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Abstract

Background The ADAMI10-mediated cleavage of transmembrane proteins regulates cellular processes such as proliferation
or migration. Substrate cleavage by ADAM10 has also been implicated in pathological situations such as cancer or Morbus
Alzheimer. Therefore, identifying endogenous molecules, which modulate the amount and consequently the activity of
ADAMI10, might contribute to a deeper understanding of the enzyme’s role in both, physiology and pathology.

Method To elucidate the underlying cellular mechanism of the TBX2-mediated repression of ADAM10 gene expression, we
performed overexpression, RNAi-mediated knockdown and pharmacological inhibition studies in the human neuroblastoma
cell line SH-SYS5Y. Expression analysis was conducted by e.g. real-time RT-PCR or western blot techniques. To identify
the binding region of TBX2 within the ADAM10 promoter, we used luciferase reporter assay on deletion constructs and
EMSA/WEMSA experiments. In addition, we analyzed a TBX2 loss-of-function Drosophila model regarding the expres-
sion of ADAM10 orthologs by qPCR. Furthermore, we quantified the mRNA level of TBX2 in post-mortem brain tissue
of AD patients.

Results Here, we report TBX?2 as a transcriptional repressor of ADAMI10 gene expression: both, the DNA-binding domain
and the repression domain of TBX?2 were necessary to effect transcriptional repression of ADAMI10 in neuronal SH-SY5Y
cells. This regulatory mechanism required HDACI as a co-factor of TBX2. Transcriptional repression was mediated by two
functional TBX2 binding sites within the core promoter sequence (— 315 to — 286 bp). Analysis of a TBX2 loss-of-function
Drosophila model revealed that kuzbanian and kuzbanian-like, orthologs of ADAM10, were derepressed compared to wild
type. Vice versa, analysis of cortical brain samples of AD-patients, which showed reduced ADAM10 mRNA levels, revealed
a 2.5-fold elevation of TBX?2, while TBX3 and TBX21 levels were not affected.

Conclusion Our results characterize TBX2 as a repressor of ADAM10 gene expression and suggest that this regulatory
interaction is conserved across tissues and species.
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Background

Cleavage of type I integral transmembrane proteins, a pro-
cess designated as ectodomain shedding, represents a pivotal
regulatory component of physiological and pathophysiologi-
cal cellular processes. Particularly, the ADAM (a disintegrin
and metalloproteinase)-mediated shedding of cell surface
proteins controls important biological functions such as
cell fate determination, migration and proliferation [1]. The
human ADAM family encodes type I transmembrane pro-
teinases and consists of 21 members [2]. Thirteen of them
have been described as being catalytically active by con-
taining a typical zinc binding motif. Within the secretory
pathway, the prodomain of these enzymes, which serves
as an intrinsic enzyme inhibitor, is removed by propro-
tein convertases [3]. One of these catalytically competent
enzymes—ADAM10—has been investigated intensively due
to its wide range of substrates [4, 5] and involvement in neu-
ronal activity [6, 7]. It is expressed in all mammalian spe-
cies; orthologs are found in invertebrates such as C. elegans
(SUP-17) and Drosophila melanogaster [kuzbanian (kuz)
and kuzbanian-like (kul)] [8-11]. Knock-out of ADAM10
in mice leads to early embryonic lethality [12], which for a
long time hindered investigations regarding its role in devel-
opment and consequently emphasizes the high relevance of
this enzyme in the cell.

Activity of ADAMI10 has been associated with e.g. the
formation of the brain cortex [13]: mice with a condi-
tional knock-out of ADAM10 in neural progenitor cells die
perinatal due to a severe disturbance in neocortex devel-
opment. This has been shown to be associated with an
impaired shedding of ADAM10-dependent targets such as
Notch-1 or the amyloid precursor protein (APP). Besides
the above mentioned substrates, ADAMI10 is known to
cleave a variety of type I transmembrane proteins and also
GPI-anchored substrates such as the metastasis-associated
protein C4.4A [4, 14]. More recently, the investigation
of neuroligin-1 (NL-1) and nerve-glia antigen 2 (NG2)
as physiological substrates of this protease revealed that
ADAM10-mediated shedding is associated with excitatory
activity within neuronal networks [6, 7]. In addition to its
physiological function, ADAMI10 is involved in pathologi-
cal processes: expression is increased in several types of
cancer and increased shedding of cell adhesion molecules
leads to development of a motile, invasive phenotype of
tumor cells, consequently resulting in a higher risk for
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metastasis [15-19]. In contrast, ADAMI10 has been dis-
cussed as a protective protease in the context of Alzhei-
mer’s disease (AD) [20-23]. In this regard, ADAM10-
mediated cleavage of APP prevents the generation of
neurotoxic A-beta peptides, the key players in AD-patho-
genesis, and moreover gives rise to the neuroprotective and
neurotrophic fragment APPs-alpha [13, 24-28].

Because of its implication in physiological as well as
pathophysiological processes in the cell, it is of great
interest to analyze, how the amount of ADAMI10 is con-
trolled at the molecular level. An important contribution
is probably made by transcription factors (TFs) binding to
the ADAM10 promoter. The human ADAM10 promoter
region has been described to be located from — 2179 to
— 1 bp upstream of the translation initiation start site
[29]. Bioinformatical characterization of this sequence
revealed several potential TF binding sites for factors
such as MZF1, Spl, and USF, of which the last two were
found functional by shift assay analysis [29]. Addition-
ally, retinoic acid receptors have been described to induce
ADAMI10 expression [23, 29, 30], a finding which already
led to conceptualization of a novel therapeutic approach
in AD [22]. Additionally, PPAR-alpha, another type of
nuclear receptor, has been reported to increase ADAMI10
gene expression in neurons via a PPAR/RXR response ele-
ment within the ADAM10-promoter sequence [31].

We conducted and reported a systematic approach to
identify transcriptional modulators of ADAM10 expres-
sion [32]: analysis of a luciferase-based screening of 704
human TFs for their potential to modulate ADAMI10-
promoter activity revealed known and also novel tran-
scriptional activators of ADAMI10 such as the unfolded
protein response mediator XBP-1. We also identified, for
the first time to our knowledge, a transcriptional repressor
of ADAM10 expression: the T-box family member TBX2,
which is implicated in cell cycle control and several devel-
opmental processes such as heart, limb, and brain develop-
ment [33-36]. The novel TBX2-dependent regulation may
play an important role in different functional contexts by
altering the amount of ADAMI10.

Here we describe that TBX?2 decreased expression of
ADAMI10 in neuronal cells and consequently reduced
alpha-secretase-dependent shedding of APP, while the
amount of neurotoxic A-beta peptides was increased.
To assess the general nature of the observed regula-
tory interaction, we quantified expression of Drosophila
ADAMI10 homologues in flies lacking omb function (the
Drosophila ortholog of TBX2) and Adam10 amount in
murine fibroblasts with elevated Tbx2 expression. Finally,
TBX2 mRNA levels in cortical tissue samples of AD-
patients were measured to determine whether regulation
of ADAM10 by TBX2 is potentially relevant in a human
neurodegenerative disease.
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Results

Identification of TBX2 as a modulator of the ratio
of ADAM10- to BACE-1-promoter activity

We previously reported a screening of 704 human tran-
scription factors (TFs) for transcriptional regulation of
AD-relevant proteases ADAM10 and BACE-1 expres-
sion in human SH-SYSY cells [32]. BACE-1 is the major
A-beta generating beta-secretase in humans [37]. TBX2
was found to significantly reduce the ratio of ADAM10- to
BACE-1-promoter activity to 52% as compared to empty
vector transfected cells (Fig. 1a, S1), while overexpres-
sion of the T-box family members TBX5 and TBX21
revealed no significant influence (93% and 91%, Fig. 1b,
¢, S1). TBX2 belongs to the T-box gene family containing
a highly conserved DNA-binding domain—the T-box [38,
39]. In Fig. 1d we provide information on the expression
levels of TBX2 and T-box genes which we used as con-
trols. They were ranked according to their relative expres-
sion level in different tissues or developmental stages
using EST profile analysis. In addition to the three TFs

included in the screening approach (TBX2, 5 and 21) we
also included TBX3, which has been described as highly
homologous to TBX2 with overlapping expression pat-
terns during organogenesis [39-42]. Nonetheless, TBX2
and TBX3 are functionally not equivalent [43, 44].

TBX2 has been described in the literature as a mostly
developmental factor [45], which is corroborated by a
high relative expression level of TBX2 in human fetus
[80 transcripts per million (TPM)] as compared to other
developmental stages such as juvenile (Fig. 1d). However,
TBX2 is strongly re-expressed in adults (31 TPM), which
hints at a potential involvement of TBX2 in non-develop-
mental processes. Consistent with a previously reported
role for TBX2 in the regulation of heart development [35],
we obtained a high TBX2 expression level of 22 TPM in
human heart tissue from database analysis (Fig. 1d). From
all selected TBX family members only TBX2 and TBX3
displayed expression in the brain based on EST analy-
sis with TBX2 revealing the highest expression level in
human brain tissue (16 TPM, Fig. 1d). This might indicate
a potential role in brain function or in pathological condi-
tions of neuronal tissue.

2 150, 2 1s0- 2 150,
o o o
= = E S ns
w o w o
= = ns =
Q E 100 I Q £ 10 I Q £ 100 I
o )
Qg a3 Qg
%5 % °%5
o R % o2 0] o2 50
Sc Sc =
< < <
2 0 2 0 a 0
control control TBX5 < control TBX21
D tissue developmental stage
Gene total heart liver fetus juvenile adult
brain
TBX2 16 22 0 80 0 31
(18/1092688) (2/89524) (0/205291) (45/556978) (0/55574) (60/1921829)
TBX3 6 22 4 52 53 75
(7/1092688) (2/89524) (1/205291) (29/556978) (3/55574) (146/192182
9)
TBX5 0 44 19 23 0 1
(0/1092688) (4/89524) (41205291) (13/556978) (0/55574) (23/1921829)
TBX21 0 0 0 0 0 8
(0/1092688) (0/89524) (0/205291) (0/556978) (0/55574) (16/1921829)

Fig. 1 Influence of selected T-box family members (TBX2, TBXS
and TBX21) on ADAMI10- and BACE-1-promoter activity. a—c
Data were obtained from a screening approach of 704 human TFs
described previously [32]. Bars display mean+SD from three inde-
pendent experiments (ns p>0.05, ***p <0.001, Unpaired Student’s ¢
test). d EST profile analysis of selected human T-box family mem-

bers. Indicated TFs were ranked according to relative expression
level in the brain as compared to other tissue and in adult compared
to other developmental stages using NCBI database information. Val-
ues represent transcripts per million (Gene EST/Total EST in pool).
Respective values for total brain and adult are marked grey
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TBX2 regulates ADAM10 gene expression
in neuronal cells

To further characterize TBX2 regulation of ADAMI10 tran-
scription, we followed ADAM10-promoter activity over
time using a secreted Gaussia luciferase reporter. Human
neuroblastoma SH-SYSY cells were transiently transfected
with the reporter constructs together with TBX2 expression
plasmid or empty vector and luminescence was recorded
from supernatants at indicated time points. TBX2 expres-
sion caused a significant decrease of ADAM10-promoter
activity to 55% as compared to control cells already 18 h
after transfection (Fig. 2a) and inhibition persisted during
the entire observation period (40% compared to control at
72 h post transfection).

In order to test whether ADAMI10-promoter activ-
ity also responded to a decrease of TBX2 expression, we
performed knock-down experiments using TBX2-specific
sRNAi. TBX2 mRNA levels were reduced by about 25%
in SH-SYS5Y cells, while those of TBX3 were not affected
(Fig. 2b). Overexpression of TBX?2 together with an unspe-
cific scrambled control sSRNAI led to a decrease of human
ADAM10-promoter activity of about 50% (Fig. 2¢). The
effect was significantly attenuated (71% as compared to con-
trols), when TBX2 was knocked down using TBX2-specific
sRNAI. The results obtained by reporter gene assays were
verified by mRNA and protein analysis: SH-SY5Y cells
were transiently transfected with TBX2 expression plasmid
or empty vector and RNA samples subjected to quantitative
RT-PCR. ADAM10 mRNA level was decreased in TBX2
overexpressing cells to 70% as compared to control trans-
fected cells 48 h after transfection (Fig. 2d). This 30% reduc-
tion of endogenous ADAM10 mRNA level is weaker than
the effect seen in the ADAM10-promoter assay (decrease
of about 50%). Such a difference between promoter activity
and endogenous mRNA level is consistent with our previ-
ous report [31]. Protein analysis using western blot method
revealed that both, the proform and the mature ADAM10
were decreased to 85% due to TBX2 overexpression (Fig. 2e,
f). This was followed by a reduced ADAM10-dependent
cleavage of APP: secretion of APPs-alpha into the cell cul-
ture supernatant was decreased about 30% (Fig. 2e, g). In
addition, the alpha-cleavage-derived C-terminal fragments
of APP (APP_CTF-alpha) were significantly reduced in cell
lysates of TBX?2 overexpressing SH-SY5Y cells (Fig. 2e, h).
However, the expression of full-length APP (APP_FL) was
not changed under these experimental conditions (100+32%
versus 107 +24%, p=0.5; data not shown). To asses if
TBX2 overexpression also affects the generation of neuro-
toxic A-beta peptides, we analyzed conditioned medium of
TBX2 overexpressing cells using ELISA. A-beta 1 — x levels
were significantly increased to 122% as compared to values
obtained from empty vector transfected cells (Fig. 2i).
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Contribution of TBX2 functional domains
to the regulation of ADAM10 transcription

To investigate the contribution of functional domains within
the TBX2 protein to the repression of ADAMI10 transcrip-
tion, we generated a TBX2 mutant lacking the C-terminal
part of the protein previously identified as a repressor
domain (aa 518—aa 601, Fig. 3a, [34, 46, 47]). Expression
of the mutant TBX2 (A_RD, 33 kDa) as well as the full-
length (FL, 75 kDa) protein was verified by western blot
using antibodies against the C-terminus of TBX2 and the
N-terminal DDK (Flag) epitope (Fig. 3a). Overexpression of
the tagged FL-TBX2 in neuronal cells decreased ADAM10-
promoter activity to 70% (Fig. 3b), whereas TBX2_ARD
had no effect on ADAMI10 transcription, even though it was
more strongly expressed than the wild type protein (Fig. 3a,
DDK-specific western blot). To analyze, whether the TBX2-
mediated effect on ADAMI0 transcriptional level is con-
served among species, we transfected murine Neuro2a (N2a)
cells with murine wild type Tbx2 expression vector (over-
expression demonstrated by western blot, Fig. 3¢) together
with a murine Adam10-promoter reporter vector. Expres-
sion of murine Tbx2 reduced Adam10-promoter activity by
76% as compared to empty vector transfected cells. This
demonstrates that repression of ADAM10-promoter is con-
served between human and mouse (Fig. 3b, d). In addition,
we analyzed a point mutated (R122/123E) murine Tbx2
variant. The missense mutations are located within the
highly conserved DNA binding domain (the T-box [48]) but
allow expression of a protein of about 75 kDa (Fig. 3c). The
mutant Tbx2 with reduced DNA binding [46, 49] caused
attenuated repression of Adam10 transcription compared to
wild type Tbx2 (reduction of promoter activity only by 40%
compared to mock transfected cells, Fig. 3d). This is consist-
ent with previous reports, stating that such a mutant Tbx2
is less efficient than the corresponding wild type protein in
repression of the E-cadherin promoter, but not fully defec-
tive [50, 51].

Identification of functional TBX2 binding sites
within the human ADAM10-promoter

To further substantiate the finding that the DNA binding
domain of TBX2 is required for repression of ADAM10
transcription (Fig. 3d), we analyzed the human promoter
region for potential TBX?2 binding sites. We used luciferase
reporter vectors with progressive truncations of the human
ADAMI10-promoter (Fig. 4a) to approximately identify the
TBX2-sensitive promoter area. TBX?2 expression in neuronal
SH-SYS5Y cells significantly decreased ADAM10-promoter
activity of all four tested constructs. Under the same con-
ditions, a promoter-less control vector showed no influ-
ence when TBX2 was overexpressed (Fig. 4a). Therefore,
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Fig.2 Characterization of TBX2-mediated repression of ADAMI10
gene expression. a Time-resolved measurement of ADAMI10-pro-
moter activity. SH-SYS5Y cells were transiently transfected with
human ADAMI10-promoter reporter construct or respective pro-
moter-less control vector (mock) together with TBX2 expression
plasmid or empty vector. Promoter activity was recorded by lumi-
nescence derived from secreted Gaussia princeps luciferase. Val-
ues obtained for empty vector transfected cells were set to 100% for
each time point (indicated as red dashed line). Statistical analysis
was performed by using multiple ¢ test (*p <0.05). b TBX2 knock-
down was verified by real-time RT-PCR. Detection of TBX3 mRNA
levels was used for specificity control. Exemplary results are shown
from one experiment performed in duplicate (Unpaired Student’s
t test was performed against the respective control; (ns p>0.05,
*#%p<0.001). ¢ Test of TBX2-knock-down specificity. TBX2
expression plasmid or empty vector were transfected together with
ADAMI10-promoter reporter construct in combination with TBX2
specific SRNAI, scrambled control sSRNAi or water (solvent control)
in SH-SYSY cells. Cell lysates obtained after 48 h total incubation
period were analyzed via luciferase-based measurement. Values
were normalized to protein content of lysates. The experiments were
performed three times independently in triplicate and values denote
mean+SD. d Effect of TBX2 overexpression on ADAM10 mRNA
levels. Total RNA from TBX2 expression plasmid or empty vector

we concluded that potential TBX2 binding sites might be
located within the first 433 bp upstream of the translation
initiation start site, which constitutes the major part of the
core promoter region [29]. In general, TBX2 mediates tran-
scriptional repression via specific DNA binding elements,
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transfected SH-SYSY cells was extracted and subjected to real-time
RT-PCR. Obtained values for ADAM10 mRNA were normalized to
those of Tubulin. Bars represent mean+SD from three independent
experiments performed in duplicate. e Analysis of the effect of TBX2
overexpression on ADAMI10 and full-length APP protein level. SH-
SYSY cells were transfected with TBX2 expression vector or empty
vector and cell lysates (20 pg of protein per lane) were subjected to
western blot method using specific antibodies for the human pro-
teins. GAPDH was used as a loading control and TBX2 overexpres-
sion demonstrated by a TBX2 detecting antibody. e, f-i Quantitation
of ADAMI10 and APP/APP cleavage product protein levels in TBX2
overexpressing cells. Exemplary blots are shown in e. Obtained val-
ues for both, the proform and mature ADAMIO (f), as well as for
APP CTF_alpha (h) were normalized to the values obtained for
GAPDH and ratios for empty vector transfected cells were set to
100%. Obtained values for secreted APPs-alpha were normalized
to total protein amount of respective cell lysate (g). Bars represent
mean + SD of four independent experiments conducted in triplicate.
i Determination of A-beta levels. Conditioned medium from TBX2
overexpressing cells was subjected to ELISA measurement and pro-
tein content of cell lysates served as normalization. Bars represent
mean=+SD from two independent experiments performed in quadru-
plicate. (ns p>0.05, *p<0.05, **p<0.01, ***p<0.001, Unpaired
Student’s ¢ test)

the T-sites, comprising the conserved sequence AGGTGT
GA [52]. In silico analysis of the respective promoter region
revealed two tandem sequences (— 286 to — 294 and — 306
to — 315 bp), which had strong similarity to the consen-
sus T-site (Fig. 4b). When these potential binding sites
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Fig.3 Effect of TBX2 mutants on ADAMI0 transcriptional activ-
ity. a Analysis of TBX2 repressor domain (RD) deletion mutant:
schematic view of applied human TBX2 protein variants: DDK-
tagged full-length TBX2 and respective protein sequence lacking
the C-terminal part including the repressor domain (ARD). Expres-
sion of the TBX2 variants was verified by western blot method using
both, TBX2 and DDK antibodies. Actin was detected for loading
control. b TBX2 expression constructs were transfected together
with ADAMI10-promoter luciferase construct or promoter-less con-
trol plasmid in human SH-SYS5Y cells. Luminescence values were
normalized to protein content of respective cell lysate and values
obtained for empty vector transfected cells set to 100%. ¢ Effect of
DNA-binding attenuated mutant of Tbx2 on ADAMI0-promoter

were eliminated by deletion mutation (sequence informa-
tion is given in Fig. 4b: ADAM10DelTBX2 promoter), the
ADAMI10 promoter no longer responded to overexpression
of TBX2 within luciferase reporter assays (Fig. 4a, lower
graph).

To test for direct binding of TBX2 to the presumptive
T-sites, we performed an electrophoretic shift assay. When
the amplified promoter region from — 433 to — 206 bp,
including both potential T-sites, was incubated with nuclear
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activity: schematic view of DDK-tagged murine full-length Tbx2 and
the Tbx2 R122/123E DNA-binding impaired mutant (mTbx2_mut,
mutation is indicated with a black triangle, both with a C-terminal
DDK-Tag). Overexpression in murine N2a cells was analyzed by
western blot and Actin served as loading control. A low molecular
weight band occurring in Tbx2 overexpressing cells might represent
a degradation product (band is marked with *). d N2a cells were
transfected with respective Tbx2 expression plasmids together with
murine Adam10-promoter reporter plasmid or promoter-less con-
trol vector. Values were normalized to protein content and values for
control vector transfected cells were set to 100%. b, d Bars represent
mean=+SD of three independent experiments conducted in triplicate
(ns p>0.05, *p <0.05, One-way ANOVA, Bonferroni post-test)

extracts of TBX2 overexpressing HEK293 cells, a shift
due to DNA-protein binding was observed (Fig. 4c, lane
1). This was strongly attenuated in favor of the free probe
when nuclear extracts from cells expressing a DNA-bind-
ing impaired mutant of human TBX2 was used (G121A/
R122S, hTBX2_mut_DDK, Fig. 4c, lane 2). In addition to
the high molecular shift, we observed multiple shift bands
with lower molecular weight (indicated by #, Fig. 4c). This
may be caused by the use of a large EMSA probe and by
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independent experiments performed in triplicate. (ns p>0.05,
*##%p <(0.001, Unpaired Student’s ¢ test). b A putative TBX2 binding
sequence within the human ADAM10-promoter (— 315 to — 286 bp
upstream of the translation initiation site) consisting of two partially
conserved T-sites. Sequence discrepancy between the ADAMI10-
promoter and consensus T-site sequence is highlighted. Additionally,
the sequence of the mutant lacking the binding sites is shown. ¢ Elec-
trophoretic mobility shift assay (EMSA) for the identified region of
the ADAMI10-promoter sequence comprising a putative TBX2 bind-
ing motif. The biotinylated promoter fragment (— 433 to — 206) was
incubated with nuclear fractions from HEK 293 cells either overex-

using nuclear extracts containing an endogenous pool of
nuclear proteins besides the overexpressed TBX?2 vari-
ants. Therefore, we conclude that these complexes occur
due to the binding of nuclear proteins to the sequence or
by interaction of DNA stabilizing agents such as histones,
which are also present in the nuclear fractions. However,
the occurrence of multiple band shifts is consistent with a
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pressing DDK-tagged TBX2, DDK-tagged mutant TBX2 (G121A/
R1228S), untagged TBX2 or fractions from empty vector transfected
cells. Protein-DNA complexes were separated from the free DNA
probe by electrophoresis in a native polyacrylamide gel and chemi-
luminescent signals were visualized by HRP-coupled streptavidin
conjugate. Free probe and high molecular weight, TBX2 contain-
ing complexes (indicated as shift) are marked. Formed DNA-pro-
tein complexes with lower molecular weight are indicated with #.
In addition, TBX2 proteins were visualized by western blot-EMSA
(WEMSA) using a TBX2-specific antibody under the same condi-
tions as for EMSA analysis. d Nuclear extracts from human TBX2_
DDK expressing cells were incubated with the promoter fragment
and separated as described in ¢ with or without the presence of an
unlabeled competitive oligonucleotide comprising a fully conserved
palindromic T-site ([54], see “Methods” section) or an unrelated oli-
gonucleotide, lacking any binding potency towards TBX2, as a speci-
ficity control (e). Molar excess of unlabeled positive oligonucleotide
is indicated

previous report using nuclear extracts from TBX?2 overex-
pressing HEK293 cells [53]. A high molecular shift com-
plex was also detected using nuclear extracts of untagged
TBX2 (hTBX2) but not with nuclear extracts obtained from
cells transfected with empty vector (Fig. 4c, lane 4 and 5).
Under the same conditions, no signal was obtained by only
applying nuclear extracts without DNA (lane 6, Fig. 4c).
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In parallel, the same samples were analyzed for protein via
western blot-EMSA (WEMSA, Fig. 4c, lower part of the
picture). A high molecular complex containing TBX2 was
observed in all samples with TBX2 overexpression (Fig. 4c,
lane 1, 2, 5 and 6). However, TBX2 was replaced from this
complex in favor of the unbound protein in the binding reac-
tion, when the mutant of TBX2 with impaired DNA-binding
was used and also in the sample completely lacking the DNA
component (Fig. 4c, lower part, lane 2 and 6). Formation
of the high molecular TBX2-dependent shift-complex was
attenuated when reaction was co-incubated with a 1000-
fold molar excess of an oligonucleotide comprising a per-
fect conserved T-site (Fig. 4d, [54]). Competition with the
consensus T-site oligonucleotide also strongly increased the
free EMSA probe. Under the same conditions, the shift of
the high molecular DNA—protein complex was not affected
when competing with an unrelated oligonucleotide (non-
specific competitor, Fig. 4e). Apparently, TBX2 along with
other proteins in the nuclear extract can form an unusually
large and stable complex with the analyzed ADAM10-pro-
moter fragment containing the identified T-sites within — 315
to — 286 bp of the translation initiation start site.

The co-factor histone deacetylase 1 (HDAC1)
contributes to the TBX2-mediated repression
of ADAM10 expression

In previous reports it has been described, that recruitment
of the class I histone deacetylase 1 (HDAC1) is essential for
the transcriptional repression of TBX2-target genes such as
p21. Thereby, formation of a repressive chromatin structure
results in the silencing of respective target gene promoters
[36, 55]. To investigate the role of HDACI as a potential
co-factor for the TBX2-based decrease of ADAMI10 tran-
scriptional activity, we performed co-expression studies:
successful overexpression of TBX2 and HDAC1 was moni-
tored by western blotting (Fig. 5a). Overexpression of TBX2
revealed the expected decrease in ADAM10-promoter activ-
ity (63% of control transfected cells, Fig. 5b), whereas over-
expression of HDACI alone had no significant influence on
ADAMI10 gene expression and on protein level (for protein
level analysis please see Figure S3). Combination of TBX2
and HDACI led to a strong decrease of promoter activity to
29% compared to control, indicating a synergistic effect of
TBX2 and HDACI. To further substantiate our results, we
analyzed the effect of TBX?2 overexpression combined with
pharmacological inhibition of HDAC activity: the inhibitor
entinostat has been reported to inhibit selectively HDAC1
and HDAC3 at low uM concentrations, while other mem-
bers of the HDAC family such as HDAC4, 6, 8 or 10 are not
affected (IC5,> 100 uM) [56]. 0.5 uM entinostat has been
demonstrated to specifically act on HDAC1 while not affect-
ing other class I HDACs [57]. Effectivity of the inhibitor
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was monitored by detection of acetylated histone H3 (Lys9)
in western blots (Fig. 5¢). Overexpression of TBX2 in
cells treated with solvent control decreased ADAM10
gene expression to about 50% as observed before (Fig. 5d).
When in addition to TBX2 overexpression, HDACI and 3
(2.5 uM) or specifically HDAC1 (0.5 uM) were inhibited
by entinostat, the TBX2-mediated repression of ADAM10
transcription was significantly attenuated (only 82 and 72%
of solvent-treated cells, Fig. 5d). In addition, we observed no
statistically significant difference comparing both substance
concentrations in TBX?2 overexpressing cells indicating an
HDACT specific effect.

Expression analysis of TBX2 and ADAM10 in contact
inhibited cells

TBX2 has been previously described as an immortalizing
factor overcoming cell cycle arrest by transcriptional repres-
sion of p21 [34, 36]. To investigate the TBX2-mediated
repression of ADAMI0 transcription in the context of cell
cycle control, we cultured SH-SY5Y cells under a contact
inhibition (CI) paradigm. In contrast to other cancer cells,
SH-SYSY cells have been reported to be able to undergo
growth arrest at least pharmacologically induced [58, 59]. To
demonstrate growth inhibition in the CI situation, we meas-
ured activity of the senescence-associated beta-galactosidase
(SA beta-Gal, [60, 61]), which was about 2-fold increased at
high cell density compared to non-contact inhibited controls
(Fig. 6a). Under these conditions, the endogenous mRNA
level of TBX2 was significantly increased 1.9-fold, whereas
the mRNA level of the T-box family member TBX21 was
not affected (Fig. 6b). It has been described that TGF-beta-
induced expression of TBX3 negatively regulates the TBX2-
mediated repression of p21 during cell cycle control [62].
Under contact inhibition we observed significantly decreased
TBX3 mRNA levels (Fig. 6b), which might contribute to
the increase of TBX2. The elevated TBX?2 expression level
was paralleled by a decreased ADAM10 expression of about
43% (Fig. 6¢). We confirmed these effects at the protein
level: TBX2 was strongly increased under CI-conditions
(Fig. 6d), while both, the proform and the mature ADAM10
were reduced to 27% and 21%. Moreover, secretion of APPs-
alpha, derived by alpha-secretase cleavage, was significantly
decreased by 93% in the cell culture supernatant of con-
tact inhibited cells (Fig. 6d). To analyze the regulation of
ADAMIO in a different cell type, we transfected murine pri-
mary dermal fibroblasts with murine Tbx2-expression vec-
tor and again were able to observe a nearly 50% reduction
of Adam10 mRNA Ievel (Fig. 6e). Additionally, in contact
inhibited fibroblasts (Fig. 6f), Tbx2 was increased twofold
(»=0.06) and Adam10 significantly decreased.
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Fig.5 Contribution of the co-factor HDACI to the TBX2 medi-
ated repression of ADAMI10 gene expression. a Overexpression of
HDACI1 and TBX2 in SH-SYS5Y cells was verified by western blot. A
non-specific band in the HDAC1 detecting blot part is marked with *.
Actin was detected as loading control. b TBX2 and HDAC1 expres-
sion plasmids or empty vector were transiently transfected together
with  ADAMI10-promoter luciferase plasmid. Relative light units
(RLU) obtained from cell lysates were normalized to protein amount
and values for controls set to 100%. Values are given as mean=+SD
from three independently conducted experiments in triplicate (ns
p>0.05, *p<0.05, **p<0.01, ***p<0.001, One-way ANOVA,
Bonferroni post-test). ¢ Inhibition of HDACs was achieved by phar-
macological intervention using 2.5 uM or 0.5 pM entinostat respec-

Analysis of kuzbanian and kuzbanian-like expression
in omb mutant Drosophila tissue

To extend our results regarding TBX2-mediated regulation
of ADAM10 expression to an in vivo situation, we analyzed
the mRNA expression level of kuzbanian and kuzbanian-
like, the Drosophila homologues of ADAMI10 [10, 11], in
Drosophila wing imaginal discs. Most cells of this tissue
express optomotor-blind (omb), the TBX2 ortholog of the fly
[63, 64]. Expression of kuz and kul was compared between
wild type and /(] Jomb*'%® mutant tissue. I(1)omb>'? is a null
mutant, encoding a truncated, DNA binding deficient pro-
tein [65]. Kuz as well as kul mRNA level were significantly
increased about 1.3- and 1.7-fold respectively in mutant
wing imaginal discs as compared to wild type larvae (kuz:
p=0.0398; kul: p<0.0001, Fig. 7a). In Drosophila, Notch
(N) is a target for Kuz processing [66]. Unlike the situation
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tively. Functionality of inhibitors was demonstrated by detection of
acetylated histone H3 (Lys9) as compared to respective total histone
or Actin via western blot (20 pg of proteins per lane). DMSO served
as solvent control. d Cells were transiently transfected with TBX2
expression vector or empty vector (mock) together with ADAMI10-
promoter reporter construct and subsequently incubated with enti-
nostat in indicated concentrations or solvent (DMSO) for 24 h.
Obtained luminescence values were normalized to protein content
of cell lysates and set in relation to empty vector transfected cells.
Results are represented as mean +SD from three independent experi-
ments performed in triplicate. (ns p>0.05, ***p<0.001, One-way
ANOVA, Bonferroni post-test)

in mammals, Drosophila N may not be processed at cleavage
site S1 by a furin protease in the absence of signaling, hence
existing in a full-length form (Fig. 7b; [67]). We investi-
gated the cleavage products of Notch in the Drosophila wing
imaginal disc either lacking (/(1)omb3198) or with reduced
omb expression (knock-down). We found in both cases a
reduced amount of the protein serving as an ADAMI10 sub-
strate in relation to the full length protein (TM; Fig. 7c, d)
which might indicate an increased turnover by enhanced kuz/
kul expression.

Expression of TBX2 is affected in Alzheimer’s disease
(AD) post-mortem brain tissue

To analyze TBX2 and ADAMI0 in a pathophysiological

context, we assessed TBX2 expression in AD post-mortem
brain tissue. The characterization of both sample groups
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Fig.6 Expression and activity of ADAMI1O0 in contact inhibited SH-
SYSY cells and murine dermal fibroblasts. a Senescence was induced
in SH-SYS5Y cells by contact inhibition (CI) and detected by fluores-
cence-based measurement of senescence-associated beta-galactosi-
dase activity. mRNA levels of ADAMI10 (c¢), TBX2 and T-box family
members TBX3 and TBX21 (b) were analyzed by real-time RT-PCR.
Obtained values were normalized to those of GAPDH and set in rela-
tion to control cells (low plating density). d APPs-alpha, ADAMI10,
and TBX2 protein level were determined by western blot using 20 ug
of protein from cell lysates and the respective antibodies. Both, the
proform and mature ADAMI10 were analyzed separately and set in
relation to values from control cells. Secreted proteins of respective
supernatants were subjected to western blot analysis and ADAM10-
dependent soluble fragment of APP, APPs-alpha, was detected with

(healthy controls and AD) has been previously described
[32]: samples were matched according to age, gender and
post-mortem delay and disease state was assessed via
CERAD score and Braak stages (Suppl. Table 1A). We
have demonstrated earlier, that mRNA levels of ADAMI10
were significantly reduced in post-mortem frontal cortex
tissue of AD patients as compared to non-demented con-
trols (Suppl. Table 1B) [32]. Analyzing the same set of
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a specific N-terminal antibody. GAPDH was used as loading control.
Results are displayed as mean=+SD of two independent experiments
performed in triplicate (ns p>0.05, *p <0.05, ***p <0.001, Unpaired
Student’s ¢ test). e Primary murine dermal fibroblasts from four
independent donor mice were co-transfected with Tbx2-expression
vector and murine Adaml0 promoter reporter. Luciferase-activity
as a reporter for Adam10 transcriptional activity was measured and
normalized to empty control vector transfected cells (set to 100%)
(**p<0.01, Unpaired Student’s ¢ test). f Murine dermal fibroblasts
were grown in two different densities (control and contact inhibited)
and Adam10 as well as Tbx2 mRNA level quantified via real time RT
PCR. 18SrRNA levels served for normalization and control values
were set to 1 (*p <0.05, Unpaired Student’s ¢ test)

brain samples for TBX2 expression, we observed a statisti-
cally significant increase of TBX2 mRNA level in the AD
group compared to healthy controls (2.5-fold, p =0.0378,
Fig. 8) while mRNA levels of the gene family members
TBX3 and TBX21 showed no significant differential
regulation among groups (p =0.3085 and p =0.9070,
respectively).



Transcriptional repression of the ectodomain sheddase ADAM10 by TBX2 and potential implication... 1015

A i -

% 3 wild type T
S
£ 20, M omp’%® 3
[ 3
d>.> (] * P (]
< € c
2 S T X s
X 51.01 ES
Ex £z
8 L0.5] e
< ]
(1] E
| o0 &
S §
= 3
K~

B
I EGF repeats

C ko wt kd wt

# &  300kDa

. 130 kDa
100 kDa
™ D
omb — -
98 kDa

Fig.7 Evaluation of the physiological relevance for the TBX2-hom-
ologue omb-mediated repression of ADAMI0 gene expression in
Drosophila. a Expression analysis of Drosophila ADAMI10 orthologs
kuzbanian and kuzbanian-like in omb-mutant Drosophila larval wing
imaginal discs using real-time RT-PCR. Obtained values were nor-
malized to those of ribosomal protein 49 (rp49) and set in relation to
the respective wild type samples (*p <0.05, ***p <0.001, Unpaired
Student’s 7 test). b Schematic view on Notch processing. Upon cleav-
age by pro-protein convertases (S1), mature Notch can be cleaved

p=0.0378

=
o © o
1 1 I
[l

IS
1

N
h
eee o

N
in relation to control

B a—

LA

TBX2 mRNA/beta-Actin
in relation to control
TBX3 mRNA/beta-Actin

8- p= 0.3085

2.0 sk

S2 (kuzbanian)

Ho T — i
s1 Ss3

D 125+

100

754

50+

NotchTM/Notch FI

254

o..

ko wit kd wit

by ADAMI10 (S2) cleavage which subsequently allows S3-cleavage
(mediated by gamma-secrtase). ¢ Protein lysates of wing imaginal
disc obtained by 10 individual larvae with lack of (ko) or lowered
(kd) omb expression were subjected to 14% SDS polyacrylamide gels
and transferred to nitrocellulose membrane. Omb and Notch protein
fragments were detected with the appropriate antibodies. d Amount
of full-length Notch (FL) and S2-cleavage educt (TM) were densito-
metrically determined and are indicated as a ratio of both

5 p=0.9070

4- .

34 -

—_—

-

in relation to control

o ... C

TBX21 mRNA/beta-Actin

o

control
n=10

control
n=12
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Discussion

By a luciferase-based screening approach of 704 human
transcription factors we identified transcriptional modula-
tors of ADAMI10 [32], an enzyme with a protective role in
Alzheimer’s disease. By using SH-SYSY cells, we chose
a widely accepted in vitro model for neurodegenerative
diseases that is easy to propagate and to transfect. Never-
theless, these cells do not represent mature neurons with-
out being differentiated and are of cancer origin [68]; we
therefore included also other in vitro and in vivo models
such as primary mouse fibroblasts and Drosophila larvae
to substantiate our finding that TBX2 acts as one of the
first described transcriptional repressors of ADAMI10 gene
expression.

In general, members of the T-box family are primar-
ily involved in developmental processes [38]. For exam-
ple, TBX2 is expressed in specific cardiac structures such
as the atrioventricular channel, regulating chamber for-
mation by repressing critical target genes such as Con-
nexin43 [69, 70]. Databank information on EST profiles
confirmed these findings from the literature: TBX2 is
relatively highly expressed in the heart and also in fetal
tissue. ADAMI10 has also been reported to be involved in
heart development: ADAM10 enzymatic activity mediates
cleavage of the Notch-1 receptor and consequently regu-
lates the Notch-1 dependent formation of the atrioventricu-
lar channel in mice [71, 72]. Interestingly, our analysis
of EST profiles revealed TBX2 expression in total brain
tissue of adults, which might indicate a role for TBX2 in
regulating cerebral ADAMI10 level. Therefore, the regula-
tory mechanism described here might be of general rel-
evance for cellular processes throughout the entire lifespan
of the respective organism and for different organ systems.

In the context of TBX2-mediated transcriptional repres-
sion of ADAMI10, we identified two well conserved T-sites
located between — 315 to — 286 bp upstream of the trans-
lation initiation start of ADAMI10. A previous report
identified the region from — 508 to — 300 bp as the core
promoter sequence of ADAMI10, by which transcription
of this gene is mainly influenced due to the occurrence
of several functional binding sites [29]. The two newly
identified TBX2 binding elements are within or in close
proximity to the described core promoter region, which
emphasizes the high relevance of these binding sites in
regulating ADAMIO0 transcription. For TBX2, binding to
the consensus sequence AGGTGTGA has been described
previously [52, 53]. For example, within the p21 promoter
region this binding sequence has been found to be 100%
conserved in the human, mouse and rat gene, and has been
characterized as functional by band shift assays using
in vitro transcribed/translated TBX?2 [36]. The putative
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T-box binding elements (TBEs) in the ADAM10-promoter
differ from the consensus in one or two positions. The
consensus originally was obtained from a set of sequences
bound by T-box proteins in vitro with maximum affinity
(e.g. [73, 74]). However, TBEs often differ from the con-
sensus sequence and tend to occur in direct or inverted
repeats separated by short spacers. For example, the TBX2
TBE of the well conserved mammalian Connexin43 pro-
moter consists of two tandemly repeated 8 bp elements
separated by an 11 bp spacer [75]; the TBX2 TBE of the
human p14AREF is made up of an inverted repeat separated
by a 1 bp spacer [46]. In these cases, cooperative binding
apparently compensates for the lower affinity of the indi-
vidual variant sites. In the presumptive ADAMI10 TBE,
two 8 bp elements are tandemly repeated and separated
by 12 bp (Fig. 4b). Functionality of these sites regard-
ing TBX2 binding capability was confirmed by EMSA
experiments using nuclear extracts of TBX?2 overexpress-
ing cells.

It has been described previously, that TBX2 interacts with
a variety of binding partners such as RB1 or HDACI [55,
54,76, 77]. HDACI, but also other members of this HDAC
family, were recognized as co-repressors of TBX2 [55, 78,
79] but also of other TBX proteins [80, 81]. For example,
HDACI directly interacts with the repressor domain of
TBX2 and consequently contributes to transcriptional regu-
lation of p21 expression in B16 melanoma cells [55]. Our
analysis using a neuronal cell line demonstrates that HDAC1
is required for the TBX2-mediated transcriptional repression
of ADAM10 expression in a neuronal context.

Previously, HDAC1 has also been correlated with a
physiological role in the developing zebrafish model by
regulating Notch-1 signaling [82, 83]. Interestingly, func-
tion of TBX2 has also been associated with developmental
processes regarding the regulation by Notch-1 downstream
targets [35, 84]. Notch-1 is, in regard to developmental pro-
cesses, an important substrate of ADAM10 in mammals [12,
85]. In addition, in Drosophila the ADAM10 homologue,
kuzbanian (kuz), mediates proteolytic processing of Notch,
thereby regulating lateral inhibition during Drosophila neu-
rogenesis [86, 66]. Moreover, the Drosophila Notch ligand
Delta is shedded by a second ADAM10 ortholog kuzbanian-
like (kul) [87]. This ensures unidirectional Notch signaling
within the fly cell and for instance drives wing imaginal disc
development [87, 88]. Analyzing wing imaginal discs of ani-
mals lacking omb (the TBX2 homologue in flies), revealed
increased expression of both, kuzbanian and kuzbanian-
like. Our findings therefore indicate that TBX2-mediated
regulation of ADAMI10 expression might play an important
role in the context of Notch-dependent larval development,
consistent with altered cleavage ratios of Notch observed
here. In addition to our analysis using a human experimen-
tal cell model and our results derived from Drosophila, we
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confirmed the conservation of the effect in a rodent-derived
model: overexpression of the murine Tbx2 protein in murine
neuronal cells decreased activity of the murine Adam10 pro-
moter and murine dermal fibroblasts also revealed reduced
Adam10 expression when Tbx2 was overexpressed. There-
fore, we conclude that this regulation is a conserved mecha-
nism at least in human, mouse and fly.

There is emerging evidence that TBX2 is an essential
modulator of cell cycle control by down regulating p21
expression [55]. In the context of cell cycle regulation, we
analyzed a neuronal cellular model, in which the cell over-
comes experimentally induced growth arrest by elevating
the endogenous level of TBX2. This was accompanied by a
decrease of ADAMI10 expression in SH-SYSY cells and in
murine primary fibroblasts. In this regard it is of note, that
the cell cycle mechanism has been reported to be impaired
in AD: hippocampal neurons from AD-patients seem to be
able to re-enter the cell cycle [89]. This attempt by neurons
to re-enter mitosis leads to a defective cell cycle and con-
sequently to neuronal degeneration [90]. Additionally, the
regulator of cell cycle (RGCC) has been found to be upregu-
lated in the frontal cortex of MCI and AD patients compared
to healthy controls and to correlate on the protein level with
poorer ante-mortem cognitive performance [91]. To test
whether the TBX2-mediated repression of ADAM10 might
be involved in this neurodegenerative disease, we analyzed
cortical samples derived from AD-patients. We observed
a 2.5-fold increased expression of TBX2, while the fam-
ily members TBX3 and TBX21 remained unaffected. We
have demonstrated previously, that ADAM10 expression is
decreased by about 30% in the same tissue samples as inves-
tigated here [32]. Therefore we conclude that elevated levels
of TBX2 might in part contribute to the decreased expres-
sion of ADAM10 in the brain of patients suffering from AD.

Conclusion

In summary, we describe that the transcription factor TBX2
is able to restrain ADAM10 gene expression and that this
mechanism might play a role in regulating cellular processes
in health, development and disease.

Methods
Luciferase encoding reporter vectors

Human ADAMI10-promoter luciferase-reporter vector
and dual ADAM10/BACE-1 luciferase-reporter (based on
pGL4.76; Promega, Madison, WI, USA) were described
previously [32]. The murine Adam10-promoter reporter
construct has been described in [23].

Promoter reporter vectors coding for secreted
Gaussia princeps luciferase (pGL4.76_
hADAM10-promoter_GLuc and pGL4.76_GLuc)

Gaussia princeps luciferase cDNA sequence was amplified
from pCMV_GLuc (New England Biolabs, Ipswich, MA,
USA) using FailSafe PCR system (Epicentre, Madison,
WI, USA) with the following oligonucleotides: GLuc_for:
5-AGATCTGATCCAGCCACCATGGGAG-3" and GLuc_
rev: 5'-GGATCCAGCATGCCTGCTATTGCAG-3' (intro-
duced restriction sites for BgI/Il or BamHI are underlined,
the start codon of luciferase cDNA is marked bold and
underlined). The amplicon was subcloned into the EcoRV
site of a modified pUC19 vector (New England Biolabs,
Ipswich, MA, USA) via T/A cloning method. Gaussia prin-
ceps luciferase coding sequence was removed by Bg/Il and
BamHI restriction and used for replacement of Renilla reni-
formis luciferase cDNA within the pGL4.76_hADAM10-
promoter_Renilla_Luc reporter plasmid [32].

Truncated ADAM10-promoter containing reporter
constructs (Del1, Del2 and Del3)

For the identification of a TBX2-sensitive area within the
human ADAMI10-promoter, we constructed luciferase
reporter vectors with truncated promoter sequences. Sub-
fragments of the full-length human ADAM10-promoter
(described in [29]) were amplified using the FailSafe PCR
system (Epicentre, Madison, WI, USA) and the following
oligonucleotides: Dell (— 1415 to — 1 bp) Dell_for: 5-ACT
GCTAGCCCAGCACTTGTGGGAGGC-3', Del 2 (— 748
to — 1 bp) Del2_for 5'-ACTGCTAGCCATCACTGGGGC
AGCTGC-3' and pGLA4.76_rev (for both deletion constructs)
5'-GAGGCCCAGTGATCATGCG-3' (Nhel restriction sites
are underlined). The obtained amplicons were digested with
BglIl and Nhel and subsequently inserted as a replacement
of the Bg/Il and Nhel site flanked promoter sequence of
the pGL 4.76 ADAM10-promoter reporter vector. For the
Del3 deletion mutant (— 433 to — 1 bp), the Dell construct
(— 1415 to — 1 bp) was digested with Stul, producing a frag-
ment comprising 433 bp of the ADAM10-promoter region
upstream of the translation initiation start site together with
Renilla luciferase coding sequence. The second, vector DNA
including fragment, was subsequently digested with Nhel to
remove the remaining ADAM10-promoter sequence from
— 1415 to — 434 bp. Blunting of 5’ overhangs was performed
by incubation with T4 DNA polymerase (New England
Biolabs, Ipswich, MA, USA) and obtained fragments were
ligated to generate the Del3 construct. To delete the potential
TBX2 binding sites within the human ADAM10 promoter,
a part of the promoter (starting downstream of the binding
sites and ending downstream of the Bg/II site of the vec-
tor) was amplified using the oligonucleotides TBXDel_for:
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5'CGGTTTCGAAGGAGG3’ and TBXDel_Rev: 5" AGT
ACCGGATTGC3'. The amplified region was used to replace
the respective sequence of the full length promoter by diges-
tion with PmaCT (upstream of the binding sites) and Bg/II.
Positive clones containing the mutated vector were identified
by the newly inserted Agel restriction site (ACCGGT).

Expression vectors

Expression vectors for HDAC1 (pCMV-Entry_Myc_DDK_
HDACI), TBX2 (pCMV6_TBX2), TBXS5 (pCMV6_TBXS),
TBX21 (pCMV6_TBX21) and respective empty vector were
obtained from Origene (Rockville, MD, USA).

Construction of the TBX2 repressor domain deletion
mutant (TBX2_delta RD)

To obtain a mutant TBX?2 protein with deleted transcrip-
tional repressor domain, we generated a plasmid encoding
for a tagged (His, DDK) TBX2 mutant lacking the C-ter-
minal part of the protein (300-712 aa). For control studies,
we also constructed a corresponding vector expressing the
full-length (FL) DDK-tagged TBX2 (see Fig. 3a). Briefly,
sequences encoding TBX2_FL (1-712 aa) or TBX2_delta
RD (1-299 aa) were amplified from pCMV6_TBX2 con-
struct (Origene, Rockville, MD, USA) with oligonucleotides
as follows: TBX2_for: 5'-GCGATCG CCATGAGAGAG
CCGGCGCTG-3' (Sgfl site is underlined, start codon is
marked bold and underlined), TBX2_FL_rev: 5'-ACGCGT
TCACTTGGGCGACTC CCG-3" and TBX2_delta RD_rev:
5-ACGCGTCAGCTGCTGCTTCCTTTTCTC-3" (Mlul
sites are underlined, stop codons are marked bold and under-
lined). Obtained amplicons were inserted into pUC19Tmod
(pUC19 vector (New England Biolabs, Ipswich, MA, USA)
with an introduced EcoRV restriction site and thymidine
overhang) by T/A cloning and subsequently cloned as a
Sgfl-Mlul fragment into pCMV6_AN_His_DDK vector
(Origene, Rockville, MD, USA).

Generation of human TBX2 expression vectors

The pT-REx-DEST30/hTBX2_DDK expression plas-
mid has been described previously [92]. The vector pT-
REx-DEST30/TBX2 (G121A/R122S) was constructed
as described for the analogous TBX3 mutant [50], which
encodes a DNA-binding deficient double mutant protein.

Generation of murine Thx2 expression vectors
Expression vectors for murine wild type Tbx2
(p3xFlagCMV14_mTbx2) and respective point mutated

sequence (R122/123E) leading to impaired DNA-binding
(p3xFlagCMV14_mTbx2_mut) were kindly provided by
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C. Goding (University of Oxford, United Kingdom) and
described previously [46, 51, 93].

All restriction enzymes used in this study were from New
England Biolabs (Ipswich, MA, USA) or Thermo Scien-
tific (Karlsruhe, Germany). All inserted/mutated sequences
were verified by sequencing (Eurofins Genomics, Ebersberg,
Germany) and/or restriction analysis. DNA for transfection
experiments was prepared endotoxin-free by Nucleo Bond
Xtra Midi Plus EF kit (Macherey—Nagel, Diiren, Germany).

Electrophoretic mobility Shift Assay (EMSA)

For electrophoretic mobility shift assay (EMSA) the Light-
Shift Chemiluminecent EMSA Kit (Thermo Scientific,
Waltham, MA, USA) was used as recommended by the
manufacturer. Oligonucleotides were biotinylated using
the Biotin 3' End DNA Labeling Kit (Thermo Scientific,
Waltham, MA, USA). ADAM10-promoter sequence (— 433
to — 206 bp) used for initial band shift analysis was ampli-
fied from the ADAM10-promoter deletion construct Del3
(described above) using Perfect Taq polymerase kit (SPrime,
Hilden, Germany) with oligonucleotides as follows: Del3_
for: 5'-CCTAGCAGCACGGGAAC-3' and Del3_rev:
5'-CCCCTCGTTCGTTTCCTT C-3'. Double stranded oli-
gonucleotides with the conserved T-site were generated by
annealing of T-site_for: 5'-CTAGAGGGAATTTCACAC
CTAGGTGTGAAATTCCCT-3' and T-site_ rev: 5'-AGG
GAATTICACACCTAGGTGTGAAATTCCCTCTAG
-3’ (potential TBX2 binding sites are underlined). Oligo-
nucleotides for the unspecific competitor were: Comp_for:
5'-GCCTCCCAAGCCCAA TCCCAGCTCTCCGCCG-3'
and Comp_rev: 5-CGGCGGAGAGCTGGGATTGGGCTT
GG GAGGC-3'. Nuclear protein extracts from HEK293
cells transiently transfected with TBX2 encoding plasmids
or empty vector were obtained using the NE-PER Nuclear
and Cytoplasmic Extraction Reagents (Thermo Scientific,
Waltham, MA, USA). We used HEK293 cells, because
they have been found suitable as a model system with high
expression rates after transient transfection (e.g. [94]). Suc-
cessful overexpression of either TBX2 species was veri-
fied by western blot method (Figure S2 A). Conservation
of the TBX2-mediated effect on ADAMI10 transcription in
HEK293 cells was confirmed via luciferase reporter gene
assay (Figure S2 B).

Protein-DNA complexes were separated on native 6%
polyacrylamide gels containing 0.5 X TBE buffer (50 mM
Tris, 45 mM boric acid, 0.5 mM Na,-EDTA, pH 8.3). After
electrophoresis, nucleic acids and proteins were blotted
onto Biodyne Precut Nylon Membranes (Thermo Scientific,
Waltham, MA, USA) and fixed by UV irradiation using a
Stratalinker (Stratagene, La Jolla, CA, USA). Chemilumi-
nescent signals of biotinylated molecules were captured
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using a CCD-camera imaging system (Raytest, Strauben-
hardt, Germany).

For western blot EMSA method (WEMSA, [95]), proteins
were transferred to a nitrocellulose membrane after electro-
phoresis, essentially using the same conditions as for EMSA
analyses (described above). The following procedure regard-
ing e.g. antibody incubation was identical to that described
in the respective western blotting section.

Cell culture

Cell lines were maintained at humidified air (95%), 5% CO,
and 37 °C. The human neuroblastoma cell line SH-SY5Y
was cultured in DMEM/F12 (Life Technologies, Darmstadt,
Germany) supplemented with 10% FCS and 1% glutamine
(both GE Healthcare, Piscataway, NJ, USA). The human
embryonic kidney 293 cells (HEK 293) and the murine neu-
roblastoma cell line N2a were cultured in DMEM medium
(GE Healthcare, Piscataway, NJ, USA) supplemented with
10% FCS, 1% glutamine and 1% sodium-pyruvate. SH-
SYSY cells were passaged twice a week 1:2—-1:3, HEK 293
and N2a cells were passaged 1:10-1:12 twice a week. For
inhibition of Histone deacetylases (HDACs), SH-SYSY cells
were treated with 2.5 pM (specific for HDACI and 3) or
0.5 uM (HDACI specific) entinostat (Selleckchem, Houston,
TX, USA) for 24 h. DMSO served as solvent control.

Murine dermal fibroblasts were obtained from ear biopsy
material of wild type C57B6/] mice (aged 2—3 months).
Briefly, tissue was disinfected with Braunol, transferred to
70% ethanol and then to sterile PBS containing 1% Penicil-
lin/Streptomycin. After 30 min digestion with Collagenase/
Dispase mixture (4 mg/ml in DMEM, Roche, Rotkreuz
Risch, CH) and manual disruption by a sterile scalpel, cells
were cultivated in DMEM medium (GE Healthcare, Piscata-
way, NJ, USA) supplemented with 10% FCS, 1% Penicillin/
Streptomycin (Sigma Aldrich, Steinheim, Germany). Cell
debris and dead cells from preparation were aspirated with
regular medium exchange and cells were used for experi-
ments at 8—10 DIV.

Transfection and luciferase assay

Co-transfections of TBX2 expression plasmids together
with reporter constructs were performed as described
previously [32]. Luciferase activity was measured with
Renilla luciferase assay kit (Promega, Madison, WI,
USA) following the manufacturer’s protocol. Relative
light units (RLUs) were normalized to protein content in
the cell lysate, quantified by Bradford Nanoquant reagent
(Roth, Karlsruhe, Germany). For time-resolved measure-
ments of promoter activities either ADAM10-promoter
reporter plasmid or promoter-less Gaussia luciferase
plasmid (mock) together with TBX?2 expression vector

were transfected in SH-SYSY cells. After 5 h, transfection
medium was replaced by fresh culture medium and 10 pl
aliquots of the supernatant were collected at indicated time
points, stored at — 20 °C and luminescence signal derived
from secreted Gaussia luciferase was measured and nor-
malized as described above.

Transfection of murine dermal fibroblasts was conducted
using the NeonTransfection System combined with the
10 pl size kit components (Life Technologies, Darmstadt,
Germany). We followed instructions of the vendor despite
adapting the parameters of electroporation due to pre-tests
considering viability and transfection efficacy optimization
for murine dermal fibroblasts (1300 V, 20 s pulse, 3 pulses).

sRNAi transfection

SH-SYS5Y cells were transfected with 50 ng TBX2 expres-
sion plasmid or empty vector together with 50 ng luciferase
reporter vector. This was combined with 1 pmol TBX2 spe-
cific SRNAi (HSS110509, Life Technologies, Darmstadt,
Germany), scrambled control sSRNAi with medium GC con-
tent (Life Technologies, Darmstadt, Germany) or water for
specificity control. Cells were transfected using 0.5 pl Lipo-
fectamine2000 (Life Technologies, Darmstadt, Germany)
per 96-well, harvested 48 h post transfection, and promoter
activities were subsequently analyzed via luciferase-based
assay as described above.

RNA isolation from cultured cells and quantitative
real-time RT-PCR

Total RNA from SH-SYS5Y cells or dermal fibroblast
grown on 6-well plates was extracted using the RNA II
Kit (Macherey&Nagel, Diiren, Germany) following the
manufacturer’s protocol. Samples were stored at — 80 °C
and freshly diluted for application. 100 ng of RNA were
subjected to real-time RT-PCR analysis, performed with
the thermocycler StepOne Plus (Life Technologies, Darm-
stadt, Germany) and QuantiTect SYBR Green RT PCR Kit
(Qiagen, Hilden, Germany). QuantiTect Primer Assays
(Qiagen, Hilden, Germany) were used for detection of the
following genes: ADAM10 (Hs_ADAMI10_1 _SG), TBX2
(Hs_TBX2_1_SG), TBX3 (Hs_TBX3_1_SG), TBX21 (Hs_
TBX21_1_SG), Tubulin (Hs_TUBB_1_SG), 18 S rRNA
(Hs_RRN18S_1_SG) and GAPDH (Hs_GAPDH_2_SQG),
murine 18 S TRNA (Mm_Rn18s_3_SG), murine Tbx2 (Mm_
Tbx2_1_SG). Obtained mRNA quantities of each reaction
were calculated from calibration curve and normalized to
those of the respective housekeeping gene (Tubulin, 18 S
rRNA or GAPDH). Normalized data were set in relation to
the corresponding control-treated cell population.
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Quantitation of kuzbanian and kuzbanian-like
expression levels in omb*'%® mutant flies

For analysis, Drosophila stock 1(1)omb'® and wild type
controls were used [96]. The mutation introduces a stop
codon within the omb coding sequence, leading to a trun-
cated form of the protein with impaired DNA-binding prop-
erties [97, 98]. For expression analysis of the ADAMI10
Drosophila homologues kuzbanian (kuz) and kuzbanian-
like (kul) male hemizygous larvae were selected because
of omb being localized on the X-chromosome. Total RNA
from wing imaginal discs of wild type or omb-mutant larvae
(70 wing discs per group) was extracted using the RNA II
kit (Macherey&Nagel, Diiren, Germany) following company
instructions. 13 ng RNA of each sample (technical replicates
n=06) was subsequently subjected to real-time RT-PCR anal-
ysis using a StepOne Plus cycler (Life Technologies, Darm-
stadt, Germany) and the QuantiTect SYBR Green RT PCR
kit (Qiagen, Hilden, Germany). The sequences of the used
oligonucleotides were as follows: kuz_for: 5'-CGGCCTGTC
GCAATTCC-3" and kuz_rev: 5'-AAATCTCTGTAGGTG
AAC ACGTAAGC-3'"; rp49_for: 5'"-TACAGGCCCAAG
ATCGTGAA-3' and rp49_rev: 5'"-TCTCCTTGCGCTTCT
TGGA-3'; QuantiTect Primer Assay (Qiagen, Hilden, Ger-
many) was used for detection of kuzbanian-like (Dm_Kul_1
_SG). mRNA level obtained for kuz and kul were quantified
using the 274 method and data were normalized to rp49
mRNA levels.

Evaluation of the expression level of T-box family
members in AD post-mortem brains

Total RNA of frozen frontal cortex tissue (BrainNet, Munich,
Germany) was extracted using Trizol (Life Technologies,
Darmstadt, Germany) following the manufacturer’s protocol.
2 ug RNA were reverse transcribed with the High Capac-
ity cDNA Reverse Transcription Kit (Life Technologies,
Darmstadt, Germany) and subsequently subjected to gPCR
analysis using the 7500 Fast real-time PCR cycler (Life
Technologies, Darmstadt, Germany) and Fast SYBR Green
Master Mix (Life Technologies, Darmstadt, Germany). Oli-
gonucleotides for the house keeping gene beta-Actin were
as described [99, 93]. Oligonucleotides for TBX-gene fam-
ily members were as follows: TBX2_for: 5'-TCCTGAAGC
TGCCTTACAGC-3" and TBX2_rev: 5'-CTT CAGCTGTGT
GATCTTGTCA-3', TBX3_for: 5" TGGGACCTCTGATGA
GTCCT-3" and TBX3_rev: 5'-CGCTGGGACATAAATCTT
TGA-3" and TBX21_for: 5'"-TTGAGTCCATGT ACACAT
CTGTTG-3" and TBX21_rev: 5-TGGTTGGGTAGGAGA
GGAGA-3'. The mRNA levels of the respective gene were
quantified using the 2“2 method [100] and obtained val-
ues were normalized to beta-Actin mRNA levels. For sample
characterization see (Suppl. Table 1 and [32]).
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Preparation of whole cell lysates and western
blotting

SH-SYSY cells were seeded on 12-well plates at a density
of 5%10° cells per well. Cells were transiently transfected
with expression plasmids or empty vector or incubated
with histone deacetylase inhibitors as described above.
After the respective incubation time, cells were lysed in
LDS sample buffer (Life Technologies, Darmstadt, Ger-
many) containing 10% DTT (v/v, 1 M) and 1x protease
inhibitor cocktail (Roche, Mannheim, Germany). Sam-
ples were incubated for 10 min at 95 °C and stored at
— 20 °C. Lysates were assayed for protein content using
the Nanoquant reagent (Roth, Karlsruhe, Germany).
20 pg protein of whole cell lysate were separated on 10%
SDS-polyacrylamide gels and blotted onto nitrocellulose
membrane at 100 V for 2 h. Detection of the signals was
carried out by blocking the membranes for 1 h in blocking
solution and incubation overnight at 4 °C with the appro-
priate primary antibody at a dilution of 1:1000. Antibod-
ies were as follows: TBX2 mouse monoclonal antibody
(ab58249, Abcam, Cambridge, UK), histone deacetylase
1 (HDAC1) rabbit polyclonal antibody (PA1-860, Thermo
Scientific, Karlsruhe, Germany), Actin rabbit polyclonal
antibody (A2066, Sigma Aldrich, Steinheim, Germany),
ADAMI0 rabbit polyclonal antibody (Merck, Darmstadt,
Germany), GAPDH rabbit monoclonal antibody (14C10,
Cell Signaling, Danvers, MA, USA), DYKDDDDK Tag
mouse monoclonal antibody (9A3, Cell Signaling, Dan-
vers, MA, USA), APP N-terminal mouse monoclonal
antibody (6E10, Covance, Madison, WI, USA) or APP
C-terminal antibody (described previously [101]), Acetyl-
Histone H3 (Lys9, C5B11) or total-Histone H3 (D1H?2)
rabbit monoclonal antibodies (both Cell Signaling, Dan-
vers, MA, USA), anti-dNotch-1 antibody (1:500; C17.9C6,
Developmental Studies Hybridoma Bank (DSHB), Univer-
sity of Iowa; [102]), anti-Omb antibody [97]. Blots were
incubated with secondary antibody coupled with horserad-
ish peroxidase (Thermo Scientific, Karlsruhe, Germany).
Signals obtained by applying SuperSignal West Femto
chemiluminescent substrate (Thermo Scientific, Karlsruhe,
Germany) were captured using a CCD-camera imaging
system (Raytest, Straubenhardt, Germany). Quantitative
analysis was carried out with AIDA image analyzer 4.26
software (Raytest, Straubenhardt, Germany).

The effect of omb knock-down on N processing was
tested in the following genotypes: w[1118] P{w[+ mW.
hs] =GawB }Bx[MS1096]/w[1118]; P{w[+ mC]=UAS-
Dcr-2.D}2/11; UAS-omb-RNAi[C4]/III (experimental) and
w[1118] P{w[+ mW.hs]=GawB }Bx[MS1096]/w[1118];
P{w[+ mC]=UAS-Dcr-2.D}2/II (control), based on the
Bloomington stock 25706. Wing discs were dissected from
female third instar larvae.
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ELISA measurement

SH-SYSY cells were transfected with TBX2 expression plas-
mid or empty vector for 32 h as described above. Medium
was exchanged followed by a secretion period of 16 h and
conditioned medium was collected and centrifuged for
5 min at 1000 rpm. 200 pl of cell supernatant was applied to
human A-beta 1 — x ELISA Kit (IBL, Hamburg, Germany)
as recommended by the manufacturer. Values obtained for
A-beta peptide concentration were normalized to the protein
content of the respective cell lysate.

Senescence analysis

Growth arrest was induced in SH-SYS5Y cells by contact
inhibition. Cells were seeded at a density of 2.5 x 10° cells/
ml for control cell population and 7.5 x 10° cells/ml for
contact inhibition conditions. Induction of senescence was
assessed by detection of senescence-associated beta-galac-
tosidase (SA beta-Gal) activity using a fluorescence-based
assay kit (cellbiolabs, San Diego, CA, USA) as recom-
mended by the manufacturer. mRNA and protein analysis
were carried out as described in the method section (quan-
titative real-time RT-PCR and western blotting).

EST-profile analysis of T-box family members

Selected members of the T-box gene-family (TBX2, TBX3,
TBXS5 and TBX21) were ranked according to their relative
expression levels in different tissues (brain, heart and liver)
and additionally, to various developmental stages (fetus,
juvenile and adult) using databank information on EST pro-
files (http://www.ncbi.nlm.nih.gov/unigene). Values indicate
transcripts per million (TPM) and gene EST per total EST
in pool.

Statistical analysis

Statistical significance was tested with One-way ANOVA
followed by Bonferroni post-test or by unpaired Student’s
t test when appropriate (GraphPad Prism version 6, San
Diego, CA, USA). Values of p <0.05 were considered sta-
tistically significant.
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