which have different
peptide cleavage specificities compared to trypsin43’44—
accutase, which is reported to be less harsh than trypsin for
cell detachment*>*® (Figures S1-S7). TCPP uptake was found
to be similar for all dissociation methods investigated, which
suggested that trypsinization does not specifically affect
TCPP cell entry.

or

3.2 | TCPP is taken up by lung cancer cells
by clathrin-mediated endocytosis

Endocytosis can occur through clathrin-dependent mecha-
nisms, caveolin-dependent mechanisms, and caveolin-and-
clathrin-independent mechanisms.”’” Early studies have
shown that TCPP uptake in colon cancer cells was not in-
hibited when cells were treated with filipin, an inhibitor of
caveolin-mediated endocytosis33 ; the other two endocytotic
pathways were never tested directly. We wanted to confirm
that the flow cytometry-based TCPP uptake assay would
behave as expected when endocytosis was inhibited before
we tested the role of clathrin-dependent and caveolin-and-
clathrin-independent pathways in TCPP uptake. In order to
do so, we treated a panel of lung cancer cell lines (HCC15,
H157, and H358 cells) with hypertonic sucrose at 4°C tem-
perature, conditions known to generally inhibit endocyto-
sis,** and measured TCPP uptake in the flow cytometry
assay. Figure 2A shows that in this assay hypertonic sucrose
and cold treatment inhibited TCPP uptake similarly in all
three cancer cell lines by approximately 60% and 90%, re-
spectively. In addition, treatment of HCC15 and H157 cells
with filipin III, an inhibitor of caveolin-dependent endocy-
tosis, showed no effect on TCPP uptake (Figures S1-S7).*
To determine if TCPP was internalized through clathrin-
dependent endocytosis, we used a known chemical inhibi-
tor of this particular type of endocytosis, chlorpromazine.50
When we compared TCPP uptake in HCC15 cells that were
pretreated with different amounts of chlorpromazine, we ob-
served that TCPP uptake was inhibited in a dose-dependent
manner (Figure 2B), showing up to 80% inhibition at the
highest chlorpromazine doses. Very similar effects of chlor-
promazine were observed on TCPP uptake in two additional
lung cancer cell lines, H157 and H358 (Figure 2C). Cell vi-
ability was not significantly changed with chlorpromazine
treatment (Figures S1-S7) in any of the cell lines treated. To
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FIGURE 1 TCPP uptake in cancer cell lines as measured by flow cytometry. A, Representative dot-plots of HCC15 cells stained with 0,

0.5, 1, and 4 pg/mL TCPP for 30 minutes. B, Concentration-dependent TCPP uptake. HCC15 cells were stained with TCPP (0-20 pg/mL) for

30 minutes. The TCPP fold uptake is calculated by dividing the average fluorescent intensity of stained TCPP cells by the average fluorescent
intensity of unstained cells. The shaded box indicates the reproducible labeling plateau. The data are representative of three experiments. C,
Time-dependent TCPP uptake. HCC15 cells were stained with 9 pg/mL TCPP for 0-30 minutes. The data are representative of three experiments.
D, TCPP uptake in lung cancer; E, prostate cancer; and F, breast cancer cell lines. Shown are values of individual experiments (black bullets), the

average value (red bar), and the SEM (black bars)

confirm the role of clathrin in the endocytosis-mediated up-
take of TCPP, we knocked down endogenous clathrin heavy
chain (CLTC) in HCC15 cells by shRNA. TCPP uptake in
these CLTC knockdown cells was reduced compared to that
in cells with intact levels of CLTC. However, the reduction
in TCPP uptake after CLTC knockdown was much less than
what was observed with chlorpromazine at the highest dose
tested (Figures S1-S7).

To evaluate the contribution of caveolin-and-clathrin-
independent endocytosis on TCPP uptake, we used macropi-
nocytosis inhibitors EIPA and rottlerin in HCC15 and H157
cells”'> (Figures S1-S7). EIPA only inhibited TCPP uptake
by 15% in H157 cells at the highest concentration tested,
while HCC15 cells were unaffected. Rottlerin did not inhibit
TCPP uptake in either cell line.

These data suggest that TCPP enters cells through clathrin-
mediated endocytosis and not through caveolin-dependent or
caveolin-and-clathrin-independent endocytotic pathways.

3.3 | Low-density lipoprotein receptor
(LDLR) expression does not correlate with
TCPP uptake in cancer cells

Previous LDLR studies implicated the interactions between
LDLR and porphyrin-lipoprotein complexes as an avenue for
porphyrin uptake in cancer cells."”? We hypothesized that
decreasing LDLR activity would inhibit TCPP uptake. To
test this, we employed lentivirus-delivered shRNAs to knock-
down endogenous LDLR in HCCI15 cells (Figure 3A). TCPP
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(dashed line)

uptake was measured in these engineered HCC15 cells and
compared to that of the parental HCC15 cells (Figure 3B). A
modest reduction in TCPP uptake (5%-12%) was observed de-
spite LDLR knockdown ranging from 63% to 84%. These data
show that the LDLR plays a minor role in TCPP uptake and
suggests that TCPP can enter the cell via alternative receptors.

3.4 | TCPP binds to CD320 and competes
with Cbl/TCN2

While looking for candidate receptors that may be involved
in TCPP cell entry other than LDLR, we focused on recep-
tors with a domain structure analogous to that of LDLR and
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FIGURE 3 LDLR contributes minimally to TCPP uptake.

A, LDLR knockdown minimally affects TCPP uptake. Shown is a
representative western blot of LDLR protein levels in HCC15 cells
after infection with a lentivirus encoding a control shRNA directed

at tGFP (shtGFP) or shRNA targeting LDLR (shLDLR-46 and
shLDLR-48). Tubulin was used as a loading control. CD320 and
tubulin protein levels were quantified by the western blots; CD320 was
normalized to tubulin. The CD320 knockdown was determined relative
to the GFP control, which was arbitrarily set at 100%. The boxes
below the western blot show the average CD320 knockdown + SEM
for each cell line above (n = 3). (B) Percent TCPP uptake after LDLR
knockdown (using two different viral constructs) is presented for three
individual experiments (black bullets). TCPP uptake was calculated
relative to shtGFP control cells (dashed line), which was arbitrarily set
at 100%. Both LDLR knockdown constructs significantly (P < .05%)
reduced TCPP uptake compared to the shtGFP control, albeit at low
levels

that was considered to be internalized by clathrin-mediated
endocytosis. This led us to CD320. CD320 is a receptor that
internalizes Cbl when bound to its chaperone protein, TCN2.
Interestingly, Cbl is a corrin that shows structural similarity
to porphyrins including TCPP. We hypothesized that TCPP
uses CD320 for cell entry. We first investigated whether
there is a direct interaction between TCPP and CD320.
Porphyrin binding to proteins generally is accompanied by
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a change in porphyrin fluorescence intensity until maximum
binding (saturation) is achieved.”*® Therefore, the binding
of TCPP to CD320 was studied by measuring the relative
fluorescence of TCPP at a single concentration (5 nM) in the
presence of variable concentrations of rCD320. The excita-
tion wavelength was set at TCPP’s absorbance maximum of
414 nm, and fluorescence intensity was measured at its fluo-
rescence maximum (656 nm). Neither rCD320 nor the buffer
had significant fluorescence under these conditions, and thus
the fluorescence of the mixtures was entirely attributable to
free and protein-bound TCPP. Previous studies indicated that
TCPP does not aggregate under the conditions of the experi-
ment (W. Bauta, unpublished results).®" Fluorescence val-
ues were normalized by dividing the fluorescence intensity
of each well by the maximum fluorescence intensity—the
fluorescence of TCPP solution with no added rCD320—for
the run. TCPP fluorescence intensity decreased in a sigmoi-
dal fashion as a function of the added CD320 concentration
(Figure 4A). Modeling of these data indicated cooperative
binding of multiple TCPP molecules to rCD320 with an ap-
parent dissociation constant (Kp) of approximately 42 nM
(Supporting Information).

The binding data only suggest in vitro binding of TCPP to
CD320. Therefore, it is important to examine if TCPP inter-
acts with CD320 under physiological conditions. Specifically,
we wanted to determine if the Cbl/TCN2 complex competes
for TCPP uptake in live cells as measured by flow cytometry.
The results of this experiment, depicted in Figure 4B, show
that even a conservative amount of the Cbl/TCN2 complex
(8 pug/mL) was able to partially inhibit TCPP uptake in all
three cancer cell lines tested.

3.5 | CD320is a candidate receptor
for TCPP

We next set out to determine if CD320 internalizes upon
exposure to TCPP. HCC15 cells were grown on coverslips
and exposed to TCPP, Cbl/TCN2, or MES buffer alone. The
coverslips were fixed so that immunocytochemistry could be
performed for the CD320 protein. As shown by Figure 5A,
CD320 staining was observed at the cell membrane and dif-
fused through the cell before the addition of TCPP. After
TCPP exposure, CD320 staining was diminished from the
cell membrane. This was confirmed by subcellular fractiona-
tion experiments (Figure 5B). The staining pattern is differ-
ent from the observed localization of CD320 after exposure
to Cbl/TCN2. Under similar conditions, CD320 staining
showed strong punctate dots after Cbl/TCN2 exposure.
Lastly, it is known that the binding activity of CD320 to
its ligands requires calcium.?>%* We, therefore, tested if che-
lating calcium by EGTA affected TCPP uptake in HCCI15
cells. Figure 5C shows that EGTA inhibits TCPP uptake in
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a dose-dependent manner. This observation provides fur-
ther support for a functional interaction between CD320 and
TCPP.

3.6 | CD320 knockdown inhibits TCPP
uptake in multiple cancer cell lines

The previous experiments provided evidence for a strong
interaction between TCPP and CD320, suggesting that ab-
rogating endogenous CD320 expression in live cells would
decrease TCPP uptake. Endogenous CD320 was knocked
down in HCCI15, H157, and H358 cells by lentivirus-
delivered shRNAs. Western blot analysis of CD320 protein
demonstrated 85%-96% knockdown of CD320 in shCD320-
treated cells compared to cells treated with a control sShRNA
(Figure 6A). TCPP uptake was measured to determine the
direct contribution of CD320 protein to TCPP uptake in live
cells. TCPP uptake was inhibited 39% in HCC15 cells and
11% in H157, compared to cells infected with a lentivirus
encoding a control shRNA directed against the GFP protein
(Figure 6B). TCPP uptake was not affected in H358 cells
upon knocking down CD320.

Similar results were observed in prostate and breast cancer
cell lines. Figure 7A shows that CD320 protein levels were
reduced by approximately 80%—95% as compared to con-
trols. TCPP uptake was inhibited in a subset of these CD320
knockdown cells: 30% in LNCaP cells, 21% in DU145 cells,
and 39% in MDA-MB-231 cells (Figure 7B). TCPP uptake
was not affected in PC3 or MCF-7 cells upon knocking down
CD320.

To ensure specificity of shCD320 knockdown on TCPP
uptake, we identified an additional shRNA sequence to
CD320, which effectively reduced CD320 protein levels;
HCCI15 cells treated with this alternative shRNA showed
similar effects on TCPP uptake inhibition (Figures S1-S7). In
addition, we demonstrated that the rate of clathrin-dependent
endocytosis was not affected by CD320 knockdown (Figures
S1-S7).

Taken together, these results identify CD320 as a novel
receptor used for TCPP uptake in cancer cells.

4 | DISCUSSION

Despite recent advances in the use of porphyrins in cancer
diagnostics and therapy, the mechanism of why porphyrins
accumulate in cancerous versus non-cancerous tissue is still
poorly understood. The current study was undertaken to gain
a better understanding of how porphyrins are taken up by
cancer cells. In order to measure porphyrin uptake, we de-
veloped a flow cytometric assay in which cells were exposed
to 9 pg/mL of TCPP for 10 minutes. This concentration is
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FIGURE 6 Reduction of CD320 inhibits TCPP uptake in

lung cancer cell lines. A, Lentivirus-mediated CD320 knockdown
reduced CD320 protein levels as measured by the western blot. A
representative western blot of CD320 and GAPDH (loading control)
is shown. CD320 and GAPDH protein levels were quantified, and
CD320 protein levels were normalized to GAPDH. The CD320
knockdown was determined relative to the GFP control, which was
arbitrarily set at 100%. The boxes below the western blot show the
average CD320 knockdown + SEM for each cell line above (n = 3).
B, TCPP uptake is inhibited in two out of three lung cancer cell lines
upon knockdown of CD320. Bullets represent values of individual
experiments, the red bar the average, and the black bars the SEM. The
average TCPP uptake in HCC15 cells and H157 cells after CD320
knockdown differs significantly (*P < .05) from the shtGFP control,
which was arbitrarily set at 100% (dashed line)

similar to that used for a flow cytometry-based test using
TCPP to detect early-stage lung cancer in sputum samples
(manuscript in preparation).

We confirmed the findings of earlier studies that
caveolin-independent endocytosis contributes significantly
to TCPP uptake in cancer cells. In particular, we demon-
strated that clathrin-dependent pathways play a role in
TCPP uptake by two independent methods. While chemical
inhibition of clathrin-mediated endocytosis resulted in an
80% reduction of TCPP uptake, knockdown of CLTC, an
essential component of the clathrin complex, showed only a
20% reduction in TCPP uptake. This apparent discrepancy
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FIGURE 7 Reduction of CD320 inhibits TCPP uptake in prostate and breast cancer cell lines. A, Lentivirus-mediated CD320 knockdown
reduces CD320 protein levels as measured by the western blot. A representative western blot of CD320 and GAPDH (loading control) is

shown. CD320 and GAPDH protein levels were quantified, and CD320 protein levels were normalized to GAPDH. The CD320 knockdown

was determined relative to the GFP control, which was arbitrarily set at 100%. The boxes below the western blot show the average CD320
knockdown + SEM for each cell line above (n = 3). B, TCPP uptake is inhibited in two out of three prostate cancer cell lines (LNCaP, DU145)
and one of two breast cancer cell lines (MDA-231) after CD320 knockdown. Values of individual experiments are presented by the black bullets,
the average value by the red bars, and the SEM by the black bars. The dashed black line represents the shtGFP control, which was arbitrarily set at

100%. *P < .05, compared to shtGFP control

in outcome between the two methodologies may be the re-
sult of incomplete CLTC knockdown since small amounts
of the clathrin complex can still facilitate endocytosis.*>%°
Our results suggest that clathrin-and-caveolin-independent
pathways do not contribute to TCPP uptake in the cell lines
tested.

Porphyrins can bind LDL and other proteins in plasma
such as albumin and HDL, as well as metals, which all could
act as a porphyrin-carrier for cell e:rltry,19'21’67 facilitating
endocytosis. Although not specifically ruled out, these fac-
tors are not likely to have played a role in the TCPP uptake
assay presented in the current study since the experiments
were performed in MES buffer, in the absence of serum and

with extensively washed cells. Moreover, the complexation
of metals to porphyrins results in significant changes to the
absorption and fluorescence emission spectra of the porphy-
rin,68’69 which was not observed in our studies (W. Bauta,
unpublished observations).

We could not establish that the LDLR plays a major role
in TCPP uptake, despite previous studies implicating the im-
portance of the LDLR in porphyrin uptake.lg‘22 It is import-
ant to note that in these earlier studies porphyrins other than
TCPP were used.'**> Moreover, Kongshaug et al showed that
structurally different porphyrins have different affinities for
LDLs.” More importantly, these authors also showed that a
porphyrin's ability to bind to LDL does not correlate with its
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ability to localize to tumors, which supports our findings that
LDLR is only a minor facilitators of porphyrin uptake.

In the search for other cell surface molecules that enable
porphyrins to enter cancer cells, we found that TCPP binds
to CD320 with high affinity. CD320 mediates the uptake of
TCPP in cancer cell lines derived from lung, prostate, and
breast tissues, which constitutes a novel function for this re-
ceptor. CD320 was initially cloned from follicular dendritic
cells as a molecule implicated for proper germinal center
growth.7l CD320 was subsequently found to be widely ex-
pressed in most tissues’> and functionally characterized as
the cellular receptor that facilitates cell entry of Cbl/TCN2
complexes.”’73 CD320 surface expression increases upon
cell proliferation, as Cbl is an essential co-factor for DNA
synthesis.74’75 Cancer cells, which have an increased demand
for Cbl to meet their metabolic needs, were found to express
higher levels of CD320 than their non-cancerous counter-
parts.76 The increased expression of CD320 on cancer cells
could thus contribute to the accumulation of TCPP in these
cells.

The sigmoidal TCPP-rCD320 binding curve suggests co-
operative binding of multiple TCPP molecules to CD320 with
a surprisingly low KD.77 We speculate that multiple TCPP
molecules bind the two LDLR type-A domains of CD320 in a
cooperative manner. The spatial proximity of two TCPP mol-
ecules may explain the observed decrease in fluorescence in-
tensity upon binding. TCPP aggregation at the binding site of
CD320 is quite possible and might be facilitated by the prox-
imity of modular LDL binding motifs at that binding site, but
examining this scenario would require further study.

Both CD320 and LDLR contain LDLR-A1 and LDLR-A2
ligand-binding domains.”""®" However, the selectivity and
affinity of CD320 and LDLR are very different: CD320 has
the Cbl/TCN2 complex as its only natural ligand, whereas
LDLR binds LDL but is not known to bind Cbl/TCN2. While
LDLR-A1 and LDLR-A2 are present in both receptors, their
spatial orientation in these receptors differs,*>%"%2 which is
critical to ligand binding affinity and specificity. It is likely
that, as with natural ligands, CD320 and LDLR display dif-
ferences in binding to TCPP.

CD320 is not the only receptor through which TCPP
enters the cell, since knockdown of CD320 protein did not
result in a reduction of TCPP in every cancer cell line we
tested. Moreover, in a panel of seven lung cancer cell lines,
CD320 protein levels did not correlate with the ability to
take up TCPP (Elzi and Rebel; unpublished observations).
The reason for the variable effects of CD320 knockdown on
TCPP uptake in the cell lines tested, even in series of the
same tissue, is unknown. A likely possibility is that redun-
dant receptors or transporters are present in the cell lines
not affected by CD320 knockdown which can compensate
for the loss of CD320 and facilitate TCPP entering into the
cell. Candidate receptors to serve this redundancy role are the
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import and export transporters of heme, a naturally occurring
porphyrin.83'87 Cancer cells often misregulate the expression
of these transporters, resulting in an increased porphyrin up-
take in cancer cells compared to normal cells. 588 Examples
are SLC46A1 (HCP-1),">*% ABCB6,””' and SLC48A1
(HRG-1).%? Interestingly, while SLC46A1 and ABCB6 are
expressed on the cell surface, SLC48A1 is normally ex-
pressed on the endosomal membrane; however, in cancer
cells, SLC48A1 can be expressed on the plasma membrane
and thereby facilitate porphyrin uptake.89 Lastly, Kurokawa
et al”® showed that the coordinated upregulation of the heme
importer SLC46A1 and downregulation of the heme exporter
ABCG?2 resulted in porphyrin accumulation in cancer. In ad-
dition to the variety of receptors and transporters, the differ-
ence in TCPP uptake between cell lines might be a function
of receptor/transporter expression levels, recycling, and or
re-expression.

Further studies will be required to determine what other
proteins are involved in the selective uptake of TCPP by can-
cer cells and how they relate to each other. The focus of our
study was on the cancer cell itself. However, other porphyrins,
such as padeliporfin (WST11), have been shown to localize
to the tumor vascular tissue®* while photofrin was taken up
by tumor-associated macrophages.35 5 Thus, the tumor mi-
croenvironment may play an important role in elucidating the
tumor-localizing properties of TCPP. A more comprehensive
understanding of interactions between specific porphyrins,
cancer cells, and cancer-associated cells may help improve
several oncology-related technologies, including the de-
velopment of porphyrin-drug conjugates as highly specific
drug-delivery vehicles for tumor tissue,”®”’ the use of por-
phyrins for the identification of tumor margins for surgical
resection”® and the development of improved porphyrins for
cancer diagnostics.2
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