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Abstract

Transmembrane-4 L-six family member-1 (TM4SF1) is a small plasma membrane-associated
glycoprotein that is highly and selectively expressed on the plasma membranes of tumor cells,
cultured endothelial cells, and, in vivo, on tumor-associated endothelium. Immunofluorescence
microscopy also demonstrated TM4SF1 in cytoplasm and, tentatively, within nuclei. With
monoclonal antibody 8G4, and the finer resolution afforded by immuno-nanogold transmission
electron microscopy, we now demonstrate TM4SF1 in uncoated cytoplasmic vesicles, nuclear
pores and nucleoplasm. Because of its prominent surface location on tumor cells and tumor-
associated endothelium, TM4SF1 has potential as a dual therapeutic target using an antibody drug
conjugate (ADC) approach. For ADC to be successful, antibodies reacting with cell surface
antigens must be internalized for delivery of associated toxins to intracellular targets. We now
report that 8G4 is efficiently taken up into cultured endothelial cells by uncoated vesicles in a
dynamin-dependent, clathrin-independent manner. It is then transported along microtubules
through the cytoplasm and passes through nuclear pores into the nucleus. These findings validate
TMA4SF1 as an attractive candidate for cancer therapy with antibody-bound toxins that have the
capacity to react with either cytoplasmic or nuclear targets in tumor cells or tumor-associated
vascular endothelium.
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1. Introduction

Transmembrane-4 L-six family member-1 (TM4SF1) is a small plasma membrane
glycoprotein with tetraspanin topology [1]. It was originally described as a tumor cell
antigen [2] and was later found to be expressed at low levels on normal vascular
endothelium [3]. Subsequently, we demonstrated that TM4SF1 is highly expressed by
cultured blood and lymphatic endothelial cells (EC), and, in vivo, by the endothelium lining
angiogenic blood vessels [4,5]. TM4SF1 is clustered in intermittent microdomains called
TMED (TM4SF1-enriched microdomains) on plasma membrane and on nanopodia, which
are thin, elongate projections that extend for up to 50 um from the EC surface [4,5,6]. In
addition to its distribution on the cell surface, immunofluorescence microscopy also
demonstrated TM4SF1 deposits in the cytoplasm, and, tentatively, in nuclei of both cultured
EC and tumor cells [4,5,6]. TM4SF1 has been shown to regulate tumor cell growth, motility,
and metastasis [1,2,7]. Knockdown of TM4SF1 rendered EC unable to polarize and
restricted their migration and proliferation in vitro and their capacity to form new blood
vessel invivo [4,5].

The restriction of high TM4SF1 expression to the surface of many tumor cells and tumor-
associated vascular EC suggested its potential as a dual therapeutic target [4,5]. We reported
earlier that 8G4, a mouse anti-human TM4SF1 monoclonal antibody, effectively destroyed a
human vascular network that we had engineered in Matrigel plugs implanted in nude mice,
along with the human tumor cells that this vascular network supported [8], presumably
acting by antibody-dependent cell-mediated cytotoxicity (ADCC) or complement-dependent
cytotoxicity (CDC). However, ADCC and CDC are relatively inefficient processes with
inherent, immune-associated risks that limit their utility [9]. In recent years antibody drug
conjugates (ADC) have shown promise as a new approach to cancer treatment [10], and we
recently reported that anti-TM4SF1 antibodies conjugated with the auristatin cytotoxin
mc-3377 strikingly regressed TM4SF1-expressing human tumor xenografts [11]. To be
successful, ADC requires that the antibody-toxin complex be internalized so that the toxin
can react with intracellular targets, e.g., tubulin in the case of mc-3377.

The studies reported here had two goals. The first was to better define the subcellular
distribution of TM4SF1 in cultured EC, and, for comparison, in the endothelium of
angiogenic blood vessels supplying a human cancer. The second goal was to demonstrate
and determine the mechanisms of anti-TM4SF1 antibody uptake, an essential first step if
ADC is to be useful in cancer therapy.
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2. Methods

2.1. Cell culture and inhibitors

Human umbilical vein endothelial cells (HUVEC) from Lonza (Walkersville, MD) were
cultured in EGM2-MV medium, and used at passage 4-5. The following inhibitors were
from Abcam (Cambridge, MA): pitstop-2 (clathrin inhibitor), chloropromazine (an inhibitor
of clathrin and caveolin mediated endocytosis), bifilomycin A (autophagy Inhibitor), and
dynasore (dynamin inhibitor).

2.2. Immunostaining

Experimental procedures were described in detail previously [6]. Briefly, cells and tissue
sections were fixed with 4% paraformaldehyde, washed in PBS, and blocked with PBS/2%
FBS prior to immunostaining with primary antibodies 8G4 (mouse anti-human TM4SF1,
IgG1 isotype) [8] or rat anti-human a-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA),
followed by secondary donkey anti-mouse (or anti-rat) Alexa Fluor-488 or -594 labeled
antibodies (Life technology, Carlsbad, CA). Phalloidin-TRIC and mouse 1gG1 were
purchased from Sigma (St. Louis, MO). Nikon TE-300 was used to capture epifluorescence
images and a Zeiss ELYRA PS1 super resolution microscope for Structure Illumination
Microscopy (Harvard Center for Biological Imaging).

Transmission electron-microscopy was performed on HUVEC fixed and immunostained
with 8G4 as above, followed by a secondary goat anti-mouse Fab'-labeled with both Alexa
Fluor-488 and nanogold (1.4 nm gold particles, Nanoprobes, Yaphank, NY) as described

[5]. A resected gastric adenocarcinoma was similarly fixed and prepared for electron
microscopic study with permission from the BIDMC IRB. All immunocytochemistry images
were representative selections from at least three separate experiments.

2.3. Flow Cytometry

HUVEC were harvested after light trypsinization, washed in cold PBS, suspended in 1 ml
cold blocking buffer (PBS/1% FBS) that contained 1 ug first antibody [8G4, mouse anti-
human E-selectin antibody (IgG1 subtype) from Novus (Littleton, CO), or mouse 1gG1], and
incubated on ice for 1h with occasional agitation. Cells were then centrifuged (500xg, 5
min), washed 3x with cold PBS, incubated with 100 ng/ml second antibody (Alexa-488
labeled donkey anti-mouse IgG, Life Technology), and washed 3x with cold PBS. Cell
suspensions were analyzed with FACScan (Becton Dickinson, San Jose CA). 104 events
were collected for each analysis. All flow cytometry histograms were representative
selections from at least three separate experiments

2.4. Cell fractionation, immunoprecipitation and immunoblotting

HUVEC were grown to 80-90% confluency, suspended as above, and fractionated into their
subcellular compartments using kits from Thermo Scientific (Logan, UT). The following
antibodies (Cell Signaling, Danvers, MA) were used to define different subcellular fractions:
rabbit anti-human HDAC?2 (nuclear protein), rabbit anti-human histone-H3 (nuclear
chromatin), and mouse anti-human vimentin (cytoskeleton). HRP-conjugated goat anti-
rabbit and goat anti-mouse antibodies (Cell Signaling) served as secondary antibodies.
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For TM4SF1 pull-down assays, suspended HUVEC were pre-incubated with 8G4 or with an
isotype-matched mouse 1gG1 control antibody for 1 hour on ice, washed 3x with PBS to
remove unbound antibody, and returned to culture for 4h at 37°C before cells were harvested
for total protein extraction in a cell lysis buffer comprised of Tris-buffered saline (TBS), pH
7.0, protease/phosphatase inhibitor cocktails, and 0.1% Triton X-100 (Life Technology).
Protein-G beads were then added to the lysates to pull down 8G4 (or control IgG). The 8G4
pull down fraction was then electrophoresed and immunoblotted with 8G4 that had been
conjugated with HRP (Life Technology labeling kit).

3. Results

3.1. Subcellular distribution of TM4SF1 in human umbilical vein endothelial cells (HUVEC)
and in the microvascular EC of human gastric adenocarcinoma

Initial studies were performed to define TM4SF1’s subcellular distribution within cultured
endothelial cells more precisely than was possible with immunofluorescence microscopy.
Using immuno-nanogold transmission electron microscopy with 8G4, a monoclonal
antibody specific for human TM4SF1, we found that TM4SF1 clusters (TMED) were
distributed on the plasma membrane (blue arrows) and on the membranes of uncoated
cytoplasmic vesicles (yellow circles), some of which were attached to the plasma membrane
(Fig. 1Ab). In addition, individual gold particles were found on the nuclear membrane and in
nuclear pores (red arrows) and were also scattered in the nucleoplasm (red circles). Gold
particles were additionally found in association with the rough endoplasmic reticulum,
indicative of new TM4SF1 synthesis (Fig. 1Ac). An isotype-matched mouse 1gG1 which
served as a negative control did not exhibit labeling (data not shown).

Using the same immuno-nanogold technology, we determined that TM4SF1 had an identical
surface, cytoplasmic and nuclear distribution in vivo in the EC lining angiogenic
microvessels that supplied a resected adenocarcinoma of the stomach (Fig. 1Ba). The
luminal surface of the endothelium demonstrated much stronger labeling than the abluminal
surface (Fig. 1Bb). Only rare gold particles were found on EC distant from the tumor
(Supplementary Figure S1).

Subcellular fractionation of cultured HUVEC, followed by immunoblotting, extended these
morphological findings (Supplementary Figure S2). 8G4, as well as several commercial
anti-TM4SF1 antibodies [5], demonstrated three bands of 28-, 25- and 22-kD in the cell
membrane and soluble nuclear fractions, but only the 28-kD band was present in the
cytoskeletal and nuclear chromatin fractions. The significance of the three bands that react
with 8G4 and other anti-TM4SF1 antibodies is not known and could reflect incomplete
processing or degradation of TM4SF1. TM4SF1 was not detected in the soluble cytosolic
fraction.

3.2. Internalization of 8G4 in HUVEC

To determine whether TM4SF1 was internalized following reaction with antibody, we
exposed HUVEC to 8G4 for 1h at 4°C and then returned them to culture. Fl ow cytometry
demonstrated a progressively increasing loss of 8G4 signal from the cell surface: 20.8%,
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52.2%, and 95%, at 2, 4, and 24h, respectively (Supplementary Figure S3A). Similar rates of
cell surface signal loss was seen in six other mouse anti-human TM4SF1 antibodies [8]
studied (data not shown). While some of this loss could reflect shedding from the cell
surface, immunofluorescence microscopy demonstrated substantial 8G4 uptake in the
cytoplasm and over the nucleus (Fig. 2A); intracellular 8G4 staining reached a peak at 4h
and was largely lost by 24h. Individual frames of Z-stacked confocal images
(Supplementary Figure S3B) also demonstrated internalized 8G4 at 4h in the cytoplasm
(frame-15, yellow arrows) and definitively in the nucleus (frame-6, white arrows). Control,
isotype-matched mouse 1gG1 antibody did not bind to HUVEC as determined by flow
cytometry (Supplementary Figure S3A) and immunocytochemistry (not shown).

Immuno-nanogold transmission electron microscopy provided more detailed evidence of
8G4 uptake (Fig. 2B). HUVEC were reacted with 8G4 and returned to culture as above. At
4h, large clusters of nanogold particles were found in association with uncoated cytoplasmic
vesicles (yellow circles), some of which were attached to the plasma membrane. Additional
labeling was associated with the nuclear membrane and nuclear pores (red arrows) and
smaller clusters and individual particles were found within the nucleoplasm (red circles).
Gold clusters in the cytoplasm and on the nuclear membrane were consistently larger than
those visualized in the same locations by 8G4 staining of fixed tissue sections (compare Fig.
2B with Figs. 1A and B).

To determine whether TM4SF1 was internalized along with 8G4, HUVEC were lysed at the
4h time point when 8G4 accumulation was maximal. We then pulled down 8G4 from lysed
cells with protein-G beads, and demonstrated 28kD TM4SF1 in the pull-down fraction by
immunoblotting (Fig. 2C). Consistent with the localization of ingested 8G4 to uncoated
cytoplasmic vesicles, we did not demonstrate clathrin in the 8G4 pull-down fraction (data
not shown).

3.3. 8G4-TM4SF1 internalization requires dynamin but not clathrin

To elucidate the mechanisms of uptake of the 8G4-TM4SF1 complex we quantified the loss
of intensity of cell surface-bound 8G4 by flow cytometry in the presence or absence of
inhibitors. Intensity of cell surface 8G4 staining measured 96.4+2.1% after 1h exposure of
HUVEC to 8G4 at 4°C; in the absence of drug treatment , that percentage had fallen to
37.8+6.5% at 4h of culture at 37°C. Similar levels were found for cells cultured with several
different drugs: 39.1+3.2% for cells treated with pitstop-2 (a clathrin inhibitor); 47.1+3.5%
for treatment with chloropromazine (an inhibitor of clathrin and caveolae mediated
endocytosis); and 38.9+4.9% for treatment with bifilomycin A (an autophagy Inhibitor).
However, in cells cultured with dynasore, a dynamin inhibitor, the decline in staining
intensity was almost entirely prevented as 90.1+1.7% of cell surface signal intensity was
retained on the cell surface at 4h.

Immunofluorescence microscopy provided supportive evidence that dynasore, but not the
other inhibitors, prevented 8G4 uptake. Immediately after reaction with HUVEC, and prior
to reattachment to culture matrix, cells were rounded, and as expected, 8G4 was confined to
the plasma membrane (Fig. 3A). Subsequently, surface signal intensity decreased and
intracellular staining increased progressively in the absence of inhibitors, and, to an
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equivalent extent, in cells exposed to pitstop-2, chloropromazine, and bifilomycin A (Fig.
3B-E). However, 8G4 signal remained strong and predominantly on the cell surface of
HUVEC cultured with dynasore (Fig. 3F). Similar kinetics of 8G4-TM4SF1 uptake were
observed in several human TM4SF1-expressing tumor cell lines (data not shown), indicating
that TM4SF1 uptake is not cell-type specific.

The flow cytometry and immunofluorescence data indicate much slower internalization
kinetics for 8G4 than that reported for antibodies reactive with other cell surface proteins,
such as the tetraspanin CD63 [12] and E-selectin [13], that are taken up by a clathrin-
mediated mechanism. To validate our methodology and findings with 8G4, we reacted
HUVEC with an antibody against E-selectin and evaluated its loss from the cell surface over
time. Consistent with the findings of others [14], and in contrast to 8G4 (37.8+6.5% of cell
surface retention at 4h), an antibody specific for E-selectin was entirely cleared from the
surface of HUVEC within 1h (Supplementary Figure S4).

3.4. TM4SF1 internalization along microtubules

Motor proteins provide the driving force behind most cytoplasmic transport of proteins and
vesicles [15], and microtubules have been shown to serve as “railroad tracks” that guide
their movement [16]. We previously demonstrated that TMA4SF1 interacted with myosin-X
(Myo10) [5], a motor protein that binds microtubules through a C-terminal MyTH4-FERM
domain cassette [17,18,19]. We therefore used confocal microscopy to look for an
association between internalized 8G4, presumably complexed to TM4SF1, and
microtubules. As shown in Fig. 4A, internalized 8G4 was associated with a-tubulin-stained
microtubules (inset i, white arrows) at 4h and Structural Illumination Microscopy confirmed
this association elegantly (Fig. 4B).

4. Discussion

The data presented here demonstrate that TM4SF1 has an identical subcellular distribution
in cultured HUVEC and in the endothelium of newly formed blood vessels supplying a
resected gastric adenocarcinoma (Fig. 1). In both cases TM4SF1 was found not only on the
plasma membrane but also in association with uncoated cytoplasmic vesicles and in nuclear
pores and nucleoplasm. The data also show that an anti-TM4SF1 antibody, 8G4, was
efficiently internalized in HUVEC by means of uncoated vesicles in a dynamin-dependent,
clathrin-independent fashion; once internalized, 8G4 was carried along microtubules
through the cytoplasm and passed through nuclear pores into the nucleus. These findings
validate TM4SF1 as an attractive candidate for cancer therapy with antibody-associated
toxins that have the capacity to react with either cytoplasmic or nuclear targets.

Many surface proteins (e.g., CD63 [12], E-selectin [13], prostate-specific membrane antigen
[20], receptor tyrosine kinases [21]) are internalized by clathrin-dependent mechanisms.
However, we found no role for clathrin in 8G4 internalization. 8G4 was localized to
uncoated (i.e., clathrin-negative) cytoplasmic vesicles (Fig. 2B), and the 8G4-TM4SF1
complex was internalized much more slowly than is typical of clathrin-requiring proteins
such as E-selectin (compare Supplementary Figure S3A with S4) [13,14]. Further, clathrin-
mediated endocytosis is initiated through the concerted action of the clathrin coat protein
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and adaptor proteins that selectively recruit transmembrane proteins for cell uptake [22].
TMA4SF1’s three short intracellular domains (intracellular loop and the N- and C-termini)
lack the [DE]xxxL[LI] or [FY]XNPX[YF] recognition motifs [22,23] for clathrin adaptor
proteins. Finally, 8G4-TM4SF1 uptake was not prevented by clathrin inhibitors (Fig. 3), and
8G4-TMA4SF1 complexes were unable to pull down clathrin (data not shown).

However, 8G4 internalization was dependent on dynamin, as determined by the finding that
dynasore, a dynamin inhibitor, strikingly reduced 8G4 uptake (Fig. 3F). Dynamin is a large
(100-kD), microtubule-associated GTPase that forms a helical polymer around the
constricted necks of vesicles, and, upon GTP hydrolysis, mediates fission of vesicles from
the plasma membrane [23,24]. Dynamin is involved in many types of endocytosis that
involve vesicle scission, including clathrin-mediated endocytosis [23,24], but also, as
illustrated here, that of uncoated, caveoae-like vesicles (Fig. 2B). Once internalized, 8G4
remained attached to TM4SF1, as demonstrated by 8G4 pull downs which included
TMA4SF1 (Fig. 2C) as well as dynamin (not shown); dynamin pull-downs also contained
TMA4SF1 (data not shown). Internalized 8G4 attached to microtubules for transport through
the cytoplasm. Association of 8G4 with microtubules may be mediated through TM4SF1
which can bind myosin-X, a phosphoinositide-binding motor myosin that binds a-tubulin
via its C-terminal MyTH4-FERM domain cassette [19].

8G4 lost its association with vesicle membranes as it passed through nuclear pores and
entered the nucleoplasm. Entry of 8G4 into the nucleoplasm (Fig. 2A, 2Ba; Supplementary
Figure S3B) was unexpected, as all three short cytosolic domains of TM4SF1 lack nuclear
localization signals [25]. As far as is known, antibodies such as 8G4 also lack such signals.
One possibility is that, having entered the cytoplasm, TM4SF1 diffused into the nucleus.
This is possible because molecules smaller than ~40 kDa can passively diffuse through the
nuclear pore and TM4SF1’s largest isoform is 28-kD (Supplementary Figure S2). However,
most proteins enter the nucleus by an active, carrier-mediated transport system [26]. What
such a carrier might be in the case of anti-TM4SF1 antibodies is a matter of speculation.
Proteins known to form complexes with TM4SF1, including myosin-X and B-actin [4,5],
lack nuclear pore signals [27,28], as does microtubule a-tubulin along which the 8G4-
TMA4SF1 complex tracks through the cytoplasm (Fig. 4). Whatever the mechanism, our
findings validate TM4SF1 as a candidate for ADC cancer therapy with toxins against
nuclear as well as cytoplasmic targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HUVEC B Gastric adenocarcinoma microvascular endothelium

Fig. 1.

D?stribution of TM4SF1 in HUVEC (A) and in human gastric cancer vascular endothelial
cells (B) as determined by immuno-nanogold transmission electron microscopy. HUVEC
cultured on glass discs and a resected gastric adenocarcinoma and immunostained with
mouse anti-human TM4SF1 antibody 8G4, followed by nanogold labeled anti-mouse 1gG1.
(Aa,b) Nanogold deposits localized TM4SF1 in HUVEC to the plasma membrane (blue
arrows), cytoplasmic vesicles (yellow circles), nuclear membrane and nuclear pores (red
arrows), and the nucleoplasm (red circles). (Ac) Rough endoplasmic reticulum demonstrates
extensive nanogold labeling. (Ba,b) TM4SF1 labeling of human gastric cancer vascular
endothelial cells is similar to that in HUVEC. Luminal membrane staining (Ba) is much
stronger than that of albuminal labeling (Bb, pink arrows). Scale bars, 100 nm.
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4h 8G4 Internalization (Immuno-nanogold electron microscopy)
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Internalization of anti-TM4SF1 monoclonal antibody 8G4 in HUVEC. HUVEC were
incubated with 8G4 or with control mouse-1gG1 (mlgG1) for 1h at 4°C, w ashed, and
returned to culture at 37° C for varying periods of time to follow 8G4 uptake by (A)
immunofluorescence microscopy, (B) immuno-nanogold transmission electron microscopy,
and (C) immunoblotting. (A) 8G4 achieved maximal intensity in cytoplasm and nucleus at
4h and was largely lost at 24h. (B) At 4h, gold particles are demonstrated in the cytoplasm
(yellow circles), associated with the nuclear membrane and nuclear pores (red arrows) and
within the nucleoplasm (red circles). (C) Immunoblot of 8G4 pull down prepared 4h after
returning HUVEC to culture demonstrates 28-kD form of TM4SF1.
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4h 8G4 Internalization (Phallodin/DAPI)
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Fig. 3.
Internalization of TM4SF1 in HUVEC in the presence of different inhibitors. HUVEC were

pre-labeled with 8G4 at 4°C (A) and returned to culture at 37°C without (B) or in the
presence of the following inhibitors: (C) 20 uM pitstop-2 (clathrin inhibitor), (D) 10 pM
chloropromazine (clathrin and caveolin mediated endocytosis inhibitor), (E) 0.4 pM
bifilomycin A (autophagy Inhibitor), or (F) 20 uM dynasore (dynamin inhibitor). After 4h,
cells were fixed in 4% paraformaldehyde. Immunocytochemistry demonstrates substantial
and equivalent 8G4 uptake at 4h with no added inhibitor or in the presence of pitstop-2,
chloropromazine, or bifilomycin A. However, 8G4 remained largely on the cell surface
when cultured with dynasore.
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co-localization of internalized 8G4 and Tubulin in HUVEC (DAPI)

Fig. 4.
TMA4SF1 internalization along microtubules. HUVEC pre-labeled with 8G4 at 4°C and

returned to culture at 37°C were harvested at 4h for immunostaining. 8G 4 (green) and a-
tubulin (red) immunofluorescence signals co-localized. (A) Z-stacked confocal image (27-
stacks; 220 nm/stack) and a representative higher-resolution stack-8 image (inset i) show
that internalized 8G4 is closely associated with a-tubulin stained microtubules. (B) Super-
resolution Structured Illumination Microscopy demonstrate 8G4 signals in association with
a-tubulin stained microtubules.
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