LLT
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Table 2. Cont.

1 in CKD patients

1 by 5/6Nx, | by AST-120

Cytosine

Not Detected

1T by 5/6Nx, | by AST-120

5-Methylcytosine

Not Detected

1 by 5/6Nx, | by AST-120

Imidazole-4-acetate

Not Detected

N.S. by 5/6Nx, | by AST-120

Anthranilate

NS.

N.S. by 5/6Nx, | by AST-120

Glycerophosphorylcholine

Not Detected

N.S. by 5/6Nx, | by AST-120

Nicotinamide

| in CKD patients

N.S. by 5/6Nx, | by AST-120

Gln

1 in CKD patients

N.S. by 5/6Nx, | by AST-120

Asn

Not Detected

N.S. by 5/6Nx, | by AST-120

Dihydrouracil

N.S.

N.S. by 5/6Nx, | by AST-120

Glu

[19]

1 in uremia

NS.

N.S. by 5/6Nx, | by AST-120

Creatine

1 in CKD patients

N.S. by 5/6Nx, | by AST-120

g-Butyrobetaine

N.S.

N.S. by 5/6Nx, | by AST-120

1-Methylnicotinamide

[24]

| in uremic rats

} in CKD patients

| by 5/6Nx, } by AST-120

Tp

[25]

1 in CKD patients

1 in CKD patients

N.S. by 5/6Nx, T by AST-120

Trimethylamine N-oxide

Toxins 2012, 4 1320

5. Conclusion

We newly identified 4 anions and 19 cations whose plasma levels are changed by AST-120

treatment in 5/6Nx rats. This study provides useful information, not only for identifying the indicators
of AST-120, but also for clarifying changes in the metabolic profile by AST-120 treatment in the
clinical setting.
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Cyclin D2 in the basal process of neural
progenitors is linked to non-equivalent cell fates
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Asymmetric cell division plays an indispensable role dur-
ing corticogenesis for producing new neurons while main-
taining a self-renewing pool of apical progenitors. The
1i and lecular deter ts favouring asym-
metric division are not completely understood. Here,
we identify a novel mechanism for generating cellular
asymmetry through the active transportation and local
translation of Cyclin D2 mRNA in the basal process. This
process is regulated by a unique cis-regulatory sequence
found in the 3’ uniranslaied region (3'UTR) of the mRNA.
Unequal inheritance of Cyclin D2 protein to the basally
positioned daughter cell with the basal process confers
renewal of the apical progenitor after asymmetric division,
Conversely, depletion of Cyclin D2 in the apically posi-
tioned daughter cell results in terminal neuronal differ-
entiation. We demonstrate that Cyclin D2 is also expressed
in the developing human cortex within similar domains,
thus indicating that its role as a fate determinant is ancient
and conserved.
The EMBO Journal advance online publication, 6 March 2012;
doi:10.1038/embo;j.2012.43
Subject Categories: cell & tissue architecture; neuroscience
Keywords: asymmetric cell division; corticogenesis; Cyelin D2;
mRNA subcellular localization; neuronal differentiation

Introduction

During cortical development in Is, the ion of
the cortical wall relies on large numbers of neurons to be
generated by proliferating neuroepithelial cells (Smart, 1973).
At early stages of corticogenesis (embryonic day 10.5
{E10.5)), these neuroepithelial cells divide symmetrically to
yield more progenitors, resulting in a thickened pseudostra-
tified sheet where the mitotic cells are concentrated mainly
on the apical side of the epithelium (Rakic, 1988). The
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dividing cells attached to the apical membrane are called
apical progenitors (APs), and during the proliferative stage
they undergo mostly symmetric cell divisions, producing
daughter cells with equal fates (as neurons or more progeni-
tors) (Huttner and Kosodo, 2005). Later in corticogenesis
(E12.5-15.5), neuroepithelial cells become radial glia and
start to divide asymmetrically, producing an AP with self-
renewing capacity together with a terminally differentiated
neuron or intermediate progenitor (IP) (Gotz and Huttner,
2005). Newly produced neurons migrate out of the ventricular
zone (VZ) to form the cortical plate (CP}, while intermediate
progenitors divide symmelrically in the subventricular zone
(SVZ) and generate more IPs or neurons (Haubensak et al,
2004; Miyata et al, 2004; Noctor et al, 2004). APs undergoing
symmetric and asymmetric divisions often overlap and coex-
ist in the germinal zones (Hultner and Kosodo, 2005), but
what is unclear is the motivation driving symmetric versus
asymmetric divisions (Gotz and Hultner, 2005).

Asymmetric cell division of neural progenitor cells is
critical for establishing the architectures of the mammalian
cerebral cortex by regulating the balance between prolifera-
tive and neurogenic populations. This is achieved by produ-
cing daughter cells that are self-renewing together with
daughter cells that become postmitotic neurons and thereby
increasing the number of neurons while maintaining the
number of APs (Gotz and Huttner, 2005; Kriegstein et al,
2006). In addition, asymmetric cell division is capable of
generating a third class of offspring known as the intermedi-
ate progenitor whose cell body lies in the SVZ and retracts its
apical attachment prior to mitosis (Miyata et al, 2004; Attardo
et al, 2008). These observations invite the question—what
cellular factors influence mitotic descendants to become a
self-renewing AP or a differentiated neuron?

A key issue in this debate concerns the roles played by
structural elements such as the apical membrane or basal
process, and their cytoplasmic constituents, in conferring AP
fate. The cleavage plane per se is not an indicator of sym-
metric or asymmetric division (Kosodo et al, 2004), but
experimental randomization of the cleavage plane {by chan-
ging mitotic spindle orientation) decreases the number of APs
(Konno et al, 2008). Leaving cleavage plane aside, it has been
suggested that asymmetric inheritance of fate-determining
constituents present in the apical process is sufficient to
ensure asymmetric division (Kosodo ef al, 2004; Attardo
et al, 2008; Bultje et al, 2009), but this notion has been
undermined by a recent study showing that even complete
inheritance of the apical process is no guarantor of AP fates
(Konno et al, 2008). In this context, the status of the basal
process has been underexplored, although it has been hy-
pothesized that inheritance of both apical and basal processes
is required for self-renewing capability (Konno et al, 2008).
Certainly, basal process splitting has been observed to ac-
company both symmetric and asymmetric neuroepithelial
divisions (Kosodo et al, 2008; Kosodo and Huttner, 2009),
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although there is controversy whether asymmetric inheri-
tance of the basal process is predictive of neuronal differ-
entiation (Miyata et al, 2001) or progenitor renewal (Ochiai
et al, 2009; Alexandre et al, 2010).

In the current study, we set out to explore the role of the
basal process, in particular the contribution by the polarized
distribution of Cyclin D2, in the determination of apical
progenitor fate. Previous studies have established that
Cyclin D2 protein localized in the basal process of neural
progenitors (Glickstein et al, 2007), and as a member of the
Cyclin family, may be involved in the regulation of the cell
cycle (Dehay and Kennedy, 2007; Salomoni and Calegari,
2010). Other studies have established that another family
member, Cyclin D1, is implicated in regulating the balance
between the number of cortical cells undergoing proliferation
or becoming IPs (Lange et al, 2009). Here, we demonstrate
using mouse cortical tissue the polarized distribution of
Cyclin D2 mRNA and protein in neural progenitors. We
identify a novel 50 base pair (bp) cis-acting transport element
for the basal localization of Cyclin D2 mRNA within its 3’
untranslated region (3'UTR) and showed that Cyclin D2
mRNA is locally translated into protein at the basal endioot.
We provide several lines of evidence to suggest that post-
transcriptional regulatory systems are required for asym-
metric segregation of Cyclin D2 protein to one of the two
daughter cells. In addition, gain- and loss-of-function experi-
ments that perturb asymmetrical distribution of Cyclin D2
protein in apical progenitor cells severely distort asymmetry
of the cell fate. Finally, we show that protein localization of
Cyclin D2 is highly conserved in the human fetal cortex.
Taken together, we propose a model for Cyclin D2 as a fate
determinant by the asymmetrical distribution of Cyclin D2 to
the basal process and subsequent inheritance to the mitotic
offspring with self-renewing capacity.

Results

Localization patterns of Cyclin D2 mRNA and protein
during early corticogenesis

Localization of Cyclin D2 protein in the developing neocortex
has been previously reported (Ross et al, 1996; Glickstein
et al, 2007}, while detailed subcellular distributions with
regard to developmental periods and cell-cycle phases have
not been elucidated. We first examined changes in the
expression patterns of Cyclin D2 mRNA and protein in
mouse forebrain during the proliferation (E10.5) and neuro-
genic stages (E14.5). Antibody specificity was confirmed by
western blotting and immunostaining on Cyclin D2 knockout
mouse neocortex with wild-type littermates (Supplementary
Figure S1).

From E10.5 to E14.5, Cyclin D2 mRNA was detected in the
cortical wall, mostly near the basal lamina as reported by
others, and weakly in the VZ (Figure 1A-C). In comparison,
mRNA of another members of the Cyclin family, Cyclin DI
and Cyclin D3, was present in the VZ but not at the basal edge
of the cortical primordium (Supplementary Figure S2). At
higher magnification, expression of Cyclin D2 mRNA and
protein in the cortical wall showed unique and differential
patterns. Cyclin D2 mRNA was preferentially localized in
subcellular structures adjacent to the basal lamina at all
three stages examined (Figure 1D, F and H). On the other
hand, the protein was evenly distributed in cellular nuclei of

2 The EMBO Journal

the epithelial sheet at E10.5 (Figure 1E), but at older stages
(E12.5 and 14.5) the protein showed a dual distribution
pattern directed at basal processes and VZ cells with little
staining in between (Figure 1G and I). At these stages, Cyclin
D2 protein in the VZ and SVZ was found in the nucleus
(arrow in inset of Figure 1G), although not all cells were
immunopositive (double arrow in inset of Figure 1G). Even
though Cyclin D2 protein was expressed in nuclear and non-
nuclear compartments, Cyclin D2 mRNA itself was consis-
tently found in cytoplasmic structures on the basal but not
apical aspects of the neuroepithelium,

To confirm Cyclin D2 mRNA and protein were expressed in
neural progenitor cells, fluoro in-situ hybridization with
immunostaining and double immunostaining of Cyclin D2
mRNA and protein with Blll-tubulin (which marks neurons)
was performed in the E12.5 cortex. The results show that
Cyclin D2 mRNA and protein localization in basal structures
was essentially non-neuronal (Figure 1J and K, arrowheads).
Instead, double immunocytochemistry with Jaminin indicates
that Cyclin D2 staining was not coextensive with the base-
ment membrane (Figure 1L), but restricted in the basal
endfoot of neuroepithelial cells revealed by EGFP-lentiviral
reporter (Figure 1M and N). Thus, polarized Cyclin D2
expression in the basal processes of neural progenitors
appears during the onset of neurogenesis, and is maintained
thereafler.

A cis-acting transport element of Cyclin D2 mRNA
resides in its 3'UTR

To elucidate the mechanism behind the polarized distribution
of Cyclin D2 mRNA in cortical progenitor cells, whole-embryo
cultures and electroporation experiments were conducted
(Supplementary Figure S3A; Osumi and Inoue, 2001). Since
localization of mRNA is usually achieved by the binding of a
cis-acting transport element with a trans-acting localization
factor (Palacios and St Johnston, 2001), we tested whether a
cis-acting transport element is present in the 3'UTR of Cyclin
D2 (AK147345). A reporter construct, pCE/CD2/3, was gen-
erated by inserting the entire 3'UTR region of Cyclin D2
mRNA (1106-6274) into an open reading frame (ORF) down-
stream of EGFP in pCAX. This construct was co-electroporated
with pCAGGS-mRFP into the diencephalon of E12.5 embryos,
which were subsequently cultured for 12h (Supplementary
Figure S3A). Localization of transcribed mRNAs was detected
by in-situ hybridization using EGFP and mRFP riboprobes on
adjacent sections from electroporated embryos. The results
demonsirate that EGFP mRNA fused with a Cyelin D2 3'UTR
sequence was distributed both in the VZ and in the basal
endfoot of neural progenitor cells (Figure 2A), while mRFP
mRNA without a Cyclin D2 3'UTR sequence was present
only in the VZ (Figure 2B). This suggests that a cis-acting
transport element of Cyclin D2 mRNA is present in its
3'UTR region and is capable of transporting reporter mRNA
into the basal endfeet. The speed of this transport event
(distance of 400 um in the basal process within 12 h) suggests
that passive diffusion or lack of mRNA degradation is un-
likely to account for the observed polarized distribution of
Cyclin D2 mRNA. Further characterization of this sequence
by the use of truncated fragments of the Cyclin D2 3'UTR
yielded a minimal 50 bp element (pCE/CD2/3/3965-4015) that
was sufficient for basal localization of Cyclin D2 mRNA, both
in the diencephalon and in the cortex (Figure 2C and D;

©2012 European Molecular Biology Organization
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F:gure 1 Expression patterns of Cyclin D2 mRNA and pmtem during comcal development. (A-I} Locahzanon of Cyclin D2 mRNA and protein
in sections from mouse embrynmc neocortex d d by in-siti hybri ion and i AtE10.5, Cyclin D2 mRNA is mainly
observed at the basal edge of the neuroepithelium (arrowheads in A, higher magnification in D), whereas Cyclin D2 protein appears to be
uniformly distributed in the nuclei across the epithelial sheet (inset in E). At E12.5 and E14.5, Cyclin D2 mRNA is preferentially expressed on
the basal side of radial glia including the b (F, H). In contrast, Cyclin D2 protein is strongly expressed in structures next to
the basal lamina (G, I), as well as in the VZ where cells showing strong nuclear staining (inset in G, arrow) are situated next to other cells
devoid of Cyclin D2 protein (inset in G, double arrows). A similar distribution pattern is observed at E14,5 with the additional observation that
SVZ cells contain Cyclin D2 protein (I, arrowheads). (J-L) Double immunostaining in E12.5 cortex shows that Cyclin D2 mRNA (J) and protein
(K) is found in basal endfeet of non-neuronal processes identified by the lack of plll-tubulin (J and K, arrowheads). Cyclin D2 protein is
detected in the apical side of the basal lamina revealed by Jaminin immunoreactivity (arrowheads in L), and also in the basal process and
endfoot of radial glia revealed by EGFP-lentiviral infection (M and N, arrowheads). Dotted lines denote the location of the basal lamina, VZ,

POEACD2I3/3854-3963

BCEICDUII014-4015

pCEICD21313930-3500

PCEICD2373950-4000

ventricular zone. Scale bars: 100 pm in (A-C), 50pm in (D-1), and 20 pm in (J-N).

Supplementary Figure S3B and C). This finding indicates that
a 3'UTR transport element regulates the active transport of
Cyclin D2 mRNA to the basal endfeet.

Transported Cyclin D2 mRNA is translated locally

in the basal endfoot

To examine whether the Cyclin D2 mRNA in the basal endfeet
is translated in situ, an expression vector, pCEN/CD2/3'/1496-
5457, containing EGFP with a nuclear localization signal
(NLS-EGFP) was electroporated together with pCAGGS-
mRFP into E13.5 forebrain in utero {Takahashi et al, 2002;
Figure 3A). A construct containing Cyclin D2 3’UTR nucleo-
tides 1496-5457 placed downstream of NLS-EGFP in a
reverse direction (pCEN/CD2/3'/5457-1496) was used as a
control for these experiments (Figure 3A). Following fixation
24 h later, NLS-EGFP mRNA linked to Cyclin D2 3'UTR (1496~
5457) was observed at the basal endfeet (Figure 3B and B'),
while the control mRNA was located only at the VZ with no

©2012 European Molecular Biology Organization

polarized distribution to the basal endfeet (Figure 3E and E’),
At the protein level, EGFP translated from pCEN/CD2/3/
1496-5457 was present at the basal endfeet and ventricular
nuclei (Figure 3C and C'), whereas EGFP translated from
PCEN/CD2/3'/5457-1496 was present only in nuclei but
undetected in the basal endfeet (Figure 3F and F’). From
this line of investigation, we predicted that the translated
EGFP would be immediately transported into the nucleus via
its NLS. However, this is not the case and localization was
also noted in the basal endfoot. It has been reported that
translation systems, such as ribosomes, are localized at the
basal endfoot of the neural progenitor cells (Astrom and
Webster, 1991); and therefore, we can conclude that the
EGFP observed at the basal endfoot is locally translated and
driven by the presence of the Cyclin D2 3'UTR. Co-expressed
mRFP was seen in the basal processes and basal endfeet,
confirming visible observation of the reporter in the endfeet
{Figure 3D, D", G, and G').
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Figure 2 Cyclin D2 mRNA contains a cis-acting transport element m the ¥ unlranslaled region. In-siti hybridization for EGFP (A) and RFP

mRNA (B), coded by pCE/CD2/3' and pCAGGS-mRFP,

at E12.5, EGFP mRNA is found in the VZ as well as

in the basal process and the basal endfoot of the radial gllra (arrowheads in A) In contrast, RFP mRNA without Cyclin D2 3'UTR is only found in

the VZ without expremnn in the basal process (B). (C) Identification of a 50 nucleotide cis-acting mRNA transport element in the Cyclin D2 3’

UTR. Left panel regwns of the Cyclin D2 3 UTR fused with EGFP ORF, right panel shows localization of EGFP-CyclinD2 3'UTR chimeric mRNA
(D) D

in the mouse d
zone. Scale bar: 100 pm.

Cyclin D2 protein is asymmetrically inherited by one
of the two daughter cells

During asymmetric progenitor division, the basal process is
inherited by one of its two daughter cells (Miyata et al, 2001;
Noctor et al, 2001). This poses the question of whether the
Cyclin D2 protein is also asymmetrically inherited, and if so,

4 The EMBO Journal

g p ion of Cyclin D2 mRNA and cis-acting transport element (3965-4015). VZ, ventricular

to which daughter cell does the Cyclin D2-containing basal
process belong to? To address this, Cyclin D2 protein was
analysed in the basal process and cell body of mitotic off-
spring revealed by EGFP-lentiviral infection of E11.5 embryos
examined 24h later. The viral titre used was sufficiently
low to produce an infected clone {with 1-3 cells) per cortical

©®2012 European Molecular Biology Organization
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PCENICD2/3'11496-5457

POENICD2/3'/5457~ 7496

F

Figure 3 Reporter mRNAs carrying Cyclin D2 3'UTR transport element are directed to the basal endfeet and translated locally. (A) EGFP
constructs carrying Cyclin D2 transport element in forward and reverse orientation (pCEN/CD2/3'/1496-5457 and pCEN/CD2/3'/5457-1496)
were introduced into the E13.5 mouse neocortex by in-utero electroporation, together with pCAGGS-mRFP. (B-G) Analysis 24 h later shows that
mMRNA for EGFP, from pCEN/CD2/3'/1496-5457, is expressed al the basal endfeet of radial glia (B and B'). Conversely, EGFP mRNA from pCEN/
CD2/3'/5457-1496 is absent from the basal endfeet (E and E'). Al the protein level, EGFP translated {from pCEN/CD2/3'/1496-5457 is present at
the basal endfoot and VZ cells (C and C'), whereas EGFP from the reversed pCEN/CD2/3'/5457-1496 is present only in the VZ but undetected in
the basal endfoot (F and F'). Co-transfection with RFP indicates that the reporter protein can be visibly observed in the basal processes and

endfeet (D, D", G and G'}. Scale bars: 100 pm in (B-G) and 10 pm in (B'-G’).

hemisphere, or neighbouring clusters with sufficient separa-
tion to be considered as clonal (refer to Supplementary
Figure 54). To clearly identify the progenitor cell with its
attached basal process, we performed three-dimensional
reconstruction of individual daughter cells using Z-stacked
images (n=28) (a representative image is shown in
Supplementary Movie 1). This analysis has revealed that
most of the basal processes are inherited by basally posi-
tioned daughter cells (26/28) as previously reported (Ochiai
et al, 2009}.

A transfection protocol was employed to express EGFP in
the basal process and immunostaining for Cyclin D2 was
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conducted to detect protein distribution at different stages of
the cell cycle (Figure 4). Cells in M phase were identified
using an antibody against phospho-Vimentin (pVim) that
stains M-phase cytoplasm and the basal fibres (Figure 4A;
Kamei et al, 1998). At the M phase (n=15), Cyclin D2 was
weakly expressed in the nucleus but strongly expressed in the
basal process and endfoot (Figure 4A-D, M, and N). Thus,
Cyclin D2 is continuously present in the basal endfoot of APs
during the M phase.

To analyse early G1 to late G1 phase, 22 embryos at E12.5
were transfected with the reporter GFP vector. This yielded 19
daughter pairs sharing a single apical process and one basal
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were idered to be in early G1. (G, H') are high-

magnification images of centrally positioned cell body and a basal endfoot shown in (C). Cyclin D2 protein at this stage is present in the basal
process attached to the basally positioned daughter whose nucleus is also stained for Cyclin D2. The apically positioned daughter is weakly
positive for Cyclin D2. (I-L') At late G1, Cyclin D2 is clearly expressed in the basal process and endfoot belonging 1o the basally positioned
daughter (also stained for Cyclin D2). In contrast, the apically positioned daughter is devoid of Cyclin D2. (M) Summary of Cyclin D2
expression in the basal endfoot and nucleus in cells undergoing different stages of the cell cycle. (N) Schematic diagram of Cyclin D2 expression
in the basal endfoot and nucleus at different cell-cycle stages. After asymmetric cell division, the majority (67 %) of offspring in late G1 shows
preferential staining of Cyclin D2 in the basal endfoot and nucleus belonging to the basally positioned daughter. Intensity of the staining is
shown as + {modest) and + + (strong). Scale bar: 10 pm.

process inherited by one of the daughter cells and had there-
fore undergone asymmetric division (Figure 4E-N). To iden-
tify early G1 daughter pairs (n=4), we used the criterion of
close proximity of the daughter cell body to the apical surface
(Ochiai et al, 2009), and considered these daughter cells to
have been born within a 0-3h period if one of the two
daughters was still anchored to the apical membrane
(Figure 4E-H’). This analysis revealed that Cyclin D2 was
only weakly expressed in both daughter cell bodies (Figure 4H,
H’, M, and N), but strongly expressed at the basal process and
endfoot (Figure 4G, G’, M, and N). By contrast, cells consid-
ered 10 be in late G1 (born greater than 3 h ago and no longer
attached to the apical membrane} (n=15) showed four dif-

The EMBO Journal

ferent patterns of Cyclin D2 inheritance (Figure 41-N). In the
majority pattern (67%; 10/15), stronger expression of Cyclin
D2 was detected in the basally positioned daughter that also
carried the basal process stained with Cyclin D2 in the endfoot
(Figure 4M and N). Twenty percent of the pairs (3/15) showed
equal expression of Cyclin D2 in both daughter cells, and one
pair (6%) showed no expression Cyclin D2 in both daughter
cells (Figure 4M and N). Finally, another pair (6%) displayed
the opposite trend, with strong Cyclin D2 expression in the
basal endfoot but no staining in its associated cell body, while
the sister cell body without the basal process possessed Cyclin
D2 (Figure 4M and N). Thus, Cyclin D2 presents in the basal
process and endfoot during cell division, and after asymmetric
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cell division, Cyclin D2 is more d to the
nucleus of the basally positioned daughter cell.

To further examine Cyclin D2 protein inheritance at later
stages of neurogenesis (E14.5), E12.5 forebrains were
infected with low titre EGFP lentivirus and sacrificed 48h
later (Supplementary Figure S4). Analysis of daughter pairs at
early G1 (and therefore closer to the ventricle) showed a
variable yet robust result, with 44% of the pairs (4/9)
accumulating Cyclin D2 in the basally positioned daughter
cell, while the remainder (5/9) showed no detectable Cyclin
D2 expression in both daughter cells (Figure SA-C" and M).
Daughter pairs considered to have undergone division >3h
prior to collection and situated at some distance from the
apical membrane were considered to be in late G1. This
analysis indicated that 100% of the late G1 daughter pairs
(20/20) accumulated more Cyclin D2 protein in the basally
positioned daughters (Figure 5D-F” and M). In summary,
these experiments are instructive regarding Cyclin D2 inheri-
tance to daughter cells following apical progenitor divisions
during early and mid neurogenesis. Interestingly, compared
with earlier stages (E12.5; Figure 4N) a larger proportion of
cells at late Gl inherited Cyclin D2 only in the basally

1 daughter (E14.5; Figure 5M). Taken together, this
retrospecnve staining for Cyclin D2 suggests that preferential
distribution of Cyclin D2 protein to one daughter cell is
strongly associated with the acquisition of dissimilar daughter
cell fates.

Previous studies suggest that apically positioned daughter
cells acquire postmitotic neuronal characteristics, while
basally positioned daughters tend to be self-renewing
{Noctor et al, 2001; Konno et al, 2008; Ochiai et al, 2009). To
test this, Ngn2, a marker for neuronal differentiation was used
to examine Cyclin D2 inheritance patterns. At E12.5, all the
daughter pairs (8/8) at early Gl were devoid of Ngn2
(Supplementary Figure S5A—C and G), a trend also observed
at E14.5 (Figure 5G-I” and N). In contrast to Cyclin D2,
50% of late G1 daughter pairs (9/18) showed Ngn2 accumula-
tion in the apically positioned daughter cell at E12.5
(Supplementary Figure S5D-F and G), and 75% of pairs
(12/6) at E14 (Figure 5J-L" and N). Toi;ether, these results
strongly point to the conclusion that by late G1, a consequence
of asymmetric division is the differential allocation of Cyclin
D2 to the nucleus and basal process of the basally positioned
daughter cell that is known to undergo self-renewal. In con-
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Figure 5 Cyclin D2 protein is asymmetrically inherited by basally positioned daughter cells. (A-C") Daughter pairs at early G1 (<3 h after
mitosis) labelled by EGFP lentivirus at E12.5 and examined at E14.5, inset in (A-F) shows Cyclin D2-positive basal process of radial glia.
Higher magnification images (C' and ") showing preferential allocation of Cyclin D2 to the basally positioned daughter (C’) while the apically
positioned daughter (C”} is relatively empty of Cyclin D2, Strong expression of Cyclin D2 at the apical side indicates the process of other radial
glial cells. (G-I"") At early G1 stage of the cell cycle, Ngn2 was not found in either of the two daughter cells (I' and I""). (D-F”) Atlate G1 (>3h
after mitosis), daughter pairs positioned next to the apical membrane show preferentially staining of Cyclin D2 in the basally positioned
daughter cell (Fand F'). In contrast, staining for the neuronal marker Ngn2 in a comparable cluster of late G1 daughters (J-L") demonstrate
that Ngn2 is preferentially expressed in the apically positioned daughter (L and L"). (M) Schematic diagram cataloguing the inheritance pattern

of Cyclin D2 in late G1 (top row) and early G1 (bottom row). (N)

ic diagram d

ating Ngn2

in the apically positioned

daughter cell in the majority (75%) of late G1 daughter pairs (top row). At early G1, Ngn2 marker is undetectable in either of the daughter cells

{bottom row). Scale bar: 10 um.
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trast, by late G1 Cyclin D2 is invariably absent from the
apically position daughter cell; these daughter cells acquire
Ngn2 in most instances indicating terminal differentiation.

To discount the possibility that asymmetric Cyclin D2
distribution may. have arisen from other causes apart from
inheritance of locally translated mRNA, two further experi-
ments were performed. The first experiment was to exclude
that Cyclin D2 protein may have congregated to one side of
the nucleus during M phase, resulting in subsequent asym-
metry following division. To check this possibility, E14.5
M-phase neural progenitor cells were double stained with anti-
pVim and anti-Cyclin D2 antibodies. The results show that
Cyclin D2 protein was only weakly expressed in the nucleus
during M phase, and in no case was the distribution asym-
metric (n=32) (Supplementary Figure S6A-C). The second
possibility is that one of the daughter cells committed for self-
renewability may transcribe and translate Cyclin D2 de novo.
If this is the case, then one of the two daughter cells should
exhibit a higher level of Cyclin D2 mRNA. This was not seen
in daughter cells labelled with lentiviral infection and stained
for Cyclin D2 mRNA by in-situ hybridization (Supplementary
Figure S6D-F', n=06). Instead, strong expression of Cyclin D2
mRNA was observed at the basal endfeet of the basally
positioned daughter cell (Supplementary Figure SG6F). As a
control, Ngn2 mRNA showed clear asymmetry between
daughter cells and was more intense in the apically posi-
tioned daughter cell (Supplementary Figure S6G-I).

Disruption of Cyclin D2 asymmetry by acute
overexpression or knockdown of gene expression
distorts progenitor cell fate

If asymmetrical partitioning of Cyclin D2 protein among
mitotic descendants is important for determining cell fate,
then systemic alterations of Cyclin D2 levels in neuronal
progenitor cells should be expected to disturb the output of
asymmetric cell divisions. This would lead to distortions in
the ratios of APs, IPs, and differentiated neurons. To induce
overexpression of Cyclin D2, pCAX-Cyclin D2-ORF (or control
pCAX) was constructed and electroporated in utero at E13.5
together with pCAX-EGFP-NLS (to visualize the nucleus). To
knockdown Cyclin D2, 5i1726 or control siRNA was intro-
duced into the E13.5 forebrain by in-utero electroporation
together with pCAX-EGFP (Supplementary Figure S7A).
Overexpression of Cyclin D2 (detectable as increased levels
of mRNA and protein of Cyclin D2) in the VZ was clearly
visible 24 h later in the vast majority of cells (93.9£0.7%)
present in the germinal zones (11=3) (Supplementary Figure
§7C, G and J). In comparison, cortices (n=3) electroporated
with control plasmid pCAX exhibited Cyclin D2 mRNA and
protein in a smaller proportion of cells (53.7 £4.1%), repre-
senting endogenous levels of Cyclin D2 (Supplementary
Figure S7B, F, and J; P=0.000346). Conversely, knockdown
of endogenous Cyclin D2 using 5i1726 produced a reduced
number of Cyclin D2 immunopositive cells that was corre-
lated with reduced Cyclin D2 mRNA (14%£1.3%)
(Supplementary Figure S7E, I, and J; n=3). 1t is of note
that Cyclin D2 mRNA and protein were diminished from the
basal endfeet (Supplementary Figure S7E and inset of
Supplementary Figure 571). As expected, control siRNA elec-
troporated into forebrains (n=3) gave a similar proportion
(57.2 £1.3%) of endogenously expressing Cyclin D2-positive
cells and mRNA expression levels as pCAX control
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{Supplementary Figure $7D, H and J; P=0.0000147). We
conclude that perturbing Cyclin D2, by overexpression or
siRNA knockdown, is capable of disrupting the balance of
Cyclin D2 leading to altered fates among daughter cells,

If differential Cyclin D2 levels in mitotic offspring can bias
a cell towards a proliferative versus a differentiative fate, then
altering Cyclin D2 levels on a global basis will be expected to
change global ratios of cells with capacity for self-renewal
(AP), further cell division but not renewal (IP}, or fully
differentiated (postmitotic neuron). Using markers to distin-
guish between these different cell types that coexist in the
neuroepithelial wall, we quantified their relative frequency
among EGFP-labelled cells that have become APs (Sox2 +/
Tbr2—), or IPs (Tbr2 +), or differentiated neurons (S0X2—/
Tbr2—) 24 h later (Supplementary Figure S7K-N). The results
demonstrate that global overexpression of Cyclin D2 reduced
the percentage of non-APs (marked by Tbr2 + or SOX2-/
Tbr2— immunostaining) (53.1+£1.7% compared with
57.2+1.2% in the control; P=0.0527), but while at the
same time increasing the percentage of APs (marked by
SOX2 +/Tbr2— staining) (46.9+1.4% compared with
42.6£1% in the control; P=0.0527) (Supplementary Figure
$70). On the other hand, loss-of-function experiment by
RNAi knockdown led to increased percentage of neuronal
cells (marked by Tbr2 + or SOX2—/Tbr2— immunostaining)
(63.9+0.4% compared with 56.9+1.4% in the control;
P=0.01064) at the expense of APs (SOX2 +/Tbr2— immu-
nostaining) {36.1 £0.4% compared with 43.111.4% in the
control; P=0.01064} (Supplementary Figure S$70). Thus,
widespread expression of Cyclin D2 leads to the increased
frequency of AP fates.

To further examine how cell fate was affected by perturba-
tion of Cyclin D2 asymmetry in the longer term, the gain/loss
of Cyclin D2 was performed at E12.5, and the location of the
EGFP-reporter cells was analysed 48 h after in-utero electro-
poration. We found that overexpression of Cyclin D2 drama-
tically decreases in the percentage of EGFP + cells localized
to the CP (7.3+0.3% compared with 153+0.2% in the
control; P=0.01069), while at the same time increasing the
percentage of EGFP + cells in the intermediate zone (1Z) and
SVZ (46.9+7.4% compared with 37 £0.7% in the control;
P=0.0541) (Figure 6A, B, and E). In the loss-oi-function
experiment, the percentage of EGFP + cells localized to the
CP was proportionally increased (22.3 +2.6% compared with
15.4£0.3% in the control; P=0.0519) at the expense of the
percentages in the VZ (18 +0.7% compared with 20.2 1%
in the control; P=0.0535) and SVZ (18+2.7% compared
with 23.6£0.5% in the control; P=0.0534) (Figure 6C-E).
Therefore, disruption of asymmetrical localization of Cyclin
D2 perturbed normal differentiation of neural progenitor
cells, while overexpression inhibited neuronal differentiation,
loss-of-function promoted neuronal differentiation.

To confirm whether Cyclin D2 conversely promotes cell
proliferation, BrdU was pulse labelled for 15min before
sampling. Compared with controls, a larger number of
BrdU-labelled cells and mitotic marker PHH3-posilive cells
were present in the VZ of samples overexpressing Cyclin D2
(Supplementary Figure S8A, B, E, and F), indicating hyper-
proliferation of neural progenitor cells. Furthermore, ectopic
BrdU-labelled cells and PHH3-positive cells were observed in
the SVZ and 1Z when Cyclin D2 was overexpressed, implying
that intermediate progenitors and subventricular radial
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experiments on human brains, we decided to compare Cyclin
D2 protein localization in the human cortex. At 16 and 19
gestational weeks (GW), Cyclin D2 protein was strongly
observed at the marginal zone (MZ) and upper part of CP
(Figure 7A-C). Cyclin D2 protein was not localized in the
nuclei of CP cells, but localized in the basal endfoot of
the radial glia in upper CP and MZ (Figure 7C-C"). In the
relatively expanded subplate {SP) of the human cortex,
punctate Cyclin D2 localization was observed along the
glial fibres (Figure 7D-D"). In the VZ and inner SVZ
(ISVZ), Cyclin D2 expression was observed in the nucleus
of radial glia (Figure 7E~E"). Therefore, the general pattern of
Cyclin D2 in humans is remarkably similar to the rodent,
suggesting the conservation of this mechanism. Moreover,
recent studies have identified new sub-populations of prolif-
erative cells in the outer SVZ in the fetal human and ferret
brains; these cells are distinguished by their possession of
basal but not apical processes (Fietz et al, 2010; Hansen et al,

Cyelin D2 DAPE

Cyeding D2

2010). Examination of cortical tissue at 19 GW confirmed that
Cyclin D2 was present in cells of the OSVZ, and in addition,
also present in the basal process (Figure 7F-H, insets). At
the genetic level, it is noteworthy that human Cyclin D2
mRNA (NM-001759) also contains a predicted 50 bp transport
clement in the 3'UTR (with 74% sequence match lo the
mouse), raising the possibility that basal transport of human
Cyclin D2 mRNA for local translation in the basal process may
also be operative,

Discussion

During corticogenesis, the cells that populate the expanding
cortical wall comprise a heterogeneous mixture of dividing
and non-dividing cells. This balance is necessary to ensure
that the correct number of neurons are generated at an
appropriate stage, and at the same time, maintaining a pool
of self-renewing progenitors. To achieve this, progenitors

DA

Merge

Figure 6 Alterations in cell position resulting from gain/loss of Cyclin D2. Cyclin D2 localization in cells expressing EGFP, 48 h after in-utero
electroporation at E12.5 with control plasmid (pCAX), pCAX-Cyclin D2-ORF, control Stealth RNAi and Stealth RNAi for mouse Cyclin D2
(si1726) together with pCAX-EGFP. Few EGFP + cells are observed in the CP of pCAX-Cyclin D2-ORF-el d samples (B) pared with
control (A). In contrast, more EGFP + cells are observed in sil726-electroporated samples (D) than in controls (C) at CP. (E) Percentage of
EGFP + cells in the ventricular zone (VZ), subventricular zone (8VZ) and intermediale zone/outer subventricular zone (IMZ/0SVZ) and

cortical plate (CP). The VZ is identified as a Tbr2-negative zone and the SVZ identified as a Tbr2-positive zone (data not shown). IZ and CP

were di hed by their morp

progenitors may undergone division in response to Cyclin D2
overexpression (Supplementary Figure $8A, B, E, and F). In
contrast, downregulation of Cyclin D2 dramatically decreased
the number of BrdU-labelled cells and PHH3-positive cells in
the VZ and the SVZ relative to controls (Supplementary
Figure S8C, D, G, and H). These results confirm that Cyclin
D2 is a very strong mitotic cue for neural progenitors.

‘We have demonstrated the inversely correlated expression
patterns of Cyclin D2 and Ngn2 between daughter cells
during cortical development (Figures 4N, 5M and N;
Supplementary Figure S5). Moreover, the results obtained
here revealed that loss of Cyclin D2 expression in the basally
positioned daughter cells induced precocious neuronal differ-
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Error bars indicate s.e.m. *P<0.05, **P<0.0], Student’s t-test, Scale bar: 50 um.

entiation (Figure GE; Supplementary Figure §70). Thus, all
these findings consistently suggest the importance of the
asymmetrical distribution of Cyclin D2 protein in the AP
cell; specifically, Cyclin D2-negative apical daughter cells
will differentiate into neurons, while Cyclin D2-positive
basally positioned daughter cells will take on a progenitor
fate and proceed to cell division.

Cyclin D2 expression in the developing human cortex

If asymmetric Cyclin D2 partitioning to mitotic offspring is
crucial for the determination of self-renewing fate, then one
would expect this mechanism to be both ancient and con-
served. Since it is not {easible to perform similar perturbation
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Figure 7 Cyclin D2 protein is expressed in the developing human costex. (A-E”) At 16 GW, Cyclin D2 is expressed at three principal locations:
the basal aspects of the CP near the MZ (box C); the subplate (box D), and the apical aspects of the VZ (box E). At higher magnification, Cyclin
D2 in the basal aspects and the subplate are present in a punctate fashion along the cellular processes and not in the cell nuclei stained with
DAPI (C, D). In the VZ, Cyclin D2 staining colocalizes with nuclei of neural progenitor cells (E}. (F-H) Localization of Cyclin D2 protein in SP
and OSVZ regions of the 19 GW human cortex showing Cyclin D2 staining in cells and also in a long basal process (F and H; arrows in insets).
MZ, marginal zone; CP, cortical plate; SP, subpl QSVZ, outer icular zone; VZ/ISVZ, ventricular zone/inner subventricular zone,
Scale bars: 100 pm in (A and B), 25 pm in (C-E""), and 50 pm in {F-H).
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undergo both symmetric and asymmetric cell divisions, but
these events are classified by their outcomes rather than by
their prior appearance or behaviour. While it is still not
possible to forecast whether a progenitor will undergo sym-
metric or asymmetric division, a number of studies have
attempted to link the mode of division with the acquisition of
certain cellular and molecular characteristics. For example,
cleavage plane orientation has been suggested to be a key
factor (Chenn and McConnell, 1995; Zhong et al, 1996), but
the low frequency of horizontal cleavage planes in the pro-
liferative wall is irreconcilable with the large number of
cortical neurons that needs to be produced (Hutiner and
Brand, 1997), While cleavage plane orientation is now con-
sidered to be unrelated to the mode of cell division (Attardo
et al, 2008; Noctor et al, 2008), fate determinants such as
Numb, present at the apical border, and TRIM32, present at
the basal side of the cell body, appear to be preferentially
inherited by the terminally differentiating daughter (Shen
et al, 2002; Schwamborn et al, 2009). Other proteins found
at the apical membrane, such as the Par complex (Costa et al,
2008; Bultje et al, 2009), have been implicated for controlling
the balance between self-renewing and non-self-renewing
divisions. By contrast, proteins enriched at the basal end of
the progenitor have been less well studied as potential
regulators of asymmetric versus symmetric cell division.

In this study, we revealed that allocation of Cyclin D2 to
the tip of the basal process and its subsequent inheritance to
the basally positioned daughter cell is strongly associated
with the acquisition of a self-renewing fate of the AP. During
mitosis the apically positioned daughter cell, expressing
Ngn2, will adopt a different fale as a neuron or an IP
(Figure 8). In summary, Cyclin D2 is expressed in the basal
endfoot and nucleus, but by G1, it begins to be partitioned
from the inherited basal process to the self-renewing daugh-
ter cell of the AP during an asymmetric division event. By late
G1, asymmetric partitioning of Cyclin D2 becomes a hallmark
for the basally positioned progenitor that is invariably non-
neuronal (Ngn2 negative}. Despite the first sign of Cyclin D2
asymmetry appearing in Gl pairs still attached to the
apical surface, the majority of such daughter pairs either
show equally weak Cyclin D2 distribution, or no Cyclin D2
whatsoever in both daughters. Interestingly, these daughter
pairs rarely stain with Ngn2, suggesting the fate of each
daughter cells remained uncommitted in this period.

a1 8 ar M G1

Figure 8 Schematic depiction of Cyclin D2 mRNA and protein
localization during the cell cycle and its putative role as a fate
determinant. Pink and blue colours indicate Cyclin D2 and Ngn2
localization in the radial glia, respectively. Cyclin D2 mRNA is
transported to the basal endfoot during S-to-G2 phase (light pink
arrow) and translated into protein. During mitosis, Cyclin D2 mRNA
or protein is inherited by the basally positioned daughter cell that
assumes an apical progenitor fate.
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If asymmetric distribution of Cyclin D2 is required for
asymmetric cell fale determination, then Cyclin D2 overex-
pression should increase the frequency of symmetric cell
divisions leading to increased numbers of APs, with conco-
mitant reductions in numbers of differentiated neurons. These
effects were observed with Cyclin D2 overexpression, and the
opposite results obtained using RNAi knockdown experiments
(Suppiementary Figure S70). Notably, this knockdown almost
depleted mRNA and protein of Cyclin D2 from the endleet,
and produced a greater impact on the cell fate of neural
progenitors compared with overexpression experiments. In
summary, localization of Cyclin D2 in the basal endfoot has a
critical role in the process of early corticogenesis.

An interesting aspect of Cyclin D2 is the strategy employed
for unequal inheritance. Unlike Numb where the protein is
preferentially allocated to the neuronal daughter {Shen et al,
2002}, Cyclin D2 relies on transport of its mRNA during the
S-t0-G2 phase to the basal endfoot, where it is locally
translated. This strategy relies on a 50-bp cis-acting transport
element, present in full-length transcripts of Cyclin D2 for
translation into a 32-kDa protein (Denicourt et al, 2003),
which is both necessary and sufficient for basal transport of
fluorescent reporters. Importantly, this unique element is
neither present in mouse Cyclin DI {(Supplementary Figure 52)
nor in chick Cyclin D2 (NM-204213), both of which do not
show asymmetric expression patterns in the developing fore-
brain. Sequence analysis of small RNAs do not exclude the
possibility (Wang, 2008; Wang and El Naga, 2008) that Cyclin
D2 could be a potential target of certain microRNAs (e.g.,
mir-1192 and mir-495), but it remains unknown whether
miRNA activity can be spatially distinctive enough to cause
unequal distribution of Cyclin D2 mRNA and protein in the
endfoot. Moreover, a clear difference in Cyclin D2 protein
levels between daughter cells is produced after cell division.

It has been mooted that inheritance of the basal process is
associated with, and required for, asymmetric divisions
(Konno et al, 2008). If that is correct, what then might be
the mechanism that leads Cyclin D2 in the basal process to
favour an AP fate? One possibility is that the long basal
process increases the temporal interval for Cyclin D2 in the
endfool to gain access to the nucleus at G1. It is known that
neural progenitors elongate their G1 phases during cortico-
genesis (Takahashi et al, 1995) and that progenitors at G1 are
vulnerable to fate-determining events (McConnell and
Kaznowski, 1991). Thus, delaying the interval of exposure
to the nucleus by fate determinants such as Cyclin D2 may
generate effects that are akin to shortening the G1 phase,
thereby preventing the recipient nucleus from assuming a
neuronal fate and favouring an AP fate. Indeed, artificial
elongation of the G1 phase by another family protein,
Cyclin DI, causes premature neurogenesis (Calegari and
Huttner, 2003), while removal of Cyclin D2 gene by deletion
causes G1 lengthening, leading to early exit from the cell
cycle and encouraging neuronal differentiation (Glickstein
et al, 2009). In that study, Cyclin D2 knockout mice exhibit
microcephaly and thinner cortical walls (Glickstein et al,
2009), features consistent with the present hypothesis that
Cyclin D2 is crucial for maintaining divisions of APs.

In the present study, the increased focus on the basal
process for AP fate has parallels in primates. In the outer
SVZ of human, ferret, and mouse cortices, a new population of
proliferative cells have recently been reported to have basal
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processes but not apical processes and divide asymmetrically
to produce one progenitor and one neuronal cell (Fietz et al,
2010; Hansen et al, 2010; Reillo et al, 2010; Wang et al, 2011). In
addition, it has been reported that the basal process is instru-
mental for relaying a retinoic acid signal from the meninges to
control progenitor cell proliferation (Siegenthaler et al, 2009).
Given that we observe broad similarities in Cyclin D2 protein
expression between developing mouse and human cortices,
it is worth postulating that despite 70 million years of evolu-
tionary divergence, the role of Cyclin D2 in maintaining AP
renewal may be operative in all mammalian species.
Furthermore, given its capacity to influence progenitor cell
renewal, Cyclin D2 lends itself for evolutionary selection to
increase the number of cell cycles (known to occur in pri-
mates) for generating a larger cortex (Finlay and Darlington,
1995; Rakic, 1995; Dehay and Kennedy, 2007), or within a
given area of the cortex to generate more neurons for
increased architectonic complexity (Dehay et al, 1993).

Materials and methods

Animals

Animal experiments were carried out in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals. The Ci i for Animal Experi ion of
the Tohoku University Graduate School of Medicine approved the
experimental procedures described herein. The midday of the
vaginal plug was designated as embryonic day 0.5 (E0.5). Pregnant
ICR mice were purchased from Charles River Japan (Yokohama,
Japan). Cyclin D2 knockout mice were kindly obtained from
Dr Sicinski (Sicinski et al, 1996).

Fetal tissue collection

Human fetal brain tissue was obtained from the NSW Fetal Tissue
Consortium with approval from the University of Sydney Human
Research Ethics Committee and the Melbourne Health Human
Research Ethics Committee. This work was carried out under the
NHMRC National Statement on Ethical Conduct in human research,
Gestation age of fetus ranged between 16 and 19 weeks. Brain tissue
was dissected and transported in ice-cold HEPES-buffered MEM
(invitrogen, Carlsbad, CA) and fixed in 4% paraformaldehyde (PFA)
{w/v) in 0.1 M phosphate buffer (PB) for 1-9 h at 4°C. Fixed tissue
was dehydrated in 20% sucrose in PB, embedded and frozen at
—80°C in 0.C.T compound (Tissue-Tek) and cryosectioned.

Staining procedures

In-sitehybridization and immunostaining procedures were per-
formed according to methods previously described (Takahashi and
Osumi, 2002). Antibodies used are listed in Supplementary Table 1.
Information about probes, primers, and antibodies are supplied in
Supplementary data.

Expression constructs

All expression constructs used in this study were cloned in frame
into pCAX expression vector, a modified version of pCAGGS, in
which multicloning site was inserted and the SV40 origin was
deleted (kindly provided by the late K Umesono). All constructs
were verified by sequence analysis. The entire mouse Cyclin D2
cDNA (RIKEN MOUSE FANTOM, GenBank accession number
AK14745) was obtained from DANAFORM (Yokohama, Japan).
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For the cis-acling transport element assay, parts of the Cyclin D2
3'UTR sequence were subcloned into pCAX-EGFP downstream of
the EGFP sequence.

Gene transfer into mouse embryos by electroporation

The experimental procedures for whole-embryo culture and
electroporation have heen described previously (Osumi and Inoue,
2001; Takahashi et al, 2008). The pCAGGS-mRFP vector was kindly
provided by Dr Masanori Uchikawa. The pCAX-Cyclin D2-ORF was
generated by the insertion of PCR-amplified ORF into the pCAX
veclor. The stealth RNAi against mouse Cyclin D2 (Si1726,
UUAGGUAGCAGCUACUUUAGUCAGC) and the scramble control
RNAI (SiCtr, UUACUGGAUGCGACUCAUGAUUAGC) were purchased
from Invitrogen and used in 200pg/ul phosphate buffer saline
{PBS) solution.

Virus production and injection into the brain

EGFP lentivirus was produced using pCS-EF-EGFP, pCMV-VSV-G-
RSV-Rev, and pCAG-HIVgp plasmids, which were kindly provided by
Dr Miyoshi as described previously (Tahara-Hanaoka et al, 2002).
For details, see Supplementary data.

Statistical analysis

The quantitative data were evaluated by Student’s {-test, using
Excel 2004 for Mac (Microsoft, WA, USA)}, and presented as
mean *s.e.m.

Supplementary data
ppl y data are available at The EMBO Journal Online
(http://www.embojournal.org).
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Abstract— Echo-dynamography (EDG) is a method for
visualizing left ventricular (LV) blood flow based on cardiac
Doppler measurement in which blood flow component
perpendicular 1o the ultrasonic beam is deduced by applying
fluid dynamics theories to two-dimensional (2D) distribution of
blood flow component along the ultrasonic beam. EDG has been
validated by numerical simulation and particle image

locimetry of model cir However, these validations
were too simple to reproduce unstable and asymmetrical flow in
a beating heart. In the present study, EDG is compared with
three-directional (3D) blood flow distribution on the same plane
obtained with phase contrast magnetic resonance angiography
(PCMRA) for clinical validation. Moreover, the location and
vorticity of the vortex flow in LV are measured quantitatively
and the relation to echocardiographic parameters of systolic
and di lic fi i iS iH d

3D components of blood flow on a plane were obtained with
triple scans of the same plane with ECG trigger and breath
holding; 1) phase encode (x-axis), 2) rend out (y-axis) and 3) slice
selection (z-axis). After the acquisition of MRA dataset, color
Doppler dataset of the same plane was acquired and 2D velocity
distribution was obtained with EDG in MATLAB programs.

EDG and PCMRA showed similar velocity vector
distribution and formation of LV vortex flow. The vortex at mid
diastolic phase was strongly affected by early diastolic filling
while the vortex at isometric contraction was affected by atrial
filling. EDG gained a new insight on systolic-diastolic coupling
from the view point of LV blood flow such as LV vortex
formation.

L. INTRODUCTION

CCORDING to the Frank-Starling law, the stroke volume
of the heart increases in response to an increase in the
volume of blood filling the heart (the end diastolic volume).
Thus, cardiac pump function is determined how long the
myocardium stretches in end-diastole. Left ventricular (LV)
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diastolic function apparently affects LV systolic function. In
clinical settings, diastolic function is often measured as well
as systolic pump function such as LV ejection fraction (EF).
Recently, the concept of “diastolic heart failure [1]” or “heart
failure with preserved EF” has been proposed and diastolic
function is believed to deteriorate prior to the deterioration of
systolic function, ’

Myocardial tissue Doppler imaging can measure
longitudinal myocardial velocities of the mitral annulus; (€8]
s’, systolic myocardial velocity above the baseline as the
annulus descends toward the apex; (2) e’, early diastolic
myocardial relaxation velocity below the baseline as the
annulus ascends away from the apex; and (3) a’, myocardial
velocity associated with atrial contraction, The strong
correlation between s” and e’ may indicate systolic-diastolic
coupling in short term relationship from a view of physiology
of cardiac myocytes. On the other hand, evaluation of cardiac
function has been performed by intracardiac blood flow
measurement. For example, diastolic function was assessed
by early diastolic filling (E) over /atrial filling (A) ratio and
most suitable parameters of CRT (cardiac resynchronization
therapy) is set to maximize velocity-time integral of left
ventricular outflow.

The blood flow structure in whole LV has been assessed by
echo-dynamography (EDG) [2-S). EDG is a method for
visualizing left ventricular (LV) blood flow based on cardiac
Doppler measurement in which blood flow component
perpendicular to the ultrasonic beam is deduced by applying
fluid dynamics theories to two-dimensional (2D) distribution
of blood flow component along the ultrasonic beam. EDG has
been validated by numerical simulation [6] and particle image
velocimetry of model circulation. However, these validations
were too simple to reproduce unstable and asymmetrical flow
in a beating heart,

In the present study, EDG is compared with
three-directional (3D) blood flow distribution on the same
plane obtained with phase contrast magnetic resonance
angiography (PCMRA) for clinical validation. Moreover, the
location and vorticity of the vortex flow in LV are measured
quantitatively and the relation to echocardiographic
parameters of systolic and diastolic functions is discussed.

IL METHODS
A.  Echo-dynamography

A Color Doppler movie of the apical three-chamber view
containing LV apex, center of mitral leaflets, and center of

978-1-4577-1787-1/12/$26.00 ©2012 IEEE 2676

aortic valve was recorded in a commercially available
ultrasound machine (SSD-65008V, Aloka, Tokya, Japan) in
the left lateral recumbent position. The central frequency was
2.5 MHz and the frame rate was 10 fps.

Fig. 1 shows the concept of EDG. Blood flow is separated
into two kinds of flow; vortex on a 2D plane and basic flow in
the 3D space.

Scnmﬁf’%?

Blood flow

SenaraliN

Fig. 1 Principlé of ech Vortex ona2b
plane aid basic flow components in the 3D space are separated.

The processing algorithm of EDG consists of four steps.

Stepl: The color Doppler data are decomposed into basic
and vortex flow components such that the velocity profile of
each vortex flow component is bilaterally symmetric.

Step2: In the vortex flow component, tangential velocities
are found using stream function on an assumption that the
velocity components perpendicular to the scan plane are zero.

Step3: In the basic flow component, the directions of flow
vectors are found using flow function [2]. Tangential
velocities can be found from the directions of flow vectors
and the basic flow component of the color.

Stepd: The velocity vector field is generated by composing
the vectors from the two components.

EDG was obtained by these steps on MATLAB.

B. Phase Contrast Magnetic Resonance Angiography

All PCMRA data acquisitions were performéd using a
1.5-Tesla MRI scanner (EXCELART Vantage MRT200-PP5;
Toshiba Medical, Japan).

MR flow data were obtained from apical three chamber
images. 2D PCMRA data was acquired with the following
parameters: repetition time. 24 msec, echo time 10 msec, flip
angle 20 degree and 8-mm slice thickness. The
velocily-encoding  gradient value was 100cm/s, and
three-directional (3D) components of blood flow were
obtained with quadraple scans of the same plane with ECG
trigger and breath holding; T,~weighted image, phase encode
(x-axis), read out (y-axis), and slice selection (z-axis).

TII. RESULTS

A. Echo-dynamography

Three normal volunteers were examined by EDG and
PC-MRA. Fig. 2a shows the conventional color Doppler

Fig. 2 a: conventional color Doppler, b: 2D distribution of blood flow
veetor obtained by echo-dynamography

echocardiography and Fig. 2b shows the 2D. distribution of
blood flow vector in LV at isovolumic contraction (IC) phase.
The direction of the vector is indicated by arrow and the
magnitude of the vector is indicated by the color scale.

Fig. 3 Vortex flow presentation in echio-dynamagraphy

Vortex component of the flow is represented in Fig, 3. The
interval of the stream line shows the blood flow volume of 10
cnv's. The flow volume at the center of vortex was defined as
vortex flow volume. At IC phase, a vortex is observed in the
basal portion.
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Fig. 4 PCMRA images of normal heart.
a: Ty-weighted image, b: PCMRA encoded in slice select (8S),
c: PCMRA encoded in tead out (RO),
d: PCMRA encoded in phase encode (PE)

B. Phase Contrast Magnetic R Angiography

Fig, 4 shows the original Three-chamber view images
acquired by PCMRA. Fig. 4a shows To-weighted image and
phase contrast image obtained simultaneously; Fig. 4b is
encoded in slice select (SS) direction, Fig. 4¢ is encoded in
read out (RO) direction, and Fig. 4d is encoded in phase
encode (PE) direction respectively. These three phase
contrast images were combined to figure out the vector flow
map, and superimposed on the To-weighted image.

Fig. 5 2 distribution of biood ficw vector obtained by POMRA

Fig. 5 shows the blood flow vector component on the scan
plane at IC showing similar pattems with Fig. 2b. Originally,
the velocity information acquired by conventional color
Doppler method is only the velocity component along the
ultrasonic beam. When deducing 2D distribution of blood
flow vector from one-dimensional information, the vortex
flow components tangential to the ultrasonic beam are found
using stteam function on the assumption that the velocity
components perpendicular to the scan plane are zero, This is
the fateful limitation of EDG in estimating vortex flow
component from the view point of fluid dynamics. However,
the result showed no contradiction with the fluid dynamics.

C. Vortex Flowin LV

The flow volume at the center of vortex was delined as
vortex flow volume. The maximum value of the vortex flow
from the closure of mitral valve to the opening of aortic valve
was defined as isovolumic contraction (IC) vortex flow.
These values were compared with LV inflow in normal
(v=10) and DCM (n=13). IC vortex. flow showed a strong
correlation with maximum amplitude of A wave (R*=0.6097,
Fig: 6). The results indicate that LV inflow strongly affects
LV vortex formation.
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IV. DISCUSSION

EDG is superior in the spatial resolution in regards to the
slice thickness. The slice thickness of the PCMRA data was
8-mm in order to gain the signal-to-noise-ratio. Because the
color Doppler contains the instantaneous velocity
information, EDG is superior in temporal resolution, too. On
the other hand, concerning reproducibility and a degree of
freedom of dimensions, PC-MRA is superior to EDG.

The intraventricular vortex had close relationship with the
maximum velocity of the A wave. The inertial force of the LV
inflow continuing after mitral valve closure should be the
origin of the LV vortex formation.

Our previous study [5] has shown that the size of the vortex
became larger in failure heart compared with normal heart.
The phenomenon was discussed with LV contraction and
geometry. The results of the present study clearly showed that
LV inflow also influence the size and location of LV vortex.
When the heart rate is increased, LV inflow velocity is
increased because of fusion of E and A waves. In such cases,
large vortex at IC was observed. In cases of atrial fibrillation,
LV vortex was not affected by A wave but the influence of E
wave remained until 1C.

Conventionally, diastole is occurred by releasing elastic
energy stored by the preceding systolic deformation. This
concept of systolic-diastolic coupling was discussed based on
the physiology of contraction of the myocytes. In the present
study, systolic-diastolic coupling was discussed based on LV
blood flow such as vortex formation. Watanabe et al. found
that the physiological flow path did not have an
energy-saving effect by their multiscale, multiphysics heart
simulator {7]. However, the vortex at early systole was
affected by diastolic blood flow., Steen and Steen reported
that the flow propagation velocity was originated by the
movement of LV vortex [8]. The “vortex” in their report
should be the “separation vortex” while our measurements
included both “separation and rotating vortexes”. The
difference should be discussed later.

V. CONCLUSIONS

In the present study, 3D blood flow vector using the
PCMRA was obtained and its 2D velocity components on the
observed plane were compared with the 2D distribution of
blood flow vector obtained by EDG method. In many cases,
the vector components showed similar patterns in both
methods.
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Introduction

Human lymph nodes are round or kidney-shaped organs of the
immune system, 2 to 20 mm in diameter, that are distributed
throughout the body {1,2]. Metastasis to regional lymph nodes is
an important step in the dissemination of cancer [3], and often
occurs at a relatively carly stage of tumor development compared
with distant metastasis, such as that to the liver and lung [4].
Accurate cvaluation of lymph-node metastasis would be very
helpfid both for tumor staging and for formulation of the most
appropriate treatment [5]. Despite the importance of nodal status
for many solid malij ies, the method ilable to assess lymph
nodes are subupnmal [ﬁ] Animal studies ul'lymph node metastasis
are cc ined by limitati in the tecl available for
noninvasive monitoring of the progression of lymph node
metastasis, as well as difficultics in the establishment of appropriate
animal models [7].

The two major pl ion models of is currently
used are referred to as the spontancous and the experimental
metastasis models [8]. In the former model, tumor cells are
injected into an anatomic location (orthotopic implantation), in the
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Imue from which the tumor had been derived (orthotopic

1 jion) or in sub us tissue (heterotopic implantation)
[8]. In the latter model, tumor cells are directly injected into the
circulation (e.g., into the spleen, tail vein or left cardiac ventricle),
offering an attractive platform for the study of diagnostic imaging
and treatment monitoring {9,10]. Most lymph node metastasis
models are hasec on the spontancous metastasis model [11], and
these have provided valuable information concerning the biology
of lymphatic metastasis [12,13], lymphatic architecture mapping
[14,15], tumor-cell shedding and trafficking in lymphatic channels
[16], and sentinel lymph node mapping [6,17,18].

However, the spontancous metastasis model is limited by its
poor performance for the dynamic quantitative assessment of the
progression of lymph node metastasis using non-ivasive ap-
proaches. This is maybe because both the latency period and the
initial site of the metastasis vary considerably, and also because
conventional imaging modlalities are unable to identify changes in
the internal structure of lymph nodes, of conventional mice, with a
diameter of 1-2 mm [7,11,19].

This study describes the development of a mouse model of
lymph node metastasis via the afferent lymphatic vessels, which is
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suitable for use in the development of i Amaqmg modalities for
dynamic quantltauve of progression. We
used MRL/Ipr mice developing systemic lymphadenopathy within
3 to 4 months of birth [20], with subiliac lymph nodes (SiLNs) and
proper axillary lymph nocles (proper-ALNG) that arc 6 to 12 mm in
diameter (similar in size to human lymph nocles). The extent of the
metastasis to the proper-ALNs after injection of luciferase-
expressing tumor cells into the SiLN was evaluated using i viro
bioluminescence imaging and three-dimensional contrast-en-
hanced high frequency ultrasound imaging,

Materials and Methods

All in vivo stuckies were carried out in strict accordance with the
recommendations in the Guide for Proper Conduct of Animal
Experiment and Related Activities in Academic Research and
Technology, 2006. The protocol was approved by the Institutional
Animal Care and Use Committee of Tohoku University (Permit
Number: 2010BeLMO-76-20-255, 2009BeA-6, 2010BcA-7). All
surgery was performed under sodium pentobarbital anesthesia,
and all efforts were macle to minimize anima) sulfering.

Cell Culture

KM-Luc/GFP cells, which stably express a fusion of the
uciferase (Luc) and enhanced-green fluorescent protein (EGFP)
genes, were prepared by transfection of MRL/MpTn-gld/gld
malignant fibrous histiocytoma-like (MRL/N-1) cells [21] (ob-
tained from M. Ono, Tohoku University, on January 24, 2007),
using pEGFPLuc (BD Biosciences, Franklin Lakes, NJ, USA) and
Lipofectin Transfection Reagent (Invitrogen, Carlsbad, CA, USA).
MRL/N-1 cells were established from the spleen of an MRL/gld
mousc [22]. We confirmed that KM-Luc/GFP cells have
characteristics of malignant fibrous histiocytoma-like cells using
histopathologic assessment: therc was aggressive growth of
pleomorphic fibro-histiocytic cells, with numerous mitotic figures
and a storiform pattern (see Suppl. Fig. S1). KM-Luc/GFP cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
:upplcmemed wlth 10% fetal bovine serum (FBS) containing 1%
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injected in 1 min (z=4); Group 4: 1x10° cells injected in 2 min
(n=6); and Group 5: 1x10” cells injected in 3 min (»=21). PBS
(30 pL) was injected into the SiLN as a negative control (Group 6;
n=3). Metastasis to proper-ALNs was analyzed using an #n viro
bioluminescence imaging system (IVIS; Xenogen, Alameda, CA,
USA) [24]. Before intraperitoneal injection of luciferin (150 mg/
kg; Promega Co., Madison, WI, USA), each mouse was

hetized with 2% isofl {Abbott Japan Co., Ltd., Tokyo,
Japan) using an inhalation gas anesthesia system for small
Iaboratory animals. On days 0, 3, 6, 9 and 14 post-inoculation
(with thce day of inoculation delined as day 0), luciferase
bioluminescence was measured (10 min after luciferin injection)
for 30 s using the IVIS,

Identification of Metastasis by ex vivo Bioluminescence
Imaging

On day 14 post-injection of KM-Luc/GFP cells, luciferin was
intraperitoneally injected into each mouse, and 10 min later, the
mice were sacrificed by ether inhalation, The ALNs (proper and
accessory) and SiLN were surgically removed, and immediately
placed in 6-well plates. Bioluminescence was then ¢uantified for
30 s using the IVIS.

Histological Evaluation

Following ex viro observation of bioluminescence, harvested
lymph nodes were fixed overnight in 18.5% formaldchyde in
phosphate-buffered solution (PBS), dehydrated, and embedded in
paraflin, The embedded specimens were cut into 4-pm-thick serial
sections and either stained with hematoxylin and eosin (H&E), or
immunostained for luciferase after antigen retrieval. For the latter
procedure, sections were incubated for 10 min at 37°C with 0.1%
trypsin in Tris bufler, and blocked with 10% rabbit serum
(Nichirei Biosciences Inc., Los Angeles, CA, USA) for 10 min at
room temperature (RT) to reduce non-specific protein binding. To
detect luciferase protein, sections were incubated overnight at 4°C
with a goat polyclonal anti-luciferase antibocly (ab81823; 1:1000;
Abcam ple, Tokyo, Japan). Immunoreactivity was detected using
biotinylated polyclonal rabbit anti-goat immunoglobulin (1:800;
ano Japan Inc., Tokyo, Japan) for 30 min at RT, peroxidase-

d

-penicillis T in (Sigma-Aldrich, Tokyo, Ja-
pan) and 1% Geneticin G418 (Wako Pure Chemical Industrics,
Lid., Tokvo, Japan). Before conducting the is experi-

ments, the absence of mycoplasma contamination in the cell
cultures was ensured by testing with a mycoplasma detection kit
(R&D Systems Inc., Minneapolis, MN, USA).

Mice

MRL/Ipr mice, which develop systemic lymphadenopathy
[20,23], were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA) and subsequently bred and maintained at
the Institute for Animal Experimentation, Graduate School of
Medicine, Tohoku University, Japan. Fifty-eight of these mice
(weight, 35 to 45 g; age, 14 to 18 wk) were later used in the
experiments, The mean longitudinal diameters of the SiLN and
proper-ALN of the mice, as measured using a digital caliper, were
8.4+1.9 mm (mcan % SD; n=55) and 8.3 1.7 mm (mean % SD;
n=7), respectively, Of these 58 mice, 42 were used for imaging of
metastatic lymph nodes and as negative controls, and 16 were used
for detection of the metastatic route.

Detection of Lymph Node Metastasis

The metastasis model was developed by injecting KM-Luc/
GFP cells, suspencled in 30 pL. PBS, into the SiLN as follows:
Group 1: Ix10%*cells injected in | min {p=4); Group 2
5x10* cclls injected in 1 min (#=4); Group 3 1x10% cells
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jug strrptavldm (Nichirei Bioscience Inc.) for 30 min at
RT and diaminobenzidine (DAB) as a chromogen in accordance
with the manufacturer’s protocol.

Detection of Luciferase Activity in Organs by
Luminometry

To determine luciferase activity in the organs post-inoculation,
the inoculated SiLN, the ipsilateral proper- and accessory-ALNs,
ipsilateral mandibular lymph node, ipsilateral lumbar aortic lymph
node, candal mesenteric lymph node, contralateral proper-ALN,
contralateral SiLN, liver and lungs were surgically removed on day
14 post-inoculation of KM-Luc/GFP cells (Gronp 3; n=4) or PBS
(Group 6; n=3). Tissues were weighed, [rozen in liquid nitrogen,
homogenized with reporter lysis buffer (Promega Co.), and
centrifuged at 12,000xg for 2 min at 4°C. Supernatant samples
(10 pL each) were examined for luciferase activity using 50 pL
luciferase assay reagent containing D-Lucifer (Promega Co.).
Bioluminescence was measured at RT for 10 s using a luminom-
eter (TD-20/20; Turner BioSystems, Sunnyvale, CA, USA).
Results are presented in arbitrary units (AUs).

Visualization of the Metastatic Route

Afier anesthetization via intraperitoneal injection of 5% sodium
pentobarbital (40 mg/kg; n =15), visualization of the metastatic

February 2013 | Volume 8 | lIssue 2 | e55797
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route was performed using at least 1 of 3 imaging systems: an in nivo
fluorescence imaging system (IVIS; n=1); an infrared photody-
namic camera (PDE; H; Ph ics K.K., H:

Japan; n=12); or a high-speed fluorescence video camera system
(HS-FVCS; n=2) comprising a high-power xenon light source
(MAX-301; Asahi Spectra Clo., Ltd., Tokyo, Japan) and a charge
coupled device (CCCD) camera (HAS-220; Ditect, Tokyo, Japan)
with a lens (ML-Z07545HR; Moritex Co., Tokyo, Japan). The IVIS
emitted and detected light at wavelengths of 710 10 760 nm and 810
to 875 nm, respectively, whereas the PDE emitted light at 760 nm
and detected light at wavelengths greater than 820 nm. Alfter
injection of indocyanine green (ICG; excitation wavelength,
805 nm; emission wavelength, 840 nm; Daiichi Sankyo, Tokyo,
Japan) [25] into the SiLN, the 1VIS and PDE were used to detect
ICG flow in afferent lymphatic vessels from the SiLN to the proper-
ALN. A total of 30 pL ICG (125 pg/mL) was injected at speeds of
0.6 mL/h (IVIS, 2= 1) or 0.5 to 3.0 mL/h (PDE, »=12), using an
infusion pump (KDS100; KD Scientific Inc., Holliston, MA). After
the PDE had been used to i igate the cficet of injection speed
into the SiLN on the incidence of metastasis to the proper-ALN (with
injection speeds ranging from 0.5 to 1.0, and 3.0 mL/h; 2 =4 per
group), the HS-FVCS was used to determine whether metastasis
from the SiLN to the proper-ALN had occurred via the veins or the
afferent lymphatic vessels (2= 2). Under anesthesia, an arc-shape
incision was macle in the abdominal skin from the subiliac to the
proper axillary region, and 30 pL of 1.8 ug/uL fluorescein
isothiocyanate-labeled bovine serum albumin (FITC-BSA; MW,
70,000; excitation wavelength, 488 nm; emission wavelength,
518 nm; Sigma-Aldrich) was then injected into the SiLN at
1.0 mL/h by means of an infusion pump. A high-power xenon
light source with an appropriate filter (MX0490; Asahi Specira Co.,
Lid) was used to deliver itation light at a length of
4902 nm, and a CCD camera with an appropriate filter
(MX0510; Asahi Spectra Co,, Ltd) was employed to detect light
at a wavelength of 51022 nm.

To confirm the route of metastasis histologically (= 1), 30 pL
Indian ink was injected into the SiLN, and 10 min later, the skin
from the subiliac to the proper axillary region, inclucling the veins
and afferent lymphatic vessels, was surgically removed and
dissccted, and the tissue stained with H&E to observe the cross-
sectional surface,

Preparation of Acoustic Liposomes

Acoustic liposomes (ALs) were used as ultrasound contrast
agents, and were prepared as described previously [26]. The
number of ALs in the lipid solution was calculated to be
3.3%10" bubbles/mL [27). The peak diameter of the nnmber
distribution was 0.20+0.08 mm, and the zeta potential was
—2.4020.51 mV. Approximately 20% of the ALs contained both
liquid and gas, whercas approximately 80% contained liguid alone
(i.e., were non-acoustic) [27].

3D Reconstruction of the Intranodal Microvasculature in
Proper-ALNs using Contrast-enhanced High-frequency
Ultrasound with ALs

To reveal changes in the angiogenic vessel density within the
metastasized proper-ALNs, contrast-cnhanced high [requency
ultrasound  (CE-HFUS) with ALs was uscd, Subscquent to
injection of the SiLN, over a | min period, with either
1x10° KM-Luc/GFP cells in 30 pl. PBS (Group 3; n=4) or
PBS only (Group 6; #=3), metastasis to the proper-ALN was
confirmed by bioluminescence imaging on days 0, 9 and 14. On
the same days, a 3D vascular image of the proper-ALN was
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reconstructed using ALs and a high-frequency ultrasound imaging
system (HFUS; VEVO770; VisualSonics, Toronto, Canacla) with
a 35-MHz center-frequency transducer (RMV-703; axial resolu-
tion, 50 pm; focal length, 10 mm) at 100% transmittance power.
Mice anesthetized with 2% isoflurane were placed on a stage
maintained at 38°C (TM150, VisualSonics) during the scanning
period. An ultrasound transmission gel (Parker Laboratories, Inc,,
Fairfield, NJ, USA) was placed on the proper-ALN, the focal
length of the transducer adjusted using a stage control system
(Mark-204-MS8, Sigma Koki Co., Ltd., Tokyo, Japan), and the
working distance of the scan determined by moving the transducer
over the proper-ALN using the stage control system,

Generating a 3D dataset requires assessment of multiple 2D
ultrasound images that are then reconstructed to achieve the
desired 3D image. In our previous experiments [28], we found that
the half-life of ALs in solid tumors was 84£12 s when a 100 pL
holus (lipid concentration, 1 mg/mL) was injected manually into
the caudal veins of mice within a 10's period (n=4) [29]. To
extend the lifespan of ALs and achicve a longer diagnostic window
in the current study, a 200 pL bolus of ALs was injected manually
into the caudal vein of each MRL/lpr mouse over a 40 s period,
which resulted in an i vivo AL half-life of 284%13 s (mean =
SEM; 2 =3; data not shown). Multiple 2D images of the proper-
ALNs were then captured over a period of 156212 s (mean
SEM; n=7), shorter than that of the #n viro half-life of the ALs, and
blending algorithms were used to convert these 2D slices into 3D
volumetric images. Blood vessel structures were mapped and
reconstructed by tracking the flow of ALs through the vesscls,
using the software provided with the VEVO 770 system. Regions
of interest were drawn manually on every 2D image along the
lymph node margins, The blood vessel volumes and densities
within the proper-ALNs were calculated using VEVO770
contrast-modle software. Extracted 2D slices were obtained for
analysis at 6125 s (mean & SEM; n=7).

Statistical Analyses

Allmeasurements are presented as either the mean = SD or mean
+ SEM. Differences between groups were determined by two-way
ANOVA followed by the Tukey-Kramer test. Correlations between
in vive and ex vive bioluminescence results were determined using
Spearman’s rank correlation coeflicient test. Comparisons of
metastasis incidence between the various inoculation conditions
were performed using Fisher’s exact probability test. A P value less
than 0.05 was considered to he an indication of statistical
significance. Statistical analyses were performed using Excel 2007
(Microsolt, USA) with Statcel2 software,

Results

Metastatic Flow and Route

To identify the metastatic route from the SiLN to the proper-
ALN, ICG was injected into the SiLN at 0.5 to 3.0 mL/h (using a
syringe pump), and the flow was observed with the IVIS (Fig. 1A)
and PDE (Fig. 1B). The ICG flowed via a superficial route at a
speect of 0.26 to 2.09 mm/s (Fig. 1C) and accumulated in the
proper-ALN of all mice, independent of the injection speed. Flow
speed was calculated by dividing the distance, /, by the duration of
time that had elapsed post-injection (see Suppl y Video S1
and Fig. 1B). Next, the route to the proper-ALN in the abdominal
skin flap was investigated (Fig. 1D). To determine swhether
metastasis had occurred via the veins or the afferent lymphatic
vessels, FITC solution was injected into the SiLN and the flow
observed using HS-FVCS (Fig. 1D). A thick, superficial epigastric
vein was identified under visible light (Fig. 1Db), while the route
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filled with FITC-BSA solution was identified by [luorescence
imaging to be a distance of 200 pm from the vein (Fig. 1Dc). To
confirm that this ronte involved flow via the afferent lymphatic
vesscls, Indian ink was injected into the SiLN. H&E staining
demonstrated that the Indian ink flowed via the alferent lymphatic
vessels that connected the SiLN to the proper-ALN (Fig. 1Dd).

Metastasis in the Lymph Node

1

Lymph Node Metastasis Model for Imaging Studies

{rs] =0.9161, P=0.0023, »=12; Fig. 2B). These results indicate
that the in vito hioluminescence signals monitored in the axillary
region hac been emitted only by the proper-ALNs. H&E and
immunohistochemical staining of the excised SiLN and proper-
ALN specimens confirmed that the large tumor mass within the
SiLN was composed of implanted KM-Luc/GFP cells, and that a
metastatic tumor was located in the marginal region of the proper-
ALN (Fig. 2C). To further investigate the extent of the systemic

Using IVIS, in vive biol ence signals were 1in the
ALNS within 3 to 9 days, but were not evident in other organs until
clay 14 (Fig. 2Aa). Ex vivo bioluminescence signals were detectec in
the proper-ALNs (Fig. 2Ab), but not in the accessory-ALNs (data
not shown). A significant relationship was identilied between the
n vivo and ex vive bioluminescence signals (correlation coelficient

the lucift activities in sclected organs were
measured on day 14 (n=4; Fig. 2D). The results showed that
metastases had developed primarily in the proper-ALN and to a
lesser degrec in the adjacent mandibular lymph node, but not
significant in the accessory-ALN or other distant lymph nodes. A
small number of cells were also detected in the liver and hings.
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Figure 1. Metastatic flow and route. A. ICG flow from the SiLN to the proper-ALN, observed using an in vivo fluorescence imaging system (ViS;
n=1). B. Representative PDE images, following an ICG injection speed of 0.5 mL/h. The speed of ICG flow was calculated by dividing the distance, /,
by the duration of time that had elapsed post-injection. C, Graph of the relationship between ICG flow speed and intra-SiLN injection speed (low, 0.5;
medium, 1.0; high, 3.0 ml/h; n=4 per group), revealing a low level of variation between individual experiments in the low-speed group. D. HS-FVCS
image of the afferent lymphatic vessels after intra-SiLN injection of FITC-BSA solution (n=2). (a) Area near the SiLN and proper-ALN captured by a
normat digital camera. Two regions of interest were selected. (b) Bright field images obtained by HS-FVCS, without use of a fluorescence filter. A thick
superficial epigastric vein (—) was observed, (c) Fluorescence images obtained by HS-FVCS, with use of an appropriate fluorescence filter (bandwidth:
5102 nm). A new flow channel filled with FITC-BSA solution (—) appeared at a distance of about 200 um from the vein. (d) Results of hematoxylin
and eosin {H&E) staining. The flow channel was identified as the afferent lymphatic vessels by injection of Indian ink. The vein was not stained (n=1).

doi:10,1371/journal.pone.0055797.g001
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Figure 2, Establishment of the model of lymph node metastasis. A, Representative images captured by in vivo bioluminescence imaging of a
mouse with tumor cells grafted into the SiLN to promote metastasis to the ALN. {a) In vivo and (b) ex vivo bioluminescence signals in the proper-ALN
and SitN on day 14 post-lnoculatlon, indicating that the proper-ALN is the draining lymph node. B. Graph showing the high correlation between
in vivo and ex vivo b ence (P=0.0023; S 's rank ¢ fation coefficient [rs] =0.9161; SiLN, n=6; proper-ALN, n=6). C. Results of
histological verification. Tumor cells stained with H&E and luciferase-positive immunohistochemical signals in the proper-ALN and SiLN, MS: marginal
sinus. T: tumor. D. Dissemination of KM-Luc/GFP cells (metastasis, n =4) or PBS alone (control, n =3) to each organ, assessed on day 14 post-injection
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metastasis incidence was set at 1, 100% metastasis was achieved when the cells mm™ min~" value exceeded 4.72x10? (n=39). Analyses were
performed with the Mann-Whitney U test,
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of the SiLN. |, ipsilateral; C, contralateral; LN, lymph node. Error bars indicate the SEM values,

doi:10.1371/journal.pone.0055797.9002

When PBS alone was injected as a control (n =3), the luciferase
activity was found to be at background levels.

Factors Associated with Metastasis

In the current model, cells metastasized from the SiLN to the
proper-ALN. To test the hypothesis that the primary parameters
related to metastasis are the number of cells injected, the injection
duration and the SiLN volume, the effect of each parameter on
metastasis was investigated in mice with SiLNs 6 to 12 mm in
longitudinal diameter (Fig. 3A). When the injection curation was
held constant (1 min), metastatic incidence was founcl to increase
with the nnmbvr of cells injected (from 1x10* to 1x16° cells), with
all 4 mice d ext is (an incid of 100%)
upon injection of 1x10° cells (Fig. 3Aa). In contrast, metastatic
incidence was found to decrease with an increase in the SiLN
volume, when the number of cells (1x 10%) and injection duration
(3 min) were held constant, Specifically, the incidence of mctastasts
was found to be 100% at SiLN volumes less than 100 mm®, but
significantly recluced at volumes greater than 150 mm® (Fig. 3Ac).

Although the relationship between metastasis incidence and
injection duration (1, 2 or 3 min) was found to be not statistically
significant, there appeared to be a tendency toward greater
metastasis with injections of shorter curation (Fig. 3Ab). To
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consider the elfect of all 3 paramcters on metastatic incidence, the
new parameter of cells mm™ min™' was introduced; this
parameter is directly proportional to the injected cell number
and metastasis incidence, while inverscly proportional to the
injection duration and SiLN volume. It was found that a
cells mm™ min™' value greater than 4.72x10? resulted in
100% metastasis induction (n = 39; Fig. 3B).

Progression of Metastasis Assessed using CE-HFUS with
Als

CE-HFUS cnables real-time reconstruction of co-registered
sections into a 3D image that reflects tumor vascularity [28,30].
Based on this ability, it was hypothesized that CE-HFUS would be
suitable for the analysis of cancer progression, and thus could be used
to determine whether the proposed mouse model is an appropriate
model for the development of diagnostic imaging modalitics for
lymph node metastasis. Qualitative and quantitative investigations
of blootl vessel volumes and densities within the metastatic lymph
nodles were carried out using CE-HFUS with ALs on days 0, 9 and
14, and the findings were compared with those of the negative
control (PBS injection only) group (Fig. 4, Aand B), The images were
captured within 156%12 s (mean = SEM; #=7) a time period
shorted than the in vivo half-life of the ALs (284 %13 s;mean & SEM;
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n=3) (sce Materials and Methods). The period of time over which
the images were captured may therefore be sufficiently short to avoid
detection of leakage of ALs from vasculature of the proper-ALNs
[31]. 2D images extracted from the 3D reconstruction images of the
blood vessels demonstrated localized, dense areas of neovasculature
(arrows in the upper panels and dotted circles in the lower panels,
Fig. 4A), and revealed their develof over time. Although it was

SiLNs of MRL/Ipr mice [20] exhibiting remarkable systemic
lymphadenopathy. The importance of this new model is that it is
idcally suited for use in the development of imaging modalities to
improve the assessment of cancer metastasis to lymph nodes. Mice
carrying a lymphoproliferation ({7} mutant gene have defects in
the Fa: gene {33] that result in spontancous development of an

difficult to confirm that the imaged region was identical for each time
point, obtaining 2D vascular-reconstruction images nonetheless
enables identification of recognizable remocdeling of the vasculature
during tumor progression. Since the co-registered sections were not
necessarily representative of the entire tumor due to fumor

lupus symlrome characterized by autoantibody
production and massive lymphoproliferation. In this study, the
diameter of the lymph nodes was found to be between 6 and
12 mm, which is similar to that of human lymph nodes. The KM~
Luc/GFP cell line is a type of transformed MRL/N-1 cell line {21]
carr ying the gld (gcncrahzed lymphoproliferative disease) gene, a

heterogeneity [32], the 3D blood vessel volumes and densi of
the metastatic lymph nodles were subsequently investigated quan-
titatively (Fig. 4B). Values for blood vessel volume and density were
normalized against those on day 0. Blood vessel volume significantly
increased from 1,00 (day 0)to 1.07£0.10 (day 9) and 1.36 £0.05 (day
14) (P<<0.05); blood vessel density increased from 1.00 (day 0) to
1.010.07 (cday 9) and 1.24%0.03 (day 14) (P<0.05). On day 14,
both blood vessel volume (P<0.05) and blood vessel density
(P<0.01) were significantly higher than in the negative control
group.

Discussion

The present stucly has developed a novel model of lymph-nocle
mctastasis, bascd on the injection of KM-Lue/GFP cclls into the

PLOS ONE | www.plosone.org

in the fas ligand gene [34]. Since the Fas/Fas
ligand axis is relevant to apoptosis [35], apoptosis may not be
related to the mechanisms of metastasis in the present model.

The incidence of metastasis in the proper-ALN was found to
depend on the number of cells injected, the injection duration and
the SiLN volume, with complete (100%) metastasis achieved using
cells mm™ min™" values grcatcr than 4.72x10% (Fig. 3B). These
findings indicate that increasing the number of cells injected per
minute and the internal pressure within the SiLIN enhances the
clliciency of the formation and survival of cell colonics, resulting in
an increase in metastatic incidence {16,36,37].

The American Joint Committee on Cancer (AJCC) classifies
lymph node metastases on the basis of histological results; isolated
tumor cells (cell clusters with diameters =0.2 mm), micrometas-
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metastasis, based on the development and use of high-resolution
imaging technicques and specific contrast agents.

As angiogenesis has been found to be an important marker of
cancer progression [47], detection of changes in the structures of
anglogcnrsls-mdurtd blood vesscls has become a key strategy for the

is of cancer 1 [48]. Based on this finding, the
changes in angiogenic vessel volume and density within the proper-
ALN were examined using 2D/3D CE-HFUS with ALs {28]. As
shown in I'ig. 4, significant increases in the angiogenic vessel volume
and density in the proper-ALN, compared with the control, were
evident at day 14, suggesting that the detection of angiogenesis could
be an eflective approach to detect lymph node metastasis. In
addition, the angiogenesis occwred predominantly after the
cstablishment of mctastasis on day 14, and not by day 9. This
suggests that angiogenesis may show a period of dormancy during
the development of metastasis. Hanahan and Folkman (49] have
proposed the concept of an “angiogenic switch” to describe the
activation of angi is during the devel ofa tumor. When
a tumor has grown beyond approximately 1 to 2 mm® in volume, it
cannot rely on the diflusion of metabolites to meet its needs and
therelore must recruit and develop new vessels through the well-
known process of angiogenesis [50]. The pattern of the increase in
vascularity in the present model is similar to that previously reported
{51). Therefore, the model described here provides an excellent
opportunity for the serial quantification and analysis of the changes
in blood vessel structure in the lymph nodes, during the progression

B > 15
2 -@-Vessel volums (cells) *
§ 14 F-0-Vessel volume (PBS)
2 13 ~&-Vessel density (cells)
e @ ~A~Vessel density (PBS)
£ g
o £ 12 #
o3
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4 10 ¢
.§ 08
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0 3 [ 9 12 15 18
Days after inoculation
Figure 4, Monitoring of ic pr by CE-HFUS

with Als. A. Imaging of the temporal changes in angiogenic vessel
density in a cross-section of a metastatic proper-ALN, visualized by CE-
HFUS with ALs. Blood vessel density increased with tumor progression.
Red circles indicate the proper-ALN boundary, arows and dotted fines

of is, using invasive technicues.

The intravital imaging systems currently used in preclinical
cancer rescarch employ magnetic resonance imaging (MRI) at a
resolution of 10 to 100 pm, X-ray computed tomography imaging
(CT) at a reselution of 50 ym, ultrasound imaging at a resolution
of 50 pm, and positron emission tomography at a resolution of 1
to 2 mm [52]. As the size of the mouse lymph node in the present
model is similar to that of the human lymph nodle, the use of this

is moclel to investigate and devclop 1hcs<~ 1mugmg svslt‘ms

indicate the AL-enhanced region, and green highligh di the
dense area of neovasculature in the proper-ALN. B, Resuks of 3D
quantitative analys|s of the temporal changes in blood vessel volume
and density in metastatic proper-ALNs. The term “cells” indicates the
metastasized group (1x10° cells/min, n=4) and “PBS” the negative
control group (n=3). Values for each group were normalized against
the measurement on day 0. Error bars indicate the SEM values, * is for
comparison of the temporal change within each group; # is for
comparison between groups. * or #, P<0.05; ** or ##, P<0.01,
calculated using two-way ANOVA followed by the Tukey-Kramer test.
doi:10,1371/journal.pone.0055797.9004

tases (0.2 mm<tumor cell clusters =2 mm) and macrometastases
(tumor cell clusters >2 mm) [38]. Some studies have revealed a
significant relationship between the presence of isolated tumor
cells or micrometastases in lymph nodes and poorer prognosis
[39,40], whereas others have failed to find such an association
[41-43]. However, lymph node macrometastases larger than
2 mm (on the basis of cluster size) have been established to be of
prognostic significance [39].

Currently, a lymph node size greater than 10 mum in the short-
axis ciameter, determined by GT and MR, is consiclered to be the
most important radiologic criterion for lymph node metastasis
[44,45]. However, this size-based characterization of lymph node
metastasis frequently leads to erroncous diagnosis, as when, for
example, normal-sized lymph nodes are metastatic or, conversely,
abnormally enlarged lymph nodes are solely the consequence of
reactive swelling [46]. To improve diagnostic accuracy, it is vital
that a new set of diagnostic criteria are established for lymph node

PLOS ONE | www.plosone.org

would likely allow for the establist of new d
[or diagnosis of metastasis, based on the dynamics of angiogenesis.
In lusion, we have established a mouse model of inter-
lymph node metastasis via aflerent lymphatic vessels, using mice
exhibiting vemarkable systemic lymphadenopathy, with the
proper-ALNs and SiLNs 6 to 12 mm in diameter (similar in size
fo human lymph nodes). This model may be used for the
develop of highly functionalized, high-resolution ultrasound
as well as other imaging modalities for the detection of blood
vessels in lymph nodes cluring metastatic progression.

Supporting Information
fibrous histi (MFH)-like

Mali

Figure §1
cells,
(T1r)
Video S1 Visualization of the route of lymph node
metastasis.
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Abstract

autoantigens expressed on the endothelial cell surface.

autoantibody were evaluated.

Introduction: Anti-endothelial cell antibodies (AECAs) are thought to be critical for vasculitides in collagen
diseases, but most were directed against molecules localized within the cell and not expressed on the cell surface.
To clarify the pathogenic roles of AECAs, we constructed a retroviral vector system for identification of

Methods: AECA activity in sera from patients with collagen diseases was measured with flow cytometry by using
human umbilical vein endothelial cells (HUVECs). A cDNA library of HUVECs was retrovirally transfected into a rat
myeloma cell line, from which AECA-positive clones were sorted with flow cytometry. cDNA of the cells was
analyzed to identify an autoantigen, and then the clinical characteristics and the functional significance of the

Results: Two distinct AECA-positive clones were isolated by using serum immunoglobulin G (IgG) from a patient
with systemic lupus erythematosus (SLE). Both clones were identical to ¢cDNA of fibronectin leucine-rich
transmembrane protein 2 (FLRT2). HUVECs expressed FLRT2 and the prototype AECA IgG bound specifically to
FLRT2-transfected cells. Anti-FLRT2 antibody activity accounted for 21.4% of AECAs in SLE. Furthermore, anti-FLRT2
antibody induced complement-dependent cytotoxicity against FLRT2-expressing cells.

Conclusions: We identified the membrane protein FLRT2 as a novel autoantigen of AECAs in SLE patients by using
the retroviral vector system, Anti-FLRT2 antibody has the potential to induce direct endothelial cell cytotoxicity in
about 10% of SLE patients and could be a novel molecular target for intervention. Identification of such a cell-
surface target for AECAs may reveal a comprehensive mechanism of vascular injury in collagen diseases.

Introduction

Vascular endothelial cells (ECs) represent the boundary
between blood and tissue, and contribute to the process
of inflammation. Anti-endothelial cell antibodies
(AECAs) were first described in 1971 and defined as
autoantibodies that target antigens present on the EC
membrane [1,2]. AECAs have been detected in a num-
ber of pati with collagen di including systemic
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Dy of Hi logy and Rh logy, Tohoku University Graduate
School of Medicine, 1-1 Seiryo-cho, Aoba-ku, Sendai, Miyagi 980-8574, Japan
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lupus erythematosus (SLE), and were shown to be corre-
lated to disease activity [3,4]. SLE is one of the diseases
in which AECAs are frequently detected, and they are
considered to play a role in the pathogenesis, especially
in lupus nephritis [3,4]. In addition, SLE patients have
an increased risk of cardiovascular disease originating
from SLE itself, and it has been reported that AECAs
play roles in atherosclerotic events [5].

AECAs have the potential to induce vascular lesions
directly because their targets are expressed on ECs,
which are always in contact with these circulating anti-
bodies. AECAs are considered to play roles in the

- " © 2012 Shirai et al; ficensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
( RiolMed Central  Audibution License (hipr/creativecommons org/licenses/by/20), which pemits unrestricted use, distribution, and reproduction in
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development of pathologic lesions by EC cytotoxicity
(complement-dependent cytotoxicity (CDC) and anti-
body-dependent cell-mediated cytotoxicity (ADCC)),
activation of EC (proinflammatory cytokine secretion
and expression of adhesion molecules), induction of
coagulation, and induction of apoptosis [6-9].

Although new biologic drugs have been applied to the
treatment of SLE, currently available therapies often
introduce the additional risk of immunosuppression
[10]. Bloom et al. [11] proposed a model for customized
and specific therapeutic approaches against a highly
pathogenic subset of lupus antibodies by using small
molecules that neutralize them. AECAs may be good
targets for such interventions, and identification of cell-
surface targets of AECAs is required,

Target antigens of AECAs had been investigated inten-
sively, but they are heterogeneous and classified into the
following three groups: membrane component, ligand-
receptor complex, and molecule adhering to the plasma
membrane [12]. The cellular localization of the target anti-
gen is considered to be a critical factor in the pathogenesis
of autoantibodies [13], and it is generally accepted that
autoantibodies against integral membrane proteins are
usually pathogenic [14]. Although AECAs must be direc-
ted against the cell surface, most of the molecules reported
to date as targets for AECAs are intracellular proteins
[2,4,6,15], Several groups have recently identified targets of
AECAs by proteomics analysis [16,17). However, extrac-
tion of some membrane proteins is difficult in proteomics
analysis, and this may be one of the reasons that such pro-
teins were not identified as AECA targets [2].

We constructed a retroviral vector system [18] to iden-
tify autoantigens expressed on the EC surface by using
flow cytometry and identified the membrane protein fibro-
nectin leucine-rich transmembrane protein 2 (FLRT2) as a
novel autoantigen of AECAs in patients with SLE,

Materials and methods

Sources of human sera

Two hundred thirty-three patients with collagen diseases
(196 female and 37 male patients) were enrolled in the
study. The mean age was 42.5 years, with a range of 18 to
72 years. The patients comprised 95 with SLE and 138
with other collagen diseases. All of the patients were diag-
nosed according to the respective classification criteria
[19-32]. Thirty-five age- and sex-matched healthy donors
were enrolled as a control group. Sera were collected and
stored at -20°C until use, All subjects gave written consent
after the purpose and potential risks involved in the study
were explained. The study protocol complied with the
principles of the Declaration of Helsinki and was approved
by the Ethical Committee of Tohoku University Graduate
School of Medicine.

Page 2 of 13

Cell culture

Human umbilical vein endothelial cells (HUVECs), human
aortic endothelial cells (HAECs), human lung microvascu-
lar endothelial cells (HMVEC-Ls), and EGM-2 medium
were purchased from Lonza (Basel, Switzerland). Human
renal glomerular endothelial cells (HRGECs) and endothe-
lial cell medium were purchased from ScienCell Research
Laboratories (Carlsbad, CA, USA). The cells were grown
in 5% CO, at 37°C on polystyrene flasks (BD Biosciences,
Bedford, MA, USA). These ECs were used at sooner than
the fifth passage. HEK293T cells were purchased from
American Type Culture Collection (ATCC) (Manassas,
VA, USA), Plat-E and Plat-GP packaging cells were pur-
chased from Cell Biolabs (San Diego, CA, USA) and cul-
tured in Dulbecco modified Eagle medium (DMEM)
(Sigma, St. Louis, MO, USA) supplemented with 10% fetal
bovine serum (FBS) (HyClone, Logan, UT, USA). Rat mye-
loma cells, YB2/0, were purchased from ATCC and cul-
tured in RPM11640 medium (Sigma) containing 10% FBS.

1gG purification

1gG fractions were purified from sera by using HiITRAP
Protein G HP columns (Amersham Biosciences, Roosen-
daal, The Netherlands). The concentration of purified
1gG was determined by measuring the OD at 280 nm
(ODyg0). Purified IgG was stored at -20°C until use.

Flow cytometry

Binding activities of antibodies to the surface of ECs and
FLRT2 molecules were measured by using FACSCalibur
and FACSCanto 1I (Becton Dickinson, Franklin Lakes, NJ,
USA) [17], and the data were analyzed with Flowjo Soft-
ware (Tree Star, Ashland, OR, USA). In brief, attached
cells were dissociated from plates by using Cell Dissocia-
tion Solution (Sigma) and washed with phosphate-buffered
saline (PBS). Aliquots of 1 x 10° cells/tube were incubated
in blocking buffer (PBS containing 1% bovine serum albu-
min and 50 mg/ml goat gamma globulin fraction (Sigma))
with primary antibodies at 4°C for 30 minutes. After wash-
ing, cells were incubated with secondary antibodies and
7-amino-actinomycin D (7-AAD) (BD Biosciences) at 4°C
for 30 minutes and analyzed with flow cytometry.

Primary antibodies included 1:10 diluted human serum,
0.5 mg/ml of purified human IgG, and 10 pg/ml goat anti-
human FLRT1/FLRT2/FLRT3 antibody (R&D Systems,
Minneapolis, MN, USA). Secondary antibodies included
1:50 diluted fluorescein isothiocyanate (FITC) or phycoer-
ythrin (PE)-conjugated goat anti-human IgG (Abcam,
Cambridge, UK), PE-conjugated donkey anti-goat 1gG
(Abcam), PE-conjugated mouse anti-human IgG1/1gG2/
1gG3/IgG4 antibody (Beckman Coulter, Fullerton, CA,
USA), and DyLight 650-conjugated anti human IgM anti-
body (Abcam). For staining of the intracellular FLRT2
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domain, IntraStain (Dako, Glostrup, Denmark) and anti-
human FLRT2 antibody (K-20) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) were used.

For measurement of AECA activity, the relative mean
fluorescence intensity (MFI) ratio was calculated as fol-
lows: (sample MFI - control MFI)/control MFI x 100 [33].
Relative MFI ratio of mean + 3 standard deviations (SD)
among the control group was defined as the cutoff value
for AECAs. For measurement of anti-FLRT2 activity
against the cell-surface domain, the relative MFI ratio was
calculated as follows: (MFI against FLRT2-expressing cells
- MFI1 against non-FLRT2-expressing cells)/MFI against
non-FLRT2-expressing cells x 100. In each set of experi-
ments, relative MFI ratios of titrated reference serum with
high anti-FLRT2 activity were calculated, and a standard
curve was generated, The relative MFI ratio was converted
to arbitrary units (AUSs) according to the standard curve.
AU of mean + 3 SD in the control group was defined as
the cutoff value for the anti-FLRT2 antibody. Recombinant
human FLRT?2 (R&D Systems) was added at the indicated
dose in inhibition tests. The percentage inhibition was cal-
culated as follows: % inhibition = (AECA titer of sample
serum - AECA titer of sample serum with inhibitor)/
AECA titer of sample serum x 100,

HUVEC ¢DNA library

Total RNA was generated from HUVECs by using an
RNeasy Mini Kit (Qiagen, Hilden, Germany), and poly(A)
+ RNA was purified with an mRNA Purification Kit (GE
Healthcare, Little Chalfont, Buckinghamshire, UK). Dou-
ble-stranded cDNA was synthesized by using a cDNA
library construction kit (Takara Bio, Shiga, Japan). DNA
fragments > 1,000 bp in length were ligated into the pMX
vector (kindly donated by Toshio Kitamura, University of
Tokyo, Tokyo, Japan).

Screening of ¢cDNA library

The HUVEC ¢DNA library in pMX was retrovirally trans-
fected into the YB2/0 rat myeloma cell line [34]. Aliquots
of 1 x 107 YB2/0 cells expressing the HUVEC cDNA
library were incubated with 0.5 mg/ml of 1gG with high
AECA activity at 4°C for 30 minutes. After washing, cells
were incubated with FITC-conj d goat anti-h

1gG and 7-AAD at 4°C for 30 minutes, The cells showing
a high level of FITC fluorescence signal were sorted with
FACS Vantage (Becton Dickinson). Sorted cells were kept
in culture until the cell number increased sufficiently for
the next round of sorting. Subcloning of cells bound to
1gG with AECA activity was performed by the limiting
dilution method.

Genomic DNAs of clones were purified by using the
Wizard SV Genomic DNA Purification system (Promega
Corporation, Madison, W1, USA). DNA fragments from
the HUVEC c¢DNA library were amplified by polymerase
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chain reaction (PCR) by using TaKaRa LA Taq (Takara
Bio) with primers corresponding to the 5’ and 3’ ends of
the multiple cloning site of pMX (5-GGTGGAC-
CATCCTCTAGACTG, 3'-CCTTTTTCTGGAGAC-
TAAAT, respectively). The PCR products were cloned
into the pCR-TOPO vector (Invitrogen), and DNA
sequences were analyzed with the BLAST program.

Expression of FLRT2 in HEK293T cells

The full-length FLRT?2 fragment was amplified by PCR
from genomic DNA of FLRT2-expressing YB2/0 clone
sorted as described earlier, by using Phusion High-Fidelity
DNA Polymerase (Finnzymes, Keilaranta, Espoo, Finland).
Primer sequences were as follows: 5-CCCACCACATTG-
TATTTTATTTCC, 3-CTTGATAACGCTGGGCCTCT.
The FLRT2 fragment was inserted into the pMX-IRES-
GFP vector (Cell Biolabs). An FLRT2 expression vector
with deletion of the unique region was made by using an
In-Fusion HD Cloning Kit (Clontech Laboratories, Madi-
son, W1, USA) with two PCR segments constructed to
omit the unique region (363 to 419 amino acids) and
inserted into the pMX-IRES-GFP vector. pMX-FLRT2-
IRES-GFP was transfected directly into HEK293T cells
with FuGENE HD (Roche Diagnostics, Basel, Switzerland)
or retrovirally transfected into HEK293T cells. Full-length
FLRT1 and FLRT3 fragments were amplified as described
earlier and inserted into the pMX-IRES-GFP vector.

Western blotting

Cells were lysed in RIPA buffer (Cell Signaling Technol-
ogy, Danvers, MA, USA). The lysate was mixed with 5 x
sodium dodecyl sulfate (SDS) sample buffer and separated
by electrophoresis on an 8% polyacrylamide gel. The pro-
teins were then transferred onto Immobilon Transfer
Membranes (Millipore, Billerica, MA, USA). The mem-
branes were treated with 0.1 pg/ml of goat anti-FLRT2
antibody and IRDye680-conjugated donkey anti-goat IgG
(LI-COR Biosciences, Lincoln, NE, USA), and fluorescence
intensity was determined with the Odyssey Infrared Ima-
ging System (LI-COR).

cDC

CDC was assessed by the tetrazolium salt reduction
method by using WST-1 (Roche Diagnostics) [35-37], In
brief, cells were seeded in 96-well culture plates at a con-
centration of 4 x 10* cells per well and cultured overnight.
Cells were incubated with 100 pl of diluted IgG for 30 min-
utes followed by addition of 50 pl of rabbit complement
(Cedarlane Laboratories, Burlington, ON, Canada) at the
indicated concentrations for 2 hours at 37°C. Then 15 pl
of WST-1 was added, and cells were incubated for an
additional 4 hours. Absorbance at 450 nm (A,s0) was mea-
sured and expressed as relative fluorescence units (RFUs),
reflecting the number of viable cells. Triton X-100 {1%)
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and heat-inactivated complement were added to the wells
to measure background or maximal absorbance of WST-
1, respectively. Recombinant FLRT2 was added in the inhi-
bition tests. The percentage cytotoxicity for each sample
was calculated by using the formula:

Y cytotexicity = (maximal RFU-sample REL/ {maximal RFU—background RFU)x 105,

ADCC
ADCC was determined by using the LDH Cytotoxicity
Detection Kit (Takara Bio) and the manufacturer's pro-
tocol [36].

The percentage cytotoxicity was calculated as follows:

“# ooty

Detection of molecule exp

HUVECs were cultured overnight in 96-well culture
plates and incubated with IgG (640 pg/ml) for 6 hours at
37°C. Harvested cells were stained with PE-conjugated
anti-CD62E antibody (BioLegend, San Diego, CA, USA),
allophycocyanin (APC)-conjugated anti-CD106 antibody
(BioLegend), and Pacific blue-conjugated anti-CD54
antibody (BioLegend), and were analyzed with flow
cytometry,

Detection of EC apoptosis

HUVECs were seeded in 48-well culture plates and incu-
bated with test IgG (640 pg/ml) for 24 hours, and apopto-
sis in the harvested cells was measured with annexin V
and 7-AAD (Apoptosis Detection Kit; BD Biosciences)
with flow cytometry. Annexin V-positive/7-AAD-negative
cells were measured as apoptotic cells.

Statistical analysis

Data were analyzed by using the two-tailed Student ¢ test
or Mann-Whitney U test for continuous variables. Pair-
wise comparisons were assessed by using the Wilcoxon
signed-rank test. Spearman rank correlation was used to
explore the associations between anti-FLRT?2 titer and
clinical parameters. All analyses were performed by using
Prism software (GraphPad Software, La Jolla, CA, USA).
In all analyses, P < 0.05 was taken to indicate statistical
significance.

Results

Detection of AECA activity with flow cytometry

We first examined AECA activity in the sera from patients
with collagen diseases by measuring binding activity of
IgG to nonpermeabilized 7-AAD-negative HUVECs by
using flow cytometry. The prevalence of AECAs was sig-
nificantly higher in patients with SLE (50.5%) and other
collagen diseases compared with normal controls (2.9%)
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(Figure 1). As these data indicated the presence of autoan-
tigens on the EC surface, we constructed a retroviral vec-
tor system to identify cell-surface target molecules of
AECAs with flow cytometry.

Sorting of cells expressing cell-surface autoantigens with
retroviral vector system

Among sera with AECA activity, one sample (E10-19)
from an SLE patient with active lupus nephritis (WHO
1V) showed strong AECA activity (Figure 2A). We
selected this serum sample as the prototype of AECAs
for subsequent cell sorting. Purified 1gG from E10-19
serum also showed strong binding to the surface of
HUVECs, and IgG from the same patient collected after
the treatment with 1 mg/kg prednisolone and intrave-
nous cyclophosphamide showed remarkably reduced
AECA activity (Figure 2A).

The YB2/0 cell line expressing HUVEC cDNA was gen-
erated by stable transfection of the HUVEC cDNA library
with the retroviral vector system. After staining of this cell
line with E10-19 IgG and FITC-conjugated secondary
antibody, cells with strong FITC signals were sorted with
flow cytometry. After cell expansion, we repeated one
more round of cell sorting to concentrate E10-19 IgG-
binding cells (Figure 2B). After the second sorting, cells
bound to E10-19 IgG were markedly increased, and several
cell clones were established from the E10-19 IgG-binding
cell population by the limiting dilution method. Two dis-
tinct clones with different E10-19 IgG-binding activities
and gene profiles of transfected HUVEC ¢cDNA were
established, C9 and C18 (Figure 2C and 2D).

Identification of FLRT2 as a novel cell-surface autoantigen
After PCR amplification and cloning of HUVEC c¢cDNA
ingerted into the genomic DNA of C9 and C18, DNA
sequencing was performed followed by BLAST analysis.
PCR bands of around 3,000 bp in C9 and C18 (Figure 2D,
black box) were found to be an identical gene, that is,
fibronectin leucine-rich transmembrane protein 2 (FLRT2)
cDNA (GenBank accession number NM_013231.4). Real-
time quantitative PCR and microarray analysis of YB2/0,
C9, and C18 also supported the conclusion that only the
FLRT2 mRNA was overexpressed in both C9 and C18
(data not shown). Flow cytometry and Western blotting
showed that FLRT2 protein was expressed on the cell sur-
faces of C9 and C18 (Figure 3A). Next, we generated an
expression vector of FLRT2, which was transfected into
HEK293T cells. E10-19 1gG showed significant binding
activity to 7-AAD-negative FLRT2-expressing HEK293T
cells (Figure 3B), indicating that E10-19 IgG has high anti-
FLRT? activity, Thus, the membrane protein FLRT2 was
identified as a novel autoantigen.

Flow cytometry and Western blotting indicated that
HUVECs and other ECs also expressed significant levels
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of FLRT2 on their cell surfaces (Figure 3C, D). FLRT? is
a member of the FLRT family, which includes FLRT1,
FLRT2, and FLRT3 [38]. We examined whether other
FLRTs were expressed on HUVECs with flow cytometry.
Neither FLRT1 nor FLRT3 was expressed on the surface
of these ECs, and E10-19 IgG showed no binding activ-
ity to either FLRT1 or FLRT3 (Figure 3E, F). These data
indicated that among the FLRT family, FLRT2 was the
only target molecule of AECAs.

T

test and epitop pp

We conducted inhibition tests to determine whether the
AECA activities of anti-FLRT2-positive SLE patients
were due to anti-FLRT2 activity. Incubation with soluble
recombinant FLRT2 inhibited the binding of patient IgG
to HUVECs (Figure 4A), We further investigated the epi-
tope of anti-FLRT2 antibody. FLRT2 contains extracellu-
lar leucine-rich repeats, unique region, fibronectin type
11 domain, and a cytoplasmic tail. As mentioned earlier,
FLRT?2 was the only member of the FLRT family that was
bound by SLE IgG, so we hypothesized that the unique
region of FLRT2 may be the major epitope for anti-
FLRT2 antibody. To investigate this hypothesis, an
expression vector of FLRT2 lacking the unique region
(FLRT2Aur) was generated. As shown in Figure 4B, the
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binding activity of the anti-FLRT2 antibody was signifi-
cantly reduced when FLRT2 lacked its unique region (P
= 0.008) compared with the equal binding activity of
anti-FLRT2 antibody to the intracellular domain. These
observations indicated that the major epitope was loca-
lized within the unique region of FLRT2.

Distribution of patients with anti-FLRT2 activity
Anti-FLRT? activities were detected in nine (10.2%) of 88
patients with SLE and one (6,7%) of 15 patients with
granulomatosis with polyangiitis (Wegener’s). Healthy
controls and other patients with collagen diseases,
including diseases that showed a high prevalence of
AECA activity, did not show anti-FLRT? activity (Figure
5A). Strong anti-FLRT?2 activities were detected in only
SLE patients, indicating that anti-FLRT2 antibody is spe-
cific to SLE patients. Among 48 SLE patients with AECA
positivity (Figure 1), 42 were examined for anti-FLRT2
activity, and nine patients (21.4%) were positive.

Among SLE patients with anti-FLRT2 positivity, anti-
FLRT2 activity was significantly correlated with low levels
of complement C3, C4, and CH50 (Figure 5B). No interre-
lations were found between anti-FLRT2 activity and the
SLE disease activity index (SLEDAI), anti-dsDNA antibody
titer, or serum amyloid A (SAA) level (Figure 5B).
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(mean + 3SD). Collagen diseases included systemic lupus erythematosus (SLE), mixed connective tissue disease (MCTD), Sjgren syndrome (S5),
polymyositis (PM), dermatomyositis (DM), systemic sclerosis (55¢), theumnatoid arthritis (RA), polyarteritis nodosa (PN), Churg-Strauss syndrome
(CSS), microscopic polyangiitis (MPA), granulomatosis with polyangiitis (GPA), and Takayasu arteritis (TA). {B) Correlations of clinical parameters
with anti-FLRT2 activity among anti-FLRT2-positive SLE patients are shown. CH50, 50% hemolytic complement activity; SLEDAY, SLE disease
activity index; dsDNA Ab, anti-double-stranded DNA antibody; SAA, serum amyloid A.
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Induction of endothelial cell killing by CDC
We next assessed the functional significance of anti-
FLRT?2 antibody by using IgG from the sera of two SLE
patients with high FLRT2 activity (B11-8 and X10-48).
IgG with anti-FLRT2 activity showed significant CDC
activity against HUVECs compared with IgG from nor-
mal controls (Figure 6A). This CDC activity was inhib-
ited by incubation with soluble recombinant FLRTZ, and
increased with a higher concentration of IgG (Figure 6B,
C). Strong CDC activity was induced against FLRT2-
expressing HEK293T cells, but not against mock-trans-
fected HEK293T cells (Figure 6D). These observations
confirmed the ability of the anti-FLRT2 antibody to
induce CDC activity by binding to cell-surface FLRT2,
We also analyzed the IgG subclasses of anti-FLRT2
antibody with flow cytometry. In all anti-FLRT2 active
IgG subclasses, IgG1 and IgG2 activities were strong,
and 1gG3 was weak. The presence of I1gG4 varied
between patients (Figure 6E). Compared with 1gG, weak

1gM activity was detected (Figure 6F). None of these
1gGs showed ADCC (Figure 6G).

Other pathogenic roles as AECAs

We examined further potentials for pathogenicity
against EC activation and induction of apoptosis. The
levels of expression of adhesion molecules (intercellular
adhesion molecule 1 (ICAM-1), vascular cell adhesion
molecule 1 (VCAM-1), and E-selectin) on HUVECs
were not increased by incubation with IgG purified
from B11-8 and X10-48 compared with control IgG
(Figure 7A). Incubation of HUVECs with anti-FLRT2-
positive IgG did not induce apoptosis (Figure 7B).

Discussion

Although the existence of AECAs in patients with SLE
and other collagen diseases has been reported, its patho-
genic significance remains unknown. The localization of
the AECA target molecule on the cell surface should be



