Journal of Molecular Cell Biology (2022), 14(3), mjac017 https://doi.org/10.1093/jmcb/mjac017

Published online March 21, 2022

Article
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maintains endothelial cell migration and
angiogenesis by interacting with the LINC complex
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The nuclear envelope comprises the outer nuclear membrane, inner nuclear membrane (INM), and nucleopore. Although ~60 INM
proteins have been identified, only a few of them have been well characterized, revealing their crucial roles. Our group focused
on the INM protein transmembrane protein 201 (TMEM201), whose role in cellular function remains to be defined. In this study, we
investigated the role of TMEM201 in endothelial cell migration and angiogenesis. Depletion of TMEM201 expression by short hairpin
RNA-mediated interference impeded human umbilical vein endothelial cell (HUVEC) angiogenic behavior in tube formation and fibrin
gel bead sprouting assays. Meanwhile, TMEM201-deficient HUVECs exhibited impaired migration ability. We next explored the
underlying mechanism and found that the N-terminal of TMEM201 interacted with the linker of nucleoskeleton and cytoskeleton
complex and was required for regulating endothelial cell migration and angiogenesis. These in vitro findings were further confirmed
by using in vivo models. In Tmem201-knockout mice, retinal vessel development was arrested and aortic ring sprouting was
defective. In addition, loss of tmem201 impaired zebrafish intersegmental vessel development. In summary, TMEM201 was shown
toregulate endothelial cell migration and control the process of angiogenesis. This study is the first to reveal the role of INM proteins
in the vascular system and angiogenesis.
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Introduction

The nuclear envelope (NE) is a two-lipid-bilayer barrier that
separates the nucleoplasm from the cytoplasm. In addition to
nuclear pore complex proteins, other integral membrane pro-
teins reside in the outer nuclear membrane (ONM) and inner
nuclear membrane (INM) (Schirmerand Gerace, 2005). The ONM
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is continuous with the endoplasmic reticulum, while the INM is
distinct and enriched with unique proteins. Although ~60 INM
proteins have been identified in proteomic studies (Dreger et al.,
2001; Schirmer et al., 2003), only a handful of INM proteins,
such as Emerin, MAN1, LaminB receptor, Sad1p/UNC-84 (SUN),
and lamina-associated polypeptides, have been well character-
ized. Studies of these proteins have revealed crucial roles for
INM proteins in the nuclear architecture, chromosome organi-
zation, DNA repair, transcriptional control, and so on (Holmer
and Worman, 2001; Heessen and Fornerod, 2007; Mekhail and
Moazed, 2010; Pawar and Kutay, 2021). However, the functions
of many other INM proteins remain unclear.

Our group focused on a novel INM protein with few func-
tional studies encoded by the transmembrane protein 201
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(TMEM201) gene (Gene ID: 199953). The human homolog is
a 666-amino acid protein with five predicted transmembrane
segments (TMSs) (Supplementary Figure S1A). Fluorescent mi-
crographs of ectopic TMEM201-flag confirmed the nuclear mem-
brane location of TMEM201 (Supplementary Figure S1B). The
phylogenetic tree shows that TMEM201 is highly conserved
throughout metazoans and down to Danio rerio (Supplementary
Figure S2A) and is widely expressed in different tissues and cells
(Fagerberg et al., 2014; Supplementary Figure S2B). These data
suggest that TMEM201 is a conserved INM protein, whereas its
role in cellular functions remains to be defined.

Angiogenesis is a critical process that occurs during devel-
opment and is also activated in wound healing. Reconstruct-
ing vascular networks is a complex process involving multiple
processes and various kinds of cells. Angiogenesis is regulated
by a tight balance between pro- and antiangiogenic agents.
Quiescent endothelial cells (ECs) rapidly switch to a highly mi-
gratory and proliferative state when activated by chemotactic,
haptotactic, or mechanotactic stimuli (Lamalice et al., 2007). A
subset of the population of ECs (tip cells) sprouts and migrates
toward guidance cues, while the other population of ECs (stalk
cells) trails behind tip cells and proliferates to elongate the
sprouts (Jakobsson et al., 2010).

Our group recently showed that TMEM201 is a positive mod-
ulator that regulates the invasion and migration of breast
cancer cells (Kong et al., 2022). In addition to tumor cell
migration, the process of angiogenesis is also essential for tu-
mor development. Angiogenesis involves a cascade of events,
among which EC migration is an essential component. A vari-
ant of TMEM201, Samp1, has also been identified to pos-
itively regulate nuclear movement during fibroblast polariza-
tion and migration (Borrego-Pinto et al., 2012). Therefore, we
hypothesized that TMEM201 participates in EC migration and
angiogenesis. In this study, we found that knockdown of
TMEM201 impeded EC angiogenic behavior. Meanwhile, EC mi-
gration was impaired. Mechanistically, TMEM201 interacts with
the linker of nucleoskeleton and cytoskeleton (LINC) complex,
which plays an important role in cell migration. The N-terminal
domain of TMEM201 is required forits interactions and function.
Furthermore, the loss of TMEM201 impaired mouse retina vessel
and zebrafish embryo intersegmental vessel (ISV) development.

Results
Knockdown of TMEM201 represses EC angiogenic behavior

To examine TMEM201 function in EC angiogenic behavior,
short hairpin RNA (shRNA)-mediated gene silencing was ap-
plied. We designed two pairs of shRNAs specifically targeting
different regions of TMEM201 mRNA (Figure 1A). We assessed
the level of TMEM201 silencing by immunoblotting and reverse
transcription—quantitative real-time polymerase chain reaction
(RT-gPCR). Both TMEM201-shRNA-1# (sh-1#) and TMEM201-
ShRNA-2# (sh-2#) were verified to successfully knock down
TMEM201 in human umbilical vein endothelial cells (HUVECS)
(Figure 1B).

TMEM201 knockdown produced a striking failure of HU-
VEC tube formation, with >50% fewer junctions and branches
(Figure 1C and D) compared with the control (scramble) group.
Meanwhile, the effect of TMEM201 knockdown on EC sprouting
was assessed by a fibrin gel bead sprouting assay. The endothe-
lial cell line EA.hy926 was used. The number and length of
EC sprouts decreased significantly after the loss of TMEM201
(Figure 1E and F). In a competitive sprouting assay, differen-
tially labelled ECs (mCherry-scramble-expressed and GFP-sh-1#-
expressed ECs) were mixed in a 1:1 ratio (Figure 1G). We found
that there were more mCherry-scramble-expressing EC sprouts
than GFP-sh-1#-expressing EC sprouts at Day 2 and Day 4
(Figure 11). To exclude any effect of the fluorescence tag, we per-
formed another competitive sprouting assay with GFP-scramble-
expressing and mCherry-sh-1#-expressing ECs (Figure 1H). A
similar phenomenon was observed (Figure 1J). These results
indicate that TMEM201 expression is positively correlated with
EC sprouting ability.

Loss of TMEM201 impedes EC migration and polarity

EC angiogenic behavior involves a cascade of events, among
which EC migration is an essential process. To investigate the
regulatory effect of TMEM201 on EC migration, a transwell assay
was performed. Fewer TMEM201-knockdown (sh-1# and sh-2#)
HUVECs migrated to the bottom chambers of the transwells
compared with the control (scramble) groups (Figure 2A and B).

The HUVEC proliferation rate was slightly inhibited by
TMEM201 knockdown (Supplementary Figure S3). Therefore, a
wound healing assay was applied for a shorter test time to
eliminate the influence of proliferation. At 8 h after scratching,
control HUVECs quickly migrated into the wound, exhibiting an
almost 70% wound closure ratio, while the wound healing per-
centage of TMEM201-knockdown HUVECs was <40% (Figure 2C
and D).

A wound healing assay is not only able to evaluate the mi-
gration speed of cells when they close the wound, but can
also be used to evaluate the behavior of cells after physical
injury of a cell layer. In most migrating cells, the nucleus is
placed away from the leading edge during polarization to pre-
pare for directional migration, and this can be the rate-limiting
step of cell migration (Gomes et al., 2005; Calero-Cuenca
et al., 2018). With the help of actin cytoskeletal staining, it
was observed that the nucleus of control HUVECs moved away
from the wound leading edge, whereas the nuclear positions in
TMEM201-knockdown HUVECs were disorganized and random
(Figure 2E and F).

We also assessed the orientation of the Golgi apparatus in
leading cells to analyze HUVEC polarity. After scratching, we
found that the Golgi apparatus reorientation ratio was reduced
to 24.1% and 23.3% in TMEM201-deficient HUVECs compared
with control HUVECs (45.6%) (Supplementary Figure S4). These
results indicate that TMEM201 is crucial for establishing en-
dothelial polarity in cell directional migration.

Chemotaxis is an EC migration mechanism that is driven by
growth factors such as vascular endothelial growth factor (VEGF)
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Figure 1 Loss of TMEM201 represses EC tube formation and sprouting capacity. (A) The strategy of TMEM201 knockdown. Schematic
illustration of TMEM201 mRNA with untranslated regions (UTRs) and coding DNA sequences (CDSs). The positions of the sh-1# and
sh-2# targets are indicated. (B) RT-qPCR and western blotting analyses show the relative TMEM201 levels in HUVECs expressing control
(scramble) or TMEM201 knockdown (sh-1# and sh-2#) shRNA. (C and D) Knockdown of TMEM201 decreased HUVEC tube formation capacity.
(C) Representative fluorescent images of the tube formation assay. Tubes were visualized with calcein AM (green), and images were captured
at 4x and 10x magnification. Scale bar, 200 uwm. (D) Quantitative analyses of tube formation. At least six random fields were analyzed for
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Figure 2 Knockdown of TMEM201 impairs EC migration. (A and B) The effect of TMEM201 silencing in HUVECs was examined using a transwell
assay. (A) Representative images of the transwell assay are shown. Scale bar, 200 wm. (B) The numbers of migrating cells per field were
counted. (C and D) The effect of TMEM201 silencing in HUVECs was examined using a wound healing assay. (C) Representative images at
0 and 8 h after scratching are shown. Yellow dotted lines indicate the migration leading edges. Scale bar, 100 wm. (D) The percentage of
wound closure was determined at 8 h. (E) Representative images of HUVECs at the leading edge in the wound healing assay. Merged images
of F-actin (red) and nuclei (blue) are shown. Scale bar, 40 wm. (F) Quantitative analysis of nuclear position. The distances away from the

leading edge were calculated. Data are presented as mean & SEM (error bars). Statistical significance was determined by one-way ANOVA
(****P < 0.0001).

and basic fibroblast growth factor (bFGF) (Barkefors et al., 2008). TMEM?201 interacts with the LINC complex in ECs

However, TMEM201 deficiency did not affect VEGF signaling The INM localization of TMEM201 limits the pathways in
(Supplementary Figure S5). We suggest that there is another which it may be involved. TMEM201 is likely to regulate cell
mechanism involved in TMEM201-mediated regulation of EC migration by interacting with proteins localized in the NE or
migration. nuclear periphery. The LINC complex is formed by a transluminal

Figure 1 (Continued) each group. The number of junctions and branches was quantified with Image]. (E) Representative images of sprouts at
culture Day 4 in control or TMEM201-knockdown EA.hy926 cells. Scale bar, 100 wm. (F) Quantification analyses of sprouting. The sprouting
number per bead and the average length of sprouts per bead were quantified. (G) Western blotting analysis shows TMEM201 levels in
EA.hy926 cells expressing mCherry-scramble or GFP-sh-1#. (H) Western blotting analysis shows TMEM201 levels in EA.hy926 cells expressing
GFP-scramble or mCherry-sh-1#. (Iand J) Competitive sprouting assay with a 1:1 mixture of differentially labelled EA.hy926 cells as indicated.
Representative images and quantification of differentially labelled sprouts in each group at culture Day 2 and Day 4 are shown. Scale

bar, 100 um. Data are presented as mean & SEM (error bars). Statistical significance was determined by one-way ANOVA (***P < 0.001,
***%p < 0.0001).
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Figure 3 TMEM201 interacts with LINC complex components SUN2 and LaminA/C in EC. (A and B) TMEM201-flag was detected by
immunofluorescence in HUVECs with anti-Flag antibody and costained for SUN2 (A) or LaminA/C (B). The dotted yellow line was examined
for the colocalization analysis, shown on the right. The X-axis shows the relative position of the dotted yellow line. The Y-axis shows the
intensity signals in the green and red channels. Scale bar, 10 wm. (C) ColP assay and western blotting analysis show that TMEM201-flag
coimmunoprecipitated with SUN2-myc. EA.hy926 cells were transfected with vector or TMEM201-flag together with SUN2-myc. Cell lysates
were immunoprecipitated with anti-Flag or control IgG and immunoblotted with antibodies against Flag and Myc. (D) ColP assay and western
blotting analysis show that SUN2-flag coimmunoprecipitated with TMEM201-myc. EA.hy926 cells were transfected with vector or SUN2-flag
together with TMEM201-myc. Cell lysates were immunoprecipitated with anti-Flag or control IgG and immunoblotted with antibodies against
Flag and Myc. (E) ColP assay and western blotting analysis show that TMEM201-flag coimmunoprecipitated with endogenous LaminA/C.
EA.hy926 cells were transfected with vector or TMEM201-flag. Cell lysates were immunoprecipitated with anti-Flag or control IgG and
immunoblotted with antibodies against Flag and LaminA/C. (F) ColP assay and western blotting analysis show that endogenous LaminA/C
coimmunoprecipitated with TMEM201-flag. EA.hy926 cells were transfected with TMEM201-flag. Cell lysates were immunoprecipitated with
anti-LaminA/C or control IgG and immunoblotted with antibodies against Flag and LaminA/C.

direct interaction between SUN-domain proteins in the INM
and the KASH-domain protein nesprins spanning the ONM. The
N-terminus of the SUN protein interacts with lamins or chromatin
within the nucleoplasm. The divergent N-terminus of the
KASH protein extends into the cytoplasm and engages the
cytoskeleton (Alexandre and Misteli, 2010; Supplementary
Figure S6). During cell migration, nuclear movement is driven by
retrograde actin flow, which depends on actin-associated LINC
complexes built of Nesprin-2 giant and SUN2 (Cain et al., 2018).

Whether TMEM201 interacts with the LINC complex was inves-
tigated. Because the generated TMEM201 antibody was inca-
pable of immunofluorescence, we expressed ectopic TMEM201-
flag for immunofluorescence. Colocalization analysis indicated
good potential for a direct interaction between TMEM201

and SUN2 (Figure 3A), as well as LaminA/C (Figure 3B),
in ECs. These possible interactions were further confirmed
by several coimmunoprecipitation (ColP) assays. We over-
expressed both TMEM201-flag and SUN2-myc. As expected,
the immunoblotting data showed that the anti-Flag antibody
pulled down SUN2-myc (Figure 3C) and vice versa (Figure 3D).
Similar assays were performed to test the interaction be-
tween TMEM201 and LaminA/C. TMEM201-flag was overex-
pressed in ECs. After IP with TMEM201-flag, immunoblotting
bands for LaminA/C were detected (Figure 3E) and vice versa
(Figure 3F). Overall, the immunofluorescence confocal stud-
ies and the various ColP assays verified a specific, direct in-
teraction between TMEM201 and LINC complex components
in ECs.
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The N-terminus of TMEM201 interacts with the LINC complex
and is required for EC migration

According to the predicted TMS and topology with some
verification, a schematic diagram of TMEM201 is shown in
Figure 4A. TMEM201 has five predicted TMSs. The N-terminus
and C-terminus before the last TMS are exposed in the nucleo-
plasm. To gain further insight into the potential functional rele-
vance of the TMEM201-LINC interaction, we designed a series
of Flag-tagged TMEM201 truncations (Figure 4A; Supplementary
Figure S7).

First, we found that the TMEM201 N-terminus successfully
pulled down SUN2-myc (Figure 4B) and LaminA-myc (Figure 4C),
whereas the TMEM201 C-terminus failed to pull down the LINC
complex (data not shown). We hypothesized that the N-terminus
of TMEM201 is required for LINC complex interaction and EC
migration.

Then, the truncation, which lacks the N-terminus
(TMEM201AN-flag), was designed for further study. We
overexpressed full-length TMEM201-flag or TMEM201AN-
flag, together with SUN2-myc or LaminA-myc, followed by
ColP assays. The immunoblotting data showed that full-
length TMEM201-flag pulled down the LINC complex, whereas
TMEM201AN-flag failed to do so (Figure 4D and E).

In  functional assays, full-length TMEM201-flag or
TMEM201AN-flag was overexpressed in HUVECs (Figure 4F).
We performed transwell, wound healing, and tube formation
assays. As expected, expressing full-length TMEM201-flag
could accelerate HUVEC migration and angiogenesis. However,
expressing TMEM201AN-flag failed to promote migration
and angiogenesis (Figure 4G-I). These results indicate that
the N-terminus of TMEM201 is necessary and required for
TMEM201-LINC complex interaction and the regulation of EC
behaviors.

Defective angiogenesis in Tmem201-knockout mice and
zebrafish

To further address TMEM201 function in angiogenesis,
Tmem201-knockout mice were generated by CRISPR/Cas9 tech-
nology (Figure 5A; Supplementary Figure S8A), and the knockout
efficiency was confirmed (Figure 5B; Supplementary Figure S8B).
The Tmem201-/—- mice were viable.

The mouse retina superficial vascular plexus originates at
birth from the optic nerve and grows radially to the peripheral
retinal margin during the first postnatal week (Stahletal., 2010).
As a flat and easily imaged plexus, the superficial vascular
plexus of newborn mouse retinas is a good model to evaluate
gene function in in vivo angiogenesis. We found that deletion of
Tmem201 caused a reduction in the extension of the superficial
vascular plexus at postnatal day 6 (P6), as measured by radial
vascular growth and vascular coverage (Figure 5C).

The aortic ring assay is another angiogenesis model based
on organ culture. Mouse aortic rings were prepared using
tissues from Tmem201+/+ and Tmem201-/- mice. As
expected, vessel outgrowth and branching from aortic rings

were significantly impaired in the absence of Tmem201
(Figure 5D).

Vascular development in zebrafish is remarkably similar to
that in mice and humans (Staton et al., 2009; Nowak-Sliwinska
et al., 2018). The zebrafish homologous tmem201 gene en-
codes a 651-amino acid protein. Therefore, a zebrafish embryo
model was used to further address the proangiogenic role of
TMEM201. We generated tmem201 deletion mutant zebrafish
via CRISPR/Cas9 technology (Figure 5E), and the knockout effi-
ciency was confirmed (Figure 5F).

tmem201+/+ and tmem201-/- embryos were collected, and
ISV development was evaluated. Embryo ISV sprouts from the
aorta, runs between each pair of somites, and connects to the
dorsal longitudinal anastomotic vessel (DLAV) at ~30 h post-
fertilization (hpf) (Childs et al., 2002; Tobia et al., 2015). We
observed 362 tmem201+/+ embryos and 555 tmem201—/-
embryos in four independent experiments. There was a higher
proportion of embryos with defective ISV in tmem201—-/- em-
bryos (44.5% 4 6.8%) than in tmem201+/+ embryos (4.3% =+
2.2%) (Figure 5G). ISV fully extended and had started to form
DLAV in tmem201+/+ embryos. In tmem201-/- embryos, ISV
had not fully grown up to the myoseptum, and DLAV was absent
(Figure 5H and I).

We microinjected DsRed (control) RNA, tmem201 (rescue)
mRNA, tmem201AN-terminus (truncation lacking N-terminus),
or tmem201AC-terminus (truncation lacking C-terminus) into
fertilized eggs of tmem201—-/- Tg(fli:EGFP) zebrafish, followed
by evaluating embryo vessel development at 30 hpf under
a fluorescence microscope. There was a lower proportion
of embryos with defective ISV in the rescue group (27.7%)
than in the knockout group (44.4%), while tmem201AN-
terminus (43.8%) was unable to rescue the phenotype. In
addition, tmem201AC-terminus also decreased the ratio of em-
bryos with defective vessels to 24.8% (Supplementary Figure
S9). All of these results show that TMEM201 N-terminus is re-
quired for vessel development and angiogenesis in zebrafish.

Discussion

In eukaryotic cells, the NE serves as a physical barrier between
the nucleus and cytoplasm. The NE is also involved in nucle-
ocytoplasmic transport, gene transcription, cell motility, and
so on. These functions are carried out by distinct NE proteins,
including ONM proteins, INM proteins, and nuclear pore com-
plexes. TMEM201 is a novel INM protein whose role in cellular
function remains to be defined. This study is the first to report
an essential role of TMEM201 in EC migration and angiogenesis.
Our results suggest that TMEM201 regulates EC migration by
interacting with the LINC complex.

The INM localization of TMEM201 limits the pathways
that it may be involved in. TMEM201 is likely to regulate
cell projections by interacting with proteins localized in the
NE or nuclear periphery. The LINC complex is formed by a
transluminal direct interaction between SUN-domain proteins
in the INM and the KASH-domain protein nesprins spanning
the ONM. During cell polarization prior to migration, the LINC
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Figure 4 The N-terminus of TMEM201 interacts with the LINC complex and is required for EC migration. (A) Schematic diagram of Flag-tagged
full-length TMEM201 and several truncations for subsequent experiments. (B and C) HEK-293T cells were transfected with vector or TMEM201-
N-terminal-flag, together with SUN2-myc (B) or LaminA-myc (C). Cell lysates were immunoprecipitated with anti-Flag and immunoblotted with
antibodies against Flag and Myc. (D and E) HEK-293T cells were transfected with full-length TMEM201-flag or TMEM201AN-flag, together
with SUN2-myc (D) or LaminA-myc (E). Cell lysates were immunoprecipitated with anti-Flag and immunoblotted with antibodies against

Page 7 of 13



Zhang et al., J. Mol. Cell Biol. (2022), 14(3), mjac017

complex binds to the actin cytoskeleton and is organized
into linear arrays, known as transmembrane actin-associated
nuclear lines, to move the nucleus away from the leading edge
(Roux et al., 2009).

The LINC complex is present in nearly all cell types,
including ECs. The KASH-domain protein nesprins are the
ONM components of the LINC complex. Previous studies have
shown that depletion of individual nesprin isoforms results
in impaired EC migration and polarity. Nesprin-1 depletion
increases the number of focal adhesions and substrate traction
while decreasing the speed of EC migration (Anno et al., 2012).
In addition to Nesprin-1, Nesprin-2 also plays an important
role in EC shape and migration by regulating the nuclear and
cytoplasmic architecture (King et al., 2014). Nesprin-3 regulates
human aortic EC morphology, organizes the perinuclear
cytoskeleton, and is required for attaching the centrosome
to the NE (Morgan et al., 2010). Recently, another group utilized
dominant negative KASH (DN-KASH) to displace endogenous
nesprins and disrupt nuclear—cytoskeletal connections. They
found that DN-KASH-expressing cells exhibited impaired cell
migration in wound healing and angiogenesis (Denis et al.,
2021). Collectively, these reports indicate that an intact LINC
complex is important for EC function and homeostasis.

In our study, TMEM201 was found to interact with LINC com-
plex components in ECs. Truncation assays indicated that the N-
terminus is necessary and required for the interaction and EC
migration. The N-terminus of TMEM201 contains a highly con-
served Ima1l N-terminal domain (Lu et al., 2020). There are eight
conserved cysteines organized as four CxxC motifs, which are
predicted to form two zinc fingers. It was previously proven that
INM localization of TMEM201 depends on intact CxxC motifs.
In addition, TMEM201 zinc finger mutations specifically affect
the distribution of Emerin SUN1, and LaminA/C (Gudise et al.,
2011).

Samp1 is a shorter isoform of TMEM201 (Buch et al., 2009;
Vijayaraghavan et al., 2018). Because the two isoforms share
the same N-terminal domain (Supplementary Figure S10), we
suggest that Samp1 has a similar function in EC migration
and angiogenesis. We overexpressed Samp1-flag in HUVECs
(Supplementary Figure S11A). OE-Samp1-flag HUVECs exhib-
ited better migration and tube formation ability than control
HUVECs (Supplementary Figure S11B and (). In contrast to
Samp1, TMEM201 has a unique undefined C-terminal domain
(Supplementary Figure S10). The nucleocytoplasmic C-terminus
of TMEM201 is highly conserved, but its role is poorly under-
stood. Although the C-terminus was not identified to be involved

in LINC complex interactions, we suggest that the C-terminal
domain may play another specific role. For example, a number
of phosphorylation sites have been identified in the TMEM201
C-terminus (Dephoure et al., 2008; Olsen et al., 2010; Zhou
et al., 2013; Schaffer et al., 2015), implying a potential regula-
tory function of the C-terminal domain.

There are several hypotheses about the detailed mechanisms
by which TMEM201 regulates SUN2 and LaminA/C. Lamins, the
major constituent of the nuclear lamina, form a dense meshwork
of filaments. Numerous INM proteins, such as LAP2—Emerin—
MAN1-domain proteins, help anchor lamin filaments to the NE
(Schirmer and Foisner, 2007; Barton et al., 2015; Leeuw et al.,
2018). We suggest that TMEM201 associates with LaminA/C
and contributes to tethering lamin filaments around the nuclear
periphery. On the other hand, Samp1 was previously reported
to significantly attenuate the mobility of another INM protein,
Emerin, in the NE (Vijayaraghavan et al., 2018). We suggest that
TMEM201 may also serve as an anchor to restrict the mobility
of SUN2. As a result, the flexibility and stabilization of the LINC
complex might be adjusted to adapt to specific situations.

There are other potential mechanisms by which TMEM201
could impact EC migration independently of its interaction with
the LINC complex. Chemotaxis is a mechanism of EC migration
and angiogenesis driven by growth factors such as VEGF and
bFGF (Barkefors et al., 2008). However, we found that TMEM201
deficiency did not affect VEGF signaling in HUVECs. In addi-
tion to the prominent role of VEGF, other signaling pathways,
such as Notch and transforming growth factor-g (TGFB), con-
tribute to angiogenesis through coordinated crosstalk. Whether
TMEM?201 regulates these pathways remains to be elucidated.
Most recently, our group showed that TMEM201 is a positive
modulator that regulates the invasion of breast cancer cells.
TMEM?201 deficiency inhibits epithelial to mesenchymal transi-
tion and TGFB signaling (Kong et al., 2022). Given our findings,
it is an attractive possibility that TMEM201 might regulate EC
migration and polarity through the TGFB-dependent signaling
pathway.

We applied tube formation and fibrin gel bead sprouting as-
says to recapitulate in vivo angiogenesis. These models provide
a settingthatis closerto the local environment in vivo, where ECs
are surrounded by matrix and can form tube-like structures in
response to growth factors or other matrix proteins. The results
showed that loss of TMEM201 impaired EC tube formation and
sprouting ability.

Encouraged by these results, we further investigated
TMEM?201 function in angiogenesis in vivo. Tmem201-knockout

Figure 4 (Continued) Flag and Myc. (F) Western blotting analyses show the relative TMEM201 expression in TMEM201-flag- or
TMEM201AN-flag-expressing HUVECs. (G-1) The effects of full-length TMEM201-flag and TMEM201AN-flag in HUVECs were examined using
transwell, wound healing, and tube formation assays. (G) Representative images of the transwell assay are shown. Scale bar, 200 pwm.
The numbers of migrating cells per field were counted. (H) Representative images at 0 and 8 h after scratching are shown. Yellow dotted
lines indicate the migration leading edges. The percentage of wound closure was determined at 8 h. Scale bar, 100 wm. (I) Representative
fluorescent images and quantitative analyses of the tube formation assay. Tubes were visualized with calcein AM (Green). Scale bar, 200 wm.
Data are presented as mean =+ SEM (error bars). Statistical significance was determined by one-way ANOVA (**P < 0.01, ***P < 0.001,

***%p - 0.0001, and ns = no significance).
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Figure 5 Defective angiogenesis in Tmem201-knockout mice and tmem201-knockout zebrafish. (A) Schematic diagram of CRISPR/Cas9-
mediated knockout of the mouse Tmem201 allele. The sequences of sgRNAs and corresponding deletion sites are shown. (B) RT-PCR for
Tmem201 and Gapdh performed on mRNA extracted from tissues of the indicated mice. (C) Representative images of whole-mounted retinas
from Tmem201+/+ and Tmem201-/- mice at P6. Retinal vessels were stained with Isolectin GS-1B4 (green). Scale bar, 500 um. Reduced
extension of the superficial plexus was quantitated in the retina of Tmem201+/+ and Tmem201-/- mice (n = 6 for each group). (D) Aortic
ring assays of Tmem201+/+ and Tmem201—/- mice. EC sprouts were stained with BSI lectin (green). Scale bar, 200 wm. The number of
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mice were viable but exhibited a delay in the development of the
superficial vascular plexus at P6. From P7 to P15, the superficial
capillaries sprout vertically to form the deep vascular plexus, fol-
lowed by the formation of an intermediate vascular plexus from
P15 to P21 (Stahl et al., 2010). We tested other retinal vessel
development stages. At P9, Tmem201+/+ and Tmem201-/-
mice had comparable vessel coverage in the superficial plexus,
while the deep plexus of Tmem201—-/- mice grew slower than
that of Tmem201+/+ mice (Supplementary Figure S12). At
P17, the retinal vessel development of Tmem201—-/- mice was
similar to that of Tmem201+/+ mice (Supplementary Figure
S13). It seems that Tmem201—/- mice exhibited a delay in the
development of the superficial vascular plexus at P6 and deep
vascular plexus at P9, whereas vessel development at P17 was
resolved. It remains to be explored whether the delay of retinal
vessel development causes any retinopathy or visual defects in
Tmem201-knockout mice (Selvam et al., 2018).

In zebrafish, we tested embryo vessel development at 54 hpf
and 5 days postfertilization (dpf). A lower proportion of embryos
with normal vessels were observed in the tmem201-deficient
group (66.3% =+ 10.7% at 54 hpfand 79.6% + 7.6% at 5 dpf)
thaninthe control group (95.7% + 2.2%) (Supplementary Figure
S14). The formation of new blood vessels, or angiogenesis, is a
complex process that plays important roles in growth and devel-
opment, tissue and organ regeneration, and numerous patho-
logical conditions. In our study, TMEM201 was found to play
an important role during mouse retina and zebrafish ISV devel-
opment (also known as physiological angiogenesis). Of course,
TMEM201’s function in pathological angiogenesis remains to be
elucidated. The two most prominent pathological angiogenesis
models are retinopathy pathological angiogenesis (Liu et al.,
2017; Selvam et al., 2018) and tumor angiogenesis (Maishi and
Hida, 2017; Lugano et al., 2020). Oxygen-induced retinopathy
(Connor et al., 2009) and choroidal neovascularization models
(Toma et al., 2010; Shah et al., 2015) will be utilized in future
studies.

Materials and methods
Cell lines and cell culture

Primary HUVECs (Promocell, C-12203) were cultured in en-
dothelial cell growth medium 2 (EGM2) with a supplemental mix
(Promocell, C-22011) and were used at passages 3—8. EA.hy926
(ATCC, CRL-2922), HEK-293T (Clontech, 632180), and NIH-3T3
(ATCC, CRL-1658) cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum

(FBS). All cells were maintained in a humidified atmosphere at
37°Cand 5% CO,.

Generation of TMEM201-knockdown or TMEM201-
overexpressing ECs

shRNA was designed with BLOCK-iT™ RNA Designer
(Invitrogen). The shRNA sequences (21 bp sense) are as follows.
Scramble: CAACAAGATGAAGAGCACCAA; sh-1#: GCGTAGTCA
CATCTTTGTACT; and sh-2#: GCAACCGCTCCATCAAGAAAG. shRNA
was cloned into the pLKO.1 plasmid following the protocol from
Addgene (Moffat et al., 2006). shRNA plasmid, psPAX2, and
pMD2.G (4:3:1) were cotransfected into HEK-293T cells using
Lipofectamine 2000 (Thermo Fisher Scientific, 11668019).
After 48 h, the supernatant was collected and filtered through
a 0.45-um membrane (Millipore) to obtain knockdown virus
particles. Human TMEM201, LaminA, and SUN2 cDNAs were
cloned into the pLVX-IRES plasmid with a Flag or Myc tag.
The overexpression plasmids psPAX2 and VSVG (5:3:2) were
cotransfected into HEK-293T cells, and overexpression virus
particles were collected. HUVECs or EA.hy926 cells were infected
with the appropriate amount of knockdown or overexpression
virus particles. After 48 h, the infected ECs were subjected to
various tests.

Tube formation assay

Tube formation assay was based on a published protocol
(Arnaoutova and Kleinman, 2010). A 96-well plate was coated
with 50 !l Cultrex Basement Membrane Extract (Trevigen, 3433-
010-01) and incubated at 37°C for 30 min. HUVECs (1.2 x 10%)
were seeded in the wells. After 4—6 h of incubation, the tubes
were stained with calcein AM. Brightfield and fluorescentimages
were taken from several fields. The brightfield images were ana-
lyzed using the ‘Angiogenesis Analyzer’ plugin in Image).

Fibrin gel bead sprouting assay

A previously established fibrin gel bead sprouting assay was
optimized to study angiogenesis (Nakatsu et al., 2007; Nakatsu
and Hughes, 2008). A total of 2500 Cytodex microcarrier beads
(Sigma-Aldrich, C3275) were coated with 1 x 10° EA.hy926
in medium at 37°C and 5% CO,. The tube was shaken gently
every 20 min for 4 h. The coated beads were then transferred
to a dish containing 5 ml EGM2 medium and left overnight.
The next day, the EA.hy926-coated beads were resuspended
at a concentration of 500 beads/ml in 2 mg/ml fibrinogen
(Sigma-Aldrich, F3879) solution containing 0.15 U/ml aprotinin

Figure 5 (Continued) sprouts and the average length of sprouts emerging from the aortic ring were determined. (E) Schematic diagram of
CRISPR/Cas9-mediated knockout of the zebrafish tmem201 allele. The sequence of sgRNA and its corresponding deletion sites are shown.
(F) RT-PCR and gPCR for tmem201 and actin performed on mRNA extracted from the tissue of the indicated zebrafish. (G) The percentages of
30-hpftmem201+/+ and tmem201-/- embryos with normal or defective ISV. Four independent trials were performed, and the numbers of
embryos are shown. (H) Representative images of 30-hpf embryos. In tmem201+/+ embryos, ISV fully extended and started to form DLAV. In
tmem201-/— embryos, ISV did not extend completely, and DLAV was absent. ISV and DLAV are indicated with white arrows. White asterisks
represent defective ISV. Scale bar, 500 um. (I) Quantitative analyses of embryo ISV developmentin H. The average length of ISV was calculated
for each group (n = 5 for tmem201+/+ and n = 8 for tmem201-/-). Data are presented as mean % SEM (error bars). Statistical significance
was determined by Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
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(Meilunbio, MB3095). Then, 0.625 U/ml thrombin (Meilunbio,
MB1368) was added to a 24-well plate, followed by the addition
of the fibrinogen/bead solution. The plate was left at room
temperature for 5 min and then placed in an incubator at 37°C
and 5% CO, for 15 min to generate a clot. Finally, fibroblast NIH-
3T3 cells were seeded on top of the fibrin gel at a concentration
of 2 x 10* cells/well in 1 ml EGM2 medium. The medium was
changed every other day. Sprouting images were captured after
2-4 days.

Transwell assay

HUVECs were loaded onto 8-jum-pore-size transwell chambers
(Corning, CLS3422) in 100 wl EGM2 medium at a concentration
of 5 x 10* cells/well. Medium with 10% FBS was added to the
lower well. After 24 h, the cells were fixed and stained with 0.1%
crystal violet. Non-migrating cells on the upper surface of the
chamber were removed by wiping with a cotton swab. Images
were captured by microscopy, and the migrating cellnumberwas
counted using Image].

Wound healing assay

A wound healing assay was conducted using a Culture-
Insert 3 Well Dish (Ibidi, 80366). HUVECs were seeded at a
concentration of 3 x 10° cells/mland incubated overnight. After
removing the insert, fresh medium was added. Images of the
gap at the indicated time points were collected at the same
magnification. The degree of wound healing was determined by
quantification of the wound area at the time points compared
with thatat O h.

Cell viability assay

Cell viability was detected by Cell Counting Kit-8 (CCK8) ac-
cording to the manufacturer’s guidelines. Ten microliters of CCK8
(Dojindo, CKO04) solution was added to each well containing
90 wl culture medium, followed by gentle shaking. After incu-
bation at 37°C under 5% CO, for 1-4 h, the absorbance of
the solutions was measured at 450 nm using an M5 microplate
reader (Molecular Device).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde solution, per-
meabilized with 0.2% Triton X-100 solution, blocked with 5%
bovine serum album solution, and then incubated with pri-
mary antibody at 4°C overnight. The samples were washed and
treated with fluorescent secondary antibody at room tempera-
ture for 1 h. For F-actin staining, the samples were incubated with
phalloidin (1:100) for 1 h. The nuclei were stained with Hoechst
33342 (1:2000). The samples were imaged with a Leica SP5
confocal microscope. Colocalization analyses were performed
by Image].

RT-gPCR

Total RNA from cultured cells and animal tissues was ex-
tracted using TRIzol according to the manufacturer’s instruc-
tions. cDNA was synthesized with ABScript Il RT Master Mix

(ABclonal, RK20402), and gPCR was performed using 2x Uni-
versal SYBR Green Fast qPCR Mix (ABclonal, RM21203) follow-
ing the manufacturer’s instructions. The following primers were
used: human TMEM201 forward 5'-AGCAACCGCTCCATCAAGAA-3’
and reverse 5-CGCAGGCTCTGGTACAGAAA-3’, human GAPDH
forward 5'-AAGAAGGTGGTGAAGCAGG-3’, and reverse 5'-AGGTGG
AGGAGTGGGTGTCG-3’, mouse Tmem201 forward 5-CAAGTGTC
ACATCCTCGCCA-3’, and reverse 5'-CTCCCGCTGAACAGGTATCC-3/,
mouse Gapdh forward 5-AGGTCGGTGTGAACGGATTTG-3" and
reverse 5 -TGTAGACCATGTAGTTGAGGTCA-3/, zebrafish tmem201
forward 5-CTCGCCACCTTCAGACTACT-3" and reverse 5'-TCTGAA
AGAAACGGAGGCGG-3’, and zebrafish actin forward 5-ATGCCCC
TCGTGCTGTTTTC-3" and reverse 5'-GCCTCATCTCCCACATAGGA-3'.
The level of target gene expression was normalized to that of
GAPDH or actin.

ColP and immunoblotting

First, 400 w1 of diluted antibody (Ab) was added to Protein
A/G Magnetic Beads (MedChemExpress, HY-K0202), and the
tube was rotated for 2 h at 4°C. Then, the bead-Ab complex
was washed five times using wash buffer (phosphate-buffered
saline with 0.5% Triton X-100, PBST). Cells were lysed with lysis
buffer (Beyotime Biotechnology, PO013B) supplemented with
protease inhibitor cocktails and incubated for 10 min. After
centrifugation, the lysate supernatant was collected. The bead—
Ab complex was added to the cell lysate to capture the tar-
get antigen (Ag). Afterward, the bead—Ab—Ag was washed with
PBST. The precipitate was detected by immunoblotting. Sam-
ples were separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and probed with the indicated antibodies
following standard western blotting procedures. The positive
protein bands were visualized with electrochemiluminescence.

Generation of Tmem201-knockout mice

Tmem201-knockout mice were generated by the Shanghai
Model Organisms Center (China). Genotyping was performed
using DNA extracted from the tail tissue by PCR with the fol-
lowing primers: P1 forward 5-CGGGCAGCTTGGTGGCGGTTTT-3’,
P2 reverse 5-AGGGATGCTGGCGAGGATGTG-3’, P3 forward 5'-GC
GGAGTGCCTGGTCTGGGGATAG-3’, and P4 reverse 5-CTGGGCAG
TGAGTGTGATGTGAAA-3'. Knockout of Tmem201 was confirmed
by RT-PCR in different tissues. Age-, sex-, and strain-matched
animals were used throughout. Animals were housed in a
temperature-controlled room (22°C 4+ 2°C) with a 12-h light/dark
cycle. All animal experiments were approved by the Animal
Ethics Committee of the Shanghai Institute of Materia Medica.

Retina isolation and whole-mount staining

The neonatal mouse retina was isolated and subjected to
whole-mount staining following a protocol described previously
with some modifications (Tual-Chalot et al., 2013). Briefly, the
eyes were fixed in methanol overnight at —20°C. After fixa-
tion, the retinas were dissected, washed, and permeabilized
with 0.5% Triton X-100 overnight at 4°C and then stained with
Isolectin GS-IB4 conjugate overnight at 4°C. Finally, the retinas
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were transferred onto slides with four radial incisions to create
a ‘petal’ shape and mounted. Images were taken by Vectra
(PerkinElmer).

Aortic ring assay

The aortic ring assay was performed using a modified method
(Marianne et al., 2011). In brief, 0.5-mm-diameter rings were
sliced from the aortas of 8-week-old mice. The aortic rings were
embedded into collagen | gel in a 48-well plate and cultured in
Opti-MEM supplemented with 2.5% FBS and 30 ng/m| VEGF. The
medium was changed every other day. After 6 days of culture, the
explants were fixed and stained with BSl lectin-FITC and Hoechst
33342.The aortic rings were visualized under a microscope. The
number and length of the branches were counted manually.

Generation of tmem201-knockout zebrafish

tmem201-knockout zebrafish were generated using the
CRISPR/Cas9 gene editing system by Xinjia Medical Co.
Ltd (China). Briefly, small guide RNA (sgRNA) targeting the
zebrafish tmem201 gene (NC_007134.7) was designed by
the online software CHOPCHOP. AB strain zebrafish embryos
were microinjected with sgRNA as previously described (Hwang
et al., 2013). The efficiency of knockout was estimated by a
PCR-based method at 2 days postinjection (Carrington et al.,
2015). The most efficient sgRNA was selected for the generation
of the mutant line: sgRNA19 5'-GTCACGCAGACCTTGAGCGG-3'.
The injected zebrafish (FO) were raised and crossed with the AB
strain to obtain the founder. One strain with an allele containing
a frameshift deletion resulting in a premature stop codon was
selected and crossed with Tg(fli:EGFP) transgenic zebrafish for
the angiogenesis experiments. Genotyping was performed using
DNA extracted from the adult zebrafish caudal fin by a PCR assay
with the following primers: forward 5-GCAGCTACTGTTGATTCA
TG-3" and reverse 5-CTGAATTCCAGTACTTCGAC-3'.

ISV phenotype evaluation

Embryos at 30 hpf were collected from different groups, and
ISV phenotypes were evaluated. For ISV phenotype quantitation,
the phenotypes were divided into two groups: normal ISV (ISV
fully extends dorsally) and defective ISV (no ISV sprouts or ISV
up to the horizontal myoseptum). In addition, the length of ISV
was measured for phenotype quantitation.

Antibodies and materials

The antibodies and fluorescent dyes used in this study were
as follows: anti-Flag (FUJIFILM Wako, 018-22381), normal mouse
IgG (Santa Cruz, sc-2025), and calcein AM (MB5279, Meilunbio).
Anti-GAPDH (14C10) rabbit mAb (2118S), LaminA/C (4C11)
mouse mAb (4777S), and Myc-tag (9B11) mouse mAb (22765)
were purchased from Cell Signaling Technology. Anti-SUN2 an-
tibody [EPR6557] (ab124916), goat anti-rabbit IgG H&L (Alexa
Fluor® 488) (ab150077), and goat anti-mouse IgG H&L (Alexa
Fluor® 555) (ab150114) were purchased from Abcam. Peroxi-
dase AffiniPure goat anti-mouse IgG (H+L) (115-035-003) and
peroxidase AffiniPure rabbit anti-goat I1gG (H+L) (305-035-003)
were purchased from Jackson ImmunoResearch Laboratories.

F-actin monoclonal antibody (NH3) (MA1-80729), Alexa Fluor
488 Isolectin GS-IB4 conjugate (121411), and Hoechst 33342
solution (H3570) were purchased from Invitrogen. y-tubulin an-
tibody (T6557) and BSlI lectin-FITC (L9381) were purchased from
Sigma-Aldrich. The anti-TMEM201 rabbit antibody, generated
with the TMEM201 (430-638 amino acid) peptide, was made
by Youke Biological Technology Co. Ltd.

Statistical analysis

Data are presented as mean =+ standard error of the mean
(SEM). The statistical evaluations were analyzed with GraphPad
Prism 6 and performed by Student’s t-test (two-tailed) for com-
parisons between two groups and one-way analysis of variance
(ANOVA) with Bonferroni correction for comparisons between
multiple groups. P-values are indicated as follows: *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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