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Highlights
e The vast majority of human HOX proteins use diverse TALE-
binding sites

e The usage mode of TALE-binding sites is highly context
specific

e Several identified TALE-binding sites are short linear
interaction motifs

e A new TALE-binding site is important for the proliferative
activity of HOXA7
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Dard et al. examine interaction flexibility
between HOX proteins and TALE
cofactors. The authors identify specific
TALE-binding sites in different human
HOX proteins. Most of these TALE-
binding sites correspond to short motifs
that are differently used depending on the
DNA-binding site or cell context.
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SUMMARY

HOX proteins achieve numerous functions by inter-
acting with the TALE class PBX and MEIS cofactors.
In contrast to this established partnership in devel-
opment and disease, how HOX proteins could
interact with PBX and MEIS remains unclear. Here,
we present a systematic analysis of HOX/PBX/
MEIS interaction properties, scanning all paralog
groups with human and mouse HOX proteins
in vitro and in live cells. We demonstrate that a previ-
ously characterized HOX protein motif known to be
critical for HOX-PBX interactions becomes dispens-
able in the presence of MEIS in all except the two
most anterior paralog groups. We further identify pa-
ralog-specific TALE-binding sites that are used in a
highly context-dependent manner. One of these
binding sites is involved in the proliferative activity
of HOXAY in breast cancer cells. Together these find-
ings reveal an extraordinary level of interaction flexi-
bility between HOX proteins and their major class of
developmental cofactors.

INTRODUCTION

Hox genes code for homeodomain (HD)-containing transcription
factors (TFs) that regulate numerous developmental processes
during embryogenesis (Hueber and Lohmann, 2008). The
diverse and specific transcriptional activities of Hox proteins
often depend on the presence of two families of key cofactors
that belong to the TALE (three amino acids loop extension)
class of HD-containing TFs: PBC and MEINOX (Mukherjee
and Burglin, 2007). In vertebrates, the PBC family comprises
Pbx1-4 proteins, while the MEINOX family includes Meis1-3
and Prep1 and 2 proteins (Longobardi et al., 2014). TALE cofac-
tors are known to be important for several Hox developmental
functions in vertebrates and invertebrates, regulating cell pro-
cesses as diverse as apoptosis (Domsch et al., 2015), differenti-
ation (Cerda-Esteban and Spagnoli, 2014), or proliferation (Chen
et al., 2016). Not surprisingly, these cofactors are also involved in
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the oncogenic potential of HOX proteins in various solid cancers
(Bhatlekar et al., 2014) and leukemia (Sitwala et al., 2008).

Given its major impact on development and disease, the part-
nership among HOX, PBX, and MEIS proteins has been the subject
of numerous studies (Mann et al., 2009). Interaction between PBX
and MEIS depends on evolutionarily conserved domains located
in the N-terminal region of both proteins (Figure 1A). This interac-
tion uncovers a nuclear localization signal in PBX, allowing its
translocation into the nucleus in vivo (Berthelsen et al., 1999;
Rieckhof et al., 1997). Original studies showed that mouse HOX
proteins, with the exception of posterior paralog groups 11-13,
can associate with PBX on DNA (Chang et al., 1995; Knoepfler
and Kamps, 1995). HOX-PBX interactions involve a short HOX
protein motif located upstream of the HD and called hexapeptide
(HX) or W-containing motif (Figure 1A). This motif is present in all
HOX members from paralog groups 1-10, and it is characterized
by an invariant Trp residue located within a hydrophobic environ-
ment and followed by basic residues at +2 to +5 positions (In der
Rieden et al., 2004). Crystal structures from Drosophila (Joshi
et al., 2007; Passner et al., 1999) or mouse (LaRonde-LeBlanc
and Wolberger, 2003; Piper et al., 1999) HOX/PBX complexes indi-
cate a preponderant role of the Trp residue in establishing strong
contacts within the hydrophobic pocket formed in part by the three
extra residues of the HD of PBX. In contrast to these solid molec-
ular analyses, the role of the HX as a key TALE interaction motif has
only been demonstrated at the functional level in the case of the
mouse HOXA1 protein (Remacle et al., 2004).

HOX proteins also form trimeric complexes with both PBX and
MEIS cofactors (Shanmugam et al., 1999). These trimeric com-
plexes are surprisingly much less studied although they repre-
sent an important fraction of HOX regulatory functions in vivo
(Amin et al., 2015; Penkov et al., 2013). Recent work showed
that five of the 39 murine HOX proteins (HOXB6, HOXB7,
HOXB8, HOXA9, and HOXA10) could form trimeric complexes
with PBX1 and MEIS1 in the absence of the HX motif (Hudry
et al., 2012). The dispensability of the HX motif for complex for-
mation with TALE cofactors was also observed in several
Drosophila Hox proteins (Hudry et al., 2012). Moreover, the
Drosophila Ultrabithorax (Ubx) and AbdominalA (AbdA) proteins
were shown to accomplish Pbx-dependent functions without the
HX motif and by using another short motif in vivo (Foos et al.,
2015; Merabet et al., 2007, 2011).
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Altogether, these observations led to the proposition that mo-
lecular diversification in Hox-Pbx-Meis interaction properties
could underlie paralog-specific functions of Hox proteins (Mera-
bet and Mann, 2016). Although very appealing, this model awaits
further experimental validation. In particular, the capacity to
interact with TALE-class cofactors in the absence of the HX motif
has not been demonstrated for Hox proteins of all paralog
groups, and alternative TALE interaction motifs have not been
described outside the Drosophila Ubx and AbdA proteins. There-
fore, it remains to be established whether interactions between
mammalian HOX proteins and the PBX and MEIS cofactors
could rely on diverse and specific HOX protein signatures and
whether this molecular complexity could constitute a general
rule among all HOX paralog groups.

Here, we describe a systematic analysis of the interaction
properties of 16 human and 3 mouse HOX proteins with the
PBX1 and MEIS1 cofactors, taking into account all mammalian
HOX paralog groups (Figures 1A and 1B). Our work relies on
the molecular dissection of HOX-PBX1-MEIS1 interactions in
different human cell lines and on various types of DNA-binding

A Figure 1. Assessing HOX-TALE Interaction
. © PBX HOX Properties among All Mammalian HOX Pa-
HOX _N|- PP ralog Groups
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L2263 /’/ o the homeodomain (HD) of PBX participate in the
PBX ’ a "B HOX formation of a hydrophobic pocket that makes
\‘\\ F strong interactions with the hexapeptide (HX) motif
+ " Y g of HOX proteins in the context of dimeric HOX/PBX
MEIS ; & HD . complexes. Molecular contacts are much less
B ) characterized in the context of a trimeric HOX-PBX-

MEIS complex (indicated by the question mark).
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sites in vitro (Figures 1C and 1D). Results
show that HOX proteins from all except
anterior paralog groups 1 and 2 are able
to interact with PBX1 and MEIS1 in the
absence of the HX motif. Analysis of complex formation with hu-
man HOX proteins from three different paralog groups further re-
veals the existence of specific TALE-binding sites that are evolu-
tionarily conserved to different degrees. These TALE-binding
sites are used with the HX motif in a DNA-binding site and cell-
specific manner. One of these molecular signatures uncovers a
motif that was functionally validated in the context of the prolifer-
ative activity of HOXAY in breast cancer cells. This work defini-
tively establishes the role of various and specific TALE-binding
sites in human HOX proteins that helps us to understand HOX/
TALE function during normal development and oncogenesis.

RESULTS

HOX Proteins from All but Paralog Groups 1 and 2
Interact with TALE Cofactors in the Absence of the HX
Motif

The role of the HX motif was systematically analyzed by doing
two complementary experimental approaches: bimolecular fluo-
rescence complementation (BiFC) in live HEK293T cells, which
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derive from human embryonic kidney, and electrophoretic
mobility shift assays (EMSAs) in vitro. BiFC allows measuring
global HOX-TALE interaction properties in the context of whole
genomic DNA with its associated proteins. This method relies
on the property of monomeric fluorescent proteins to be recon-
stituted from two separate sub-fragments upon spatial proximity
(Kerppola, 2006). Importantly, BiFC was shown to be sensitive
and specific enough to quantify subtle difference in protein-pro-
tein interaction affinities in different cell and animal contexts (Hu-
dry et al., 2011, 2012). By comparison, EMSAs allow testing the
role of the HX motif at the level of individual complexes on a
single DNA-binding site. They were here realized on nucleotide
probes containing a consensus binding site that is described
to be preferentially recognized by anterior and central (ant/cent
probe) or central and posterior (cent/post probe) HOX/PBX
complexes (Figures 1C and 1D; Slattery et al., 2011). The two
probes contain an additional MEIS-binding site with a consensus
topology and sequence (Figure 1D; Hudry et al., 2012).

Practically, 19 HOX proteins fused to the N-terminal fragment
of the Venus fluorescent protein (resulting in VN-HOX fusion pro-
teins) were analyzed with PBX1 fused to the complementary
C-terminal fragment of Venus (VC-PBX1). Since HEK293T cells
express endogenous PBX7 and MEIS1 (Figures S1A-S1C),
BiFC was performed without co-transfecting MEIS1. We antici-
pated that the nuclear localization of VC-PBX1 was, therefore,
under the control of endogenous MEIS1, allowing the perfor-
mance of BiFC to be with equal nuclear amounts of PBX1 and
MEIS1 and in the context of a DNA-bound trimeric HOX/PBX1/
MEIS1 complex. Specificity of BiFC was validated by the obser-
vation of a significant loss of fluorescent signals when express-
ing the VN-HOX or VC-PBX1 construct with the complementary
VC or VN fragment or when using a mutation known to affect the
ability of PBX1 to interact with HOX proteins (Figures S1D-S1F).
BiFC was also systematically quantified by taking into account
the efficiency of the transfection between the different conditions
(Figures S1G and S1G’). Results showed that the HX mutation
did not generally affect the interaction (Figures 2A and 2A’).
More particularly, HX-mutated HOX proteins from paralog
groups 3-10 did not display any significant loss of BiFC when
compared to the respective wild-type HOX protein. A significant
loss of BiFC signal was only observed in the case of HX-mutated
HOX proteins from paralog groups 1 and 2 (with 50%-60% loss;
Figures 2A and 2A’). In addition, BiFC revealed that HOXA11,
HOXD12, and HOXB13, which are devoid of a consensus HX
motif, could interact with PBX1 (Figures 2A and 2A’).

Similarly, EMSAs showed that HX-mutated HOX proteins from
all but paralog groups 1 and 2 could form a trimeric complex with
PBX1 and MEIS1 (yellow dotted boxes in Figures 2B and 2B’). By
contrast, the loss of the HX motif strongly affected dimeric com-
plex formation in the case of all tested HOX proteins, except for
HOXB6 (black dotted boxes in Figure 2B). These results indicate
that the HX motif is a major PBX interaction motif in the context of
HOX/PBX1 complexes but that it becomes largely dispensable in
the context of HOX/PBX1/MEIS1 complexes. Thus, the role of
MEIS1 in inducing HX-independent interaction properties could
apply to the large majority of HOX paralog groups. Finally, both
HOXA11 and HOXB13 could also interact with either PBX1 or
PBX1 and MEIS1 (Figure 2B), confirming BiFC observations in
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HEK cells. Previous study did not notice complex formation be-
tween those posterior HOX proteins and PBX1 on a different
nucleotide probe (Phelan et al., 1995), highlighting that the
DNA-binding site is not neutral on the HOX-TALE interaction
mode (see also below).

To test the role of MEIS for revealing HX-independent interac-
tion properties in HEK cells, we repeated BiFC in conditions where
the endogenous level of MEIS was strongly decreased. This was
accomplished by using double-stranded RNA (dsRNA) recog-
nizing the MEIS1-3 isoforms (Figure S1H; Table S2), a condition
that led to cytoplasmic localization of co-transfected VC-PBX1
(Figure S1l). BIFC was analyzed in the case of HOXB3 and
HOXC8, which are the subject of further molecular dissections
(see below). Results showed that BiFC with HX-mutated HOXB3
or HOXC8 was strongly affected (around 50% loss) in the pres-
ence of dsRNA against MEIS (Figures S1J-S1L’). Thus,
decreasing the level of endogenous MEIS1 in HEK cells affects
the ability of HOX proteins to interact with PBX1 without the HX
motif. We hypothesize that a decreased level of endogenous
MEIS1 could potentially lead to more dimeric HOX/PBX1 com-
plexes in the nucleus (and conversely less trimeric HOX/PBX1/
MEIS1 complexes), therefore revealing HX dependency for the
interaction. As a corollary, this result also suggests that BiFC
observed in normal condition in HEK cells corresponds to HOX-
PBX1 interactions occurring for their large majority in the context
of a trimeric complex with endogenous MEIS.

Taken together, EMSAs and BiFC confirm that the HX motif is
largely dispensable among mammalian HOX paralogs when
complex formation occurs with PBX1 and MEIS1 (highlighted
by a yellow background in Figure 1B). The identity of TALE-bind-
ing sites that could be used in addition to or in place of the HX
motif in HOX proteins remains, however, to be determined.

Because the only two characterized TALE-binding sites in
HOX proteins (the HX and UbdA motifs) correspond to short
linear interaction motifs (SLiMs), we made the assumption that
human HOX proteins could also potentially use the same type
of molecular features as alternative TALE-binding sites. SLiMs
are usually not longer than 10 residues (Davey et al., 2012) and
could be predicted by using the SLiMPred program (Mooney
et al., 2012). This program can also predict the presence of
ordered and disorganized regions. We applied SLiMPred on
several human HOX proteins (data not shown), and we decided
to dissect TALE interaction properties for three HOX proteins
displaying distinct predicted intra-molecular organizations
(human HOXB3, HOXA7, and HOXCS).

The Anterior HOXB3 Protein Contains Alternative TALE
Interaction Motifs that Are Used in a Context-Dependent
Manner

We first selected the anterior HOXBS3 protein, which is predicted
to contain at least ten conserved SLiMs and no long ordered re-
gions (with the exception of the HD itself; Figure 3A). All but two
SLiMs are located upstream of the HD. Given this global organi-
zation, we started the analysis with two deletions: a C-terminal
deletion removing the two predicted motifs downstream of the
HD and an N-terminal deletion removing five predicted SLiMs
upstream of the HX motif (deletions dC and d100; Figure 3A). De-
letions were analyzed in the context of wild-type or HX-mutated
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Figure 2. Interaction Properties among HOX, PBX1, and MEIS1 Proteins

(A) BiFC between wild-type or HX-mutated HOX proteins and PBX1 in live HEK293T cells, as indicated. An illustrative confocal picture is given for anterior, central,
and posterior HOX representatives. Quantification of BiFC signals (green, upper pictures) with HX-mutated HOX proteins is provided as a percentage of the signal
measured with the corresponding wild-type HOX protein. Quantification takes into account the efficiency of transfection, which is assessed by systematically co-
transfecting a red fluorescent reporter. Scale bar, 10 um.

(A’) Quantification of BiFC with HX-mutated HOX proteins. BiFC is strongly affected upon the HX mutation in the case of HOXA1, HOXB1, and HOXB2. The mean
and SD are shown (from three independent experiments). Significance is shown relative to BiFC with the corresponding wild-type HOX protein and was evaluated
by t test (***p < 0.001; ns, nonsignificant).

(B) lllustrative band shift experiments with wild-type or HX-mutated HOX proteins and PBX1 (P) and MEIS1 (M), as indicated. An illustrative gel is given for anterior,
central, and posterior HOX representatives. Colored arrows indicate the monomer binding when present. Gray and black arrows depict dimeric and trimeric
complexes with PBX1 or PBX1 and MEIS1, respectively. Black arrowhead indicates the PBX1/MEIS1 dimer. Gels have voluntary been separated for each HOX
protein to better illustrate the different complexes of different sizes. “yF” indicates anti-FLAG antibody to supershift the FLAG-tagged HOX protein from the
trimeric complex (star). The mean value of dimeric (black dotted boxes) or trimeric (yellow dotted boxes) complex formation with HX-mutated HOX proteins is
given as a percentage of the complex obtained with the corresponding wild-type HOX protein.

(B’) Quantification of trimeric complex formation with HX-mutated HOX proteins. The HX mutation does not affect complex formation in the presence of MEIS1 for
all tested HOX proteins, except for HOXA1, HOXB1, and HOXB2. Bars represent mean + SD of three independent experiments.

HOXB3 to assess for a potential redundant function between
different TALE interaction interface(s).

In vitro analysis on the consensus ant/cent DNA-binding site
showed that the dC deletion did not change interaction proper-
ties of wild-type or HX-mutated HOXB3 with PBX1 and MEIS1
(Figure S2A’). By contrast, the d100 deletion significantly
affected trimeric complex formation but only when the HX
was also mutated (Figure S2A’). To identify alternative TALE-
binding site(s) in the first 100 residues of HOXB3, we generated
additional deletions that progressively removed the different
predicted SLiMs (HOXB3d61, HOXB3d31, and HOXB3d21; Fig-
ure 3A). Results showed that removing the first 61 or 31 residues

of HOXB3 was sufficient to affect trimeric complex formation
with PBX1 and MEIS1 in the context of the HX mutation (Fig-
ure S2A’). Interestingly, the short d21 deletion did not affect
complex formation of HX-mutated HOXB3 (Figure S2A’). The re-
gion in between d21 and d31 deletions contains a predicted
conserved SLiM with the core NGFGFD sequence (Figure 3A).
We found that this motif was important for trimeric complex for-
mation, but only when combined with the HX mutation and the
d21 deletion (construct B3d21NMX Figure S2A'), suggesting
that the first 21 residues of HOXB3 have also a redundant
TALE interaction activity with the NGFGFD and HX motifs. This
region contains two predicted SLiMs: one at the extreme N
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Figure 3. Deciphering Alternative TALE Interaction Properties in the Anterior Human HOXBS3 Protein

(A) Global organization of HOXB3 with conserved predicted short linear motifs (SLiMs, green peaks and green arrows), ordered domains (brown blocks), and long
disorganized regions (blue waves). Red peaks indicate the level of conservation of each residue among vertebrate species. A schematic representation of HOXB3
is shown above the picture, with deletions generated to identify TALE interaction regions. SLiMs are schematized by small boxes. Boxes surrounded by a black
line depict SLiMs that are involved in the HOXB3-TALE interaction. The sequence of the N-terminal part of HOXBS is indicated with the two alternative TALE
interaction SLiMs (KATYYD and NGFGFD motifs, surrounded). Prediction was obtained by using SliMPred0.9 (http://bioware.ucd.ie/~compass/biowareweb/
Server_pages/slimpred_legacy.php).

(B-D) Quantifications of trimeric complex formation with mutated HOXBS3 proteins on the ant/cent (B), ant/cent-MEISinv (C), or cent/post (D) nucleotide probe, as
indicated. Bars represent mean + SD of three independent experiments. Mutations affecting the HOXB3-TALE interaction are highlighted in red.

(E and F) Quantification of BiFC with mutated HOXB3 proteins in HEK (E) or HeLa (F) cells, as indicated. Mutations affecting the interaction are highlighted in red.
Significance is shown relative to BiFC with wild-type HOXB3 and was evaluated by t test (**p < 0.001; ns, nonsignificant). Bars represent mean of three in-
dependent experiments.

(G) Models recapitulating the context-specific use of the HX motif and alternative TALE interaction motifs in HOXBS. In context 1, the KATYYD, NGFGFD, and HX
motifs have a redundant activity for HOXB3-TALE interaction, as observed on the ant/cent nucleotide probe in vitro and in live HEK cells. In context 2, the HX motif
has a preponderant and independent role while the KATYYD and NGFGFD motifs act redundantly and have a minor contribution for HOXB3-TALE interaction, as
observed on the ant/cent-MEISinv nucleotide probe in vitro. In context 3, the HX motif has a preponderant activity that is in part redundant with the KATYYD and
NGFGFD motifs for HOXB3-TALE interaction, as observed on the cent/post nucleotide probe in vitro. In context 4, the KATYYD and NGFGFD motifs act
redundantly and in addition to an unknown motif (indicated by the question mark) that is inhibited by the HX motif for HOXB3-TALE interaction, as observed in
Hela cells.

3062 Cell Reports 22, 3058-3071, March 13, 2018


http://bioware.ucd.ie/%7Ecompass/biowareweb/Server_pages/slimpred_legacy.php
http://bioware.ucd.ie/%7Ecompass/biowareweb/Server_pages/slimpred_legacy.php
http://bioware.ucd.ie/%7Ecompass/biowareweb/Server_pages/slimpred_legacy.php

terminus, between residues 2 and 11, with a core KATYYDN
sequence; and a second between residues 13 and 19, with a
core LFGGY sequence (Figure 3A). Mutation of the LFGGY motif
did not affect complex formation when combined to the
NGFGFD and HX motif mutations (construct B3-"/N&/HX. Fig-
ure S2A’). In contrast, removing the KATYYDN motif (by doing
the d13 micro-deletion) affected complex formation when com-
bined to the NGFGFD and HX motif mutations (construct
B3d13VMX: Figures 3B, S2A, and S2A"). Together these results
reveal that HOXB3 contains three redundant TALE interaction
motifs for complex formation with PBX1 and MEIS1 on the ant/
cent nucleotide probe (corresponding to context 1 in Figure 3G).

Since the orientation of MEIS binding was shown to influence
HOX-PBX-MEIS interaction properties (Hudry et al., 2012), we
tested the role of the HX, KATYYDN, and NGFGFD motifs of
HOXB3 in the context of the ant/cent probe containing an in-
verted MEIS-binding site (ant/cent-MEISinv probe; Figure 1D).
In addition, we analyzed the role of the three TALE interaction
motifs of HOXB3 on the cent/post nucleotide probe, therefore
in the context of a less affine HOX/PBX-binding site. We
observed that the activity of the three motifs was different in
each case. On the ant/cent-MEISinv probe, the HX motif had a
preponderant and non-redundant role with the KATYYDN and
NGFGFD motifs for trimeric complex formation (Figures 3C
and S2B, summarized in context 2 in Figure 3G). On the cent/
post probe, the HX motif had a preponderant role that was in
part redundant with the KATYYDN and NGFGFD motifs (Figures
3D and S2C, summarized in context 3 of Figure 3G). These re-
sults demonstrate that the DNA-binding site is not neutral for
dictating the usage mode of TALE interaction motifs in HOXB3.

The various deleted and mutated forms of HOXB3 were also
tested by doing BiFC with PBX1 in live HEK cells. These cells ex-
pressed a very weak level of endogenous HOXB3, and represen-
tative HOXB3 constructs were expressed at a similar range in the
nucleus (Figures S2D-S2E’). BiFC analysis revealed a prepon-
derant role of the region containing the KATYYDN and NGFGFD
motifs in the context of the HX mutation (construct B3d31"%; Fig-
ure S2F’). BIFC was also strongly affected upon the simulta-
neous loss of the KATYYDN, NGFGFD, and HX motifs, while
the predicted LFGGY motif had no significant activity (Figures
3E, S2F, and S2F’). These results demonstrate a common redun-
dant TALE interaction activity among the three motifs in HEK
cells, as previously noticed on the ant/cent nucleotide probe
in vitro (illustrated in the context 1 of Figure 3G).

Given the redundant TALE interaction activity among the
KATYYDN, NGFGFD, and HX motifs on the ant/cent probe
in vitro and in HEK cells, we asked whether the two alternative
TALE interaction motifs of HOXB3 could also work in trans and
be sufficient to rescue TALE interaction properties of an HX-defi-
cient form of HOXA1. To this end, we generated chimeric proteins
by fusing the N-terminal fragment of HOXB3 containing or not
the KATYYDN and NGFGFD motifs to the HX-mutated part of
HOXAT1 (Figure S3A). Results showed that the presence of the
N-terminal fragment of HOXB3 was sufficient to rescue the loss
of complex formation of HX-mutated HOXA1 in vitro and in live
HEK cells (Figures S3B-S3D’). Moreover, removing the KATYYDN
and NGFGFD maotifs in the HOXB3 fragment strongly impaired the
interaction with TALE cofactors in vitro and in live cells (Figures

S3B-S3D’), demonstrating that the two motifs are important for
the rescued activity of HX-mutated HOXA1.

Finally, the role of the HX, KATYYDN, and NGFGFD motifs was
also analyzed in Hela cells since their contribution was shown to
be context dependent in vitro. BiFC showed a dispensability of
the HX motif and a strict requirement of the KATYYDN and
NGFGFD motifs in this additional cell context (Figures 3F and
S2G). Moreover, the simultaneous loss of the three TALE-bind-
ing sites induced a rescue of the interaction (Figures 3F and
S2G), suggesting that the HX motif could inhibit the activity of
an additional and redundant TALE-binding site in the N-terminal
part of HOXB3 (corresponding to context 4 in Figure 3G).

Altogether our analysis revealed the presence of at least three
different TALE interaction motifs in HOXB3 that are used in a
highly context-dependent manner.

The Central HOXA7 Protein Contains an Alternative
TALE Interaction Motif that Is Used in a Context-
Dependent Manner

The second HOX protein that we dissected was HOXA7, which
was chosen based on its predicted intra-molecular organization
that is broadly different from HOXB3. More particularly, HOXA7
contains only two conserved SLiMs in addition to the HX motif,
and it has long ordered regions that encompass 70% of the pro-
tein sequence (including the HD; Figure 4A). Based on this pre-
diction, we generated two N-terminal deletions that removed
either one or the two predicted SLiMs (deletions d32 and d47;
Figure 4A). As previously described for HOXB3, deletions were
analyzed in the wild-type or HX mutant context.

In vitro analysis on the consensus cent/post probe revealed
that the d32 deletion had no effect while the d47 deletion
affected trimeric complex formation with a global loss of 55%
(constructs A7dN32 and A7dN47; Figure S4A’). Surprisingly,
the simultaneous mutation of the HX motif with the d47 deletion
led to a partial rescue of trimeric complex formation while the
dimeric complex remained strongly affected (construct
A7dN47"%; Figure S4A’). The motif located in between the d31
and d47 deletions corresponds to a core conserved GAGAGAF
sequence (Figure 4A). To confirm that this motif could convey
TALE interaction properties, we generated a small internal dele-
tion removing specifically this sequence (construct A7dGA), and
we analyzed the resulting effect in the context of full-length
HOXA7, with or without the HX mutation. Results showed that
this micro-deletion affected dimeric and trimeric complex forma-
tion in a range similar to the dN47 deletion in vitro (Figures 4B,
S4A, and S4A’). Combining this micro-deletion with the HX mu-
tation also led to a pronounced rescue of trimeric complex for-
mation, suggesting that the two motifs have an antagonistic ac-
tivity and that additional TALE interaction interface(s) could exist
elsewhere in the protein (Figures 4B, S4A, and S4A’, summarized
in context 1 of Figure 4G). This hypothesis is also in accordance
with the observation that the deletion of the GAGAF sequence
did not lead to a complete loss of trimeric complex formation.

Since the DNA-binding site was shown to influence TALE
interaction properties of HOXB3, we also analyzed the role of
the HX and GAGA motifs on the cent/post nucleotide probe
with an inverted MEIS-binding site and on the less affine ant/
cent nucleotide probe. EMSAs showed that the single or
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Figure 4. Deciphering Alternative TALE Interaction Properties in the Central Human HOXA7 Protein

(A) Global organization of HOXA7. Color code and symbols are as in Figure 3. The core sequence of the HX and GAGA motifs of HOXA7 is indicated.

(B-D) Quantifications of trimeric complex formation with mutated HOXA7 proteins on the cent/post (B), cent/post-MEISinv (C), or ant/cent (D) nucleotide probe,
as indicated. Bars represent mean + SD of three independent experiments. Mutations affecting the HOXA7-TALE interaction are highlighted in red.

(E and F) Quantification of BiFC with mutated HOXA?7 proteins in HEK (E) or Hela (F) cells, as indicated. Mutations affecting the interaction are highlighted in red.
Significance is shown relative to BiFC with wild-type HOXA7 and was evaluated by t test (***p < 0.001; ns, nonsignificant). Bars represent mean of three inde-
pendent experiments.

(G) Models recapitulating the context-specific use of the HX and GAGA motifs in HOXA?. In context 1, the GAGA motif has a preponderant role for HOXB7-TALE
interaction, while the HX motif has an inhibitory role, potentially against another TALE-binding site that remains to be characterized (indicated by the question
mark). This context was observed on the cent/post nucleotide probe in vitro and in HEK cells. In context 2, the HOXA7-TALE interaction relies on a TALE-binding
site(s) other than the HX or GAGA motif (indicated by the question marks). This context was observed on the cent/post-MEISinv nucleotide probe in vitro. In
context 3, the GAGA and HX motifs have a minor and redundant contribution for the HOXA7-TALE interaction, which suggests the role of other TALE-binding
site(s) in HOXAY (indicated by the question mark). This context was observed on the ant/cent nucleotide probe in vitro. In context 4, the GAGA and HX motifs have
an independent and important contribution for the HOXA7-TALE interaction. This context was observed in HelLa cells.

combined loss of the HX and/or GAGA motif had no significant  light that the HX and GAGA motifs are used in a DNA-binding
effect on the cent/post-MEISinv probe (Figures 4C and S4B), site-specific manner for complex assembly with PBX1 and
while the two motifs have a redundant activity on the ant/cent MEIS1 (summarized in contexts 2 and 3 of Figure 4G,
probe (Figures 4D and S4C). Together, these observations high-  respectively).
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Interaction properties were then analyzed at a larger scale
level by doing BiFC in live HEK cells. These cells expressed
very weak levels of endogenous HOXA7, and representative
HOXA7 constructs were expressed at a similar range in the nu-
cleus (Figures S4D-S4F’). We observed that the d47 deletion
or the micro-deletion of the GAGA motif had a strong effect on
BiFC, with a global loss of 80% (Figures 4E, S4F, and S4F’).
The simultaneous mutation of the HX motif also led to a signifi-
cant rescue of complex formation, with BiFC levels comparable
to levels obtained upon the single HX mutation (with 69% to 53%
of remaining signals; Figures 4E, S4F, and S4F’). Thus, effects
observed in HEK cells recapitulate effects observed in vitro on
the consensus cent/post probe (context 1 in Figure 4G).

Finally, BiFC in HeLa cells showed that the HX and GAGA mo-
tifs have an independent contribution for HOXA7-TALE interac-
tion (Figures 4F and S4G, summarized in context 4 of Figure 4G)
and therefore distinct molecular properties when compared to
HEK cells.

Altogether, in vitro and BiFC analyses showed the existence of
a paralog-specific TALE-binding site in HOXA7. As previously
noticed for HOXBS3, the usage mode of TALE-binding sites in
HOXAZ7 is highly sensitive to the context, with redundant, oppo-
site, or independent contributions, depending on the type of the
DNA-binding site and cell environment.

The Central HOXCS8 Protein Contains Alternative TALE-
Binding Sites that Are Used in a Context-Dependent
Manner

The last HOX protein that we dissected was HOXC8, which has
an intermediary intra-molecular organization when compared to
HOXB3 and HOXA7, with three conserved predicted SLiMs in
addition to the HX and two small organized domains in addition
to the HD (Figure 5A). Two predicted SLiMs are located in the
N-terminal part of HOXC8. One of these motifs is conserved in
other paralog groups and known to be important for the tran-
scriptional activation potential of Hox proteins (the MSSYF motif;
Tour et al., 2005). The third predicted SLiM is located immedi-
ately downstream of the HD and is followed by a repetition of
Gin residues (Figure 5A). According to these predictions, we
generated two different deletions removing either the N-terminal
(deletion d109) or the C-terminal (deletion dC34) part of HOXC8
(Figure 5A). Deletions were analyzed in the context of wild-type
and HX-mutated HOXC8.

In vitro analyses on the consensus cent/post nucleotide
probe showed that the N-terminal deletion had minor effects
on trimeric complex assembly, even in the absence of the HX
motif (Figure S5A’). By comparison, the C-terminal deletion
led on its own to a global loss of 30% of trimeric complex forma-
tion, and the effect was dramatically enhanced in the context of
the HX mutation, with only 23% of remaining trimeric com-
plexes on average (construct HOXC8™dC34; Figure S5A’).
Thus, the HX motif and C-terminal region have a redundant
role for complex formation with TALE cofactors on the cent/
post probe.

The C-terminal region of HOXC8 contains a predicted
conserved SLiM with a core KLPG sequence. To assess whether
this motif could be involved in HOXC8-TALE interaction, we
generated two additional constructs affecting either the KLPG

motif (mutation into Ala, construct C8%Y) or the GiIn stretch
(deleted construct C8dE). Analysis on the cent/post probe
showed that the loss of either the KLPG motif or Gin stretch
led to a loss of around 60% of trimeric complex when combined
with the HX mutation (constructs C8™K- and C8"*dE; Figures
5B, S5A, and S5A’). This result shows that the KLPG motif and
Gin stretch act redundantly with the HX motif and participate in
two independent TALE interaction platforms for HOXC8-TALE
complex formation on the consensus cent/post probe (corre-
sponding to context 1 in Figure 5G).

HOXCB8-TALE interaction properties were then dissected by
doing BIiFC in HEK cells. These cells expressed very weak
levels of endogenous HOXCS8, and representative HOXC8 con-
structs were expressed at a similar range in the nucleus (Fig-
ures S5D-S5E’). N- and C-terminal deletions confirmed the
preponderant role of the C-terminal part of HOXC8 for the
interaction with TALE cofactors, with around 50% loss of
BiFC in the context of the HX mutation (Figures 5E and
S5@G). Surprisingly, removing the GiIn stretch had no effect
with or without the HX mutation, while the simultaneous muta-
tion of the HX and KLPG maotifs led to a global loss of 44% of
BiFC (Figures 5E, S5F, and S5G). This result indicates that the
HX and KLPG motifs act redundantly for complex formation
with TALE cofactors in HEK cells (context 2 in Figure 5G).
The fact that BiFC was not completely lost upon the HX and
KLPG mutations also suggests that additional TALE-binding
site(s) could exist in HOXCS.

Given the context-specific mode of activity for TALE-bind-
ing sites in HOXB3 and HOXA?7, we also analyzed TALE inter-
action properties of HOXC8 on two additional nucleotide
probes in vitro and in HelLa cells. We observed that the
KLPG and HX motifs had a redundant activity, while the
Gin-rich stretch was also independently required for trimeric
complex formation on the cent/post-MEISinv (Figures 5C
and S5B, summarized in context 3 of Figure 5G). The relation-
ships between TALE-binding sites of HOXC8 was different on
the ant/cent probe, with a preponderant and unique role of
the Gin-rich stretch (Figures 5D and S5C, summarized in
context 4 of Figure 5G), and in HelLa cells, with a redundant
activity of the HX motif and Gin repetition (Figures 5F and
S5H, summarized in context 5 of Figure 5G). Together these
results confirm that HOXCS8 is able to use various combina-
tions of different TALE-binding sites depending on the DNA-
binding site and cell context.

Finally, given that the KLPG motif could be redundant with the
HX motif of HOXCS8 in several instances, we asked whether this
alternative TALE interaction motif could also act in trans and
rescue TALE interaction properties of HX-mutated HOXA1. To
this end, we generated HOXA1-HOXC8 chimeric proteins, with
the same rationale as previously described for HOXB3 and
HOXA7. Here, the N-terminal fragment of HOXA1, mutated in
the HX motif and containing the HD, was fused to the wild-type
or KLPG-mutated C-terminal part of HOXC8 (Figure S3E). Re-
sults showed that the C-terminal part of HOXC8 could rescue
the HX mutation of HOXA1 in vitro and in HEK cells (Figures
S3F-S3H’). Importantly, the KLPG mutation significantly
affected the interaction (around 50% or 40% loss in vitro or in
HEK cells, respectively; Figures S3G-S3H’), highlighting that
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Figure 5. Deciphering Alternative TALE Interaction Properties in the Central Human HOXCS8 Protein

(A) Global organization of HOXC8. Color code and symbols are as in Figure 3. The sequence of the C-terminal part with the KLPG motifs and stretch of Gin
residues is indicated.

(B-D) Quantifications of trimeric complex formation with mutated HOXC8 proteins on the cent/post (B), cent/post-MEISinv (C), or ant/cent (D) nucleotide probe,
as indicated. Bars represent mean + SD of three independent experiments. Mutations affecting the HOXC8-TALE interaction are highlighted in red.

(E and F) Quantification of BiFC with mutated HOXC8 proteins in HEK (E) or Hela (F) cells, as indicated. Significance is shown relative to BiFC with wild-type
HOXC8 and was evaluated by t test (**p < 0.001 and **p < 0.01; ns, nonsignificant). Bars represent mean of three independent experiments. Mutations affecting
BiFC are highlighted in red.

(G) Models recapitulating the context-specific use of the HX motif and alternative TALE-binding sites in HOXCS. In context 1, the HOXC8-TALE interaction relies
on two independent interaction interfaces, one comprising the HX and KLPG motifs and the other the HX motif and Gin-rich region. This context was observed on
the cent/post nucleotide probe in vitro. In context 2, the HOXCB8-TALE interaction relies on the redundant activity of the HX and KLPG motifs. This context was
observed in HEK cells. In context 3, the HOXC8-TALE interaction relies on two independent interaction interfaces, one comprising the HX and KLPG motifs and
the other the Gin-rich region. This context was observed on the cent/post-MEISinv nucleotide probe in vitro. In context 4, the Gin-rich region has a preponderant
role for the HOXC8-TALE interaction. This context was observed on the ant/cent nucleotide probe in vitro. In context 5, the HX motif and GIn-rich region act
redundantly for the HOXC8-TALE interaction. This context was observed in Hela cells.
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the KLPG maotif is important for the rescued activity of HX-
mutated HOXA1.

The Paralog-Specific GAGA Motif of HOXA7 Is Important
to Promote PBX-Dependent Proliferative Activities in
Human Breast Cancer Cells

Since HOX members of the paralog group 7 have been shown to
be involved in the progression and resistance to treatment of
breast cancer cells (Jin et al., 2012), we tested whether the
growth-promoting activity of HOXA7 on breast cancer-derived
MCF7 cells could depend on the GAGA motif. MCF7 cells ex-
pressed endogenous PBX71 but a very low level of MEIST1
(Figure S1).

The role of the GAGA motif was first analyzed by doing BiFC
in live MCF7 cells. Given the very low nuclear expression level
of endogenous MEIS1, we performed bi-color BiFC by co-ex-
pressing CC-PBX1, CN-MEIS1, and VN-HOXA? (Figure 6A) or
Venus-based BiFC by expressing CC-PBX1 and VN-HOXA7
(Figure 6B). The same type of results was obtained in both
cases, with no effect of the HX mutation while the GAGA mu-
tation led to a strong decrease of fluorescence. Interestingly,
the combined mutation of the HX and GAGA motifs led to a
rescue of the HOXAY interaction potential (Figures 6A’, 6A”,
6B’, and 6B”). Of note these different effects were not due
to variations in the expression level of HOXA7 constructs (Fig-
ure 6C). Altogether these observations confirmed that the
GAGA motif is important for HOXA7-PBX1 interaction in
MCF7 cells.

We next investigated the role of the GAGA motif on HOXA7
proliferative activities. The experiment was realized without
co-transfecting PBX1 or MEIS1 to measure HOXA7 prolifera-
tive activities in the presence of endogenous TALE cofactors.
Transfection of wild-type HOXA7 led to a significant increase
of cell proliferation, as previously described (Figure 6D; Zhang
et al., 2013). The HX-mutated form of HOXA7 was even a more
potent inducer of cell proliferation, suggesting that the HX
motif could inhibit HOXA7 proliferative activities in this partic-
ular context (Figure 6D). Importantly, transfection of the
GAGA-mutated HOXA7 protein did not increase the number
of MCF7 cells when compared to the empty vector, high-
lighting that this motif is important for HOXA7 proliferative ac-
tivities (Figure 6D). Interestingly, the combined HX and GAGA
mutation led to a rescue of HOXA7Y proliferative activities, thus
recapitulating previous BIiFC observations with PBX1 (Fig-
ure 6D). Thus, the proliferative activity of HOXA7 in MCF7 cells
seems to be controlled by a subtle balance between different
interfaces that are able to promote or inhibit the interaction
with PBX1.

DISCUSSION

Our work revealed the presence of highly diverse alternative
TALE-binding sites that occupy various positions within the
HOX protein. The usage mode of the different TALE-binding sites
is also involving intra-molecular inhibitory loops, highlighting that
the activity of the different TALE-binding sites is tightly
controlled. This regulation in cis will differ depending on the
cell environment and topology of DNA-binding sites. For

example, the inhibitory role of the HX motif in HOXA7 was
observed in HEK and MCF7 cells, but not in HeLa cells.

We also noticed that alternative TALE-binding sites have a
different degree of evolutionary conservation within the pa-
ralog group and among vertebrate lineages. This evolutionary
plasticity does not only apply between different HOX proteins
but also within the same HOX protein (Figure 7). For example,
the KATYYD motif is more ancient and more widely
conserved among vertebrate lineages than the NGFG(Y/
F)(E/D) motif in members of the paralog group 3 (Figures
7A-7C).

Short protein motifs, or SLiMs, are by definition highly dynamic
during evolution and are described to establish context-specific
and low-affinity interactions (Davey et al., 2012). It is interesting
to note that Drosophila Hox/TALE complexes were described
to recognize low-affinity and divergent DNA-binding sites in vivo
(Crocker et al., 2015). Alternative TALE interaction SLiMs could,
therefore, be of great interest in this context, allowing HOX/TALE
complexes to adapt their conformation on different types of
DNA-binding sites. Such a molecular mode of action was
noticed for the three dissected HOX proteins, which displayed
a distinct requirement of their alternative TALE interaction motifs
depending on the DNA-binding site and cell context. Altogether
these observations underline that the choice of the TALE-binding
site in the HOX protein is highly sensitive to the DNA and protein
content environment.

In all tested HOX proteins, interaction properties with PBX1 are
strongly remodelled in the presence of MEIS. Future exciting
challenges will be to decipher how the MEIS partner could
induce such a strong molecular remodelling and how it could
eventually impact on the HOX/TALE function in vivo. Interest-
ingly, we observed that PREP1 could not induce HX-indepen-
dent interaction modes between PBX1 and HOXB3, HOXA7, or
HOXCS8 in vitro (Figure S6). Thus, the role of MEIS for diversifying
HOX-PBX interaction modes appears very specific among the
TALE family.

Cumulative data have established that HOX and TALE proteins
could cooperate in several solid cancers (Bhatlekar et al., 2014)
and leukemia (Sitwala et al., 2008). Disrupting this partnership
could, therefore, constitute a promising strategy for therapeutic
approaches. Accordingly, an HX-mimicking peptide has been
described to induce apoptosis in several cancer cell lines,
including breast cancer cells (Morgan et al., 2012). Interestingly,
it was also noticed that MCF7 cells were relatively insensitive to
the HX-mimicking peptide when compared to other breast can-
cer-derived cell lines (Morgan et al., 2012). Our work establishes
that the majority of HOX proteins use additional TALE interaction
interfaces that could act in a redundant, independent, or antag-
onistic way with the HX motif. In addition, the HX motif was
recently shown to be important for promoting or inhibiting inter-
actions with other types of cofactors (Baéza et al., 2015), sug-
gesting that the effect of the HX-mimicking peptide could not
be restricted to HOX-PBX interactions.

The identification of specific TALE interaction motifs could
open new promising avenues for future therapeutic approaches
against HOX/TALE-induced cancers. First, targeting these spe-
cific motifs is a way to inhibit the collaborative oncogenic activity
of a specific HOX/TALE complex in cancer. We have identified

Cell Reports 22, 3058-3071, March 13, 2018 3067

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

A A’ A”
[ A7+PBX1 100
ns ns
n
g 280
o Q
~ 2
& T60
23
™
[ A7a6A | MERGE 2R H
=3}
: 20 —
DNA
Q c\a S
Y P:\é P:‘GQP
B B! B!,
100
ns
% < 80 ns
o Q
~Z
gz 60
23
|A7dGA+PBX1 £% 40
O o
DNA o X
+ o 20 sk
o |
o S o
L 20 P:‘ P:\e’ ,‘66“
Y
C D
48h 72h 6
EXEd
2,5 ns 2,5
- ok
5 EEE3 .
° Q
g 2 FHE S 2 SR
a k% g
=15 | Z 15
Al g
E 1 21
= 5]
2os B o5
e O W g e
o [SEEN P:\¢>(:> o [N Pﬂé@

Figure 6. Role of the GAGA Motif on HOXA?7 Proliferative Activities in MCF7 Cells

(A-A”) Bi-color BiFC in live MCF7 cells among the VN-HOXA7, CC-PBX1, and CN-MEIS1 constructs, as indicated. (A) Principle of the bi-color BiFC. (A’) lllustrative
confocal pictures of BiFC between HOXA7 constructs and PBX1 and MEIS1. (A”) Statistical quantification of BiFC. Loss of the GAGA motif affects BiFC. This
effect is rescued by the HX mutation. Bars represent mean of three independent experiments. Significance is shown relative to BiFC with wild-type HOXA7 and
was evaluated by t test (***p < 0.001; ns, nonsignificant).

(B-B”) Venus-based BiFC in live MCF7 cells between VN-HOXA7 constructs and CC-PBX1, as indicated. (B) Principle of the BiFC. (B’) lllustrative confocal
pictures of BiFC between HOXA7 constructs and PBX1. (B”) Statistical quantification of BiFC. The effect of the GAGA and/or HX mutation is as in A”. Bars
represent mean of three independent experiments. Significance is shown relative to BiFC with wild-type HOXA7 and was evaluated by t test (***p < 0.001; ns,
nonsignificant). Scale bar, 10 um.

(C) Western blot for the different VN-HOXA7 constructs used for the proliferative assay in MCF7 cells. Transfection efficiency was verified with the mCherry-
expressing vector in each condition before preparing cell lysates. Cell lysates were subjected to immunoblot analysis with a GFP antibody (recognizing the VN
fragment; see the Experimental Procedures) and HSP90 (as a loading control). A control (C) with only the mCherry-expressing vector is provided.

(D) Proliferative assay of MCF7 cells. The relative cellnumber is calculated 48 or 72 hr after transfection of the different constructs. Constructs are control (GFP-encoding
plasmid), wild-type, HX-mutated, and/or GAGA-deleted HOXA?. The p value is reported by taking into account the transfection of wild-type HOXA? as the reference
condition. The relative cell number is significantly less important with the GAGA-deleted form of HOXA7. This effect is reversed by the HX mutation, reproducing BiFC
observation with PBX1. Bars represent mean of three independent experiments in triplicate. Significance was evaluated by t test (**“p < 0.005; ns, nonsignificant).

and confirmed the role of one such motif in HOXA7. Second, tar- EXPERIMENTAL PROCEDURES
geting these motifs has the potential to abolish the oncogenic
activity in a specific cell context. This is an important parameter
whgn conS|d§r|ng that HQX proteins have a pro- or antl-.onco- BiFC Analysis in Live Cells

genic potential depending on the cell context considered At 24 hr before transfection, 5 x 10° cells were plated on glass coverslips.
(Shah and Sukumar, 2010). Transfections were carried out using the JetPRIME reagent (Polyplus), with a

For detailed methods, please see the Supplemental Experimental Procedures.
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Figure 7. Sequence Conservation of TALE-Binding Sites in Vertebrate HOX Proteins

(A) Alignment of the N-terminal sequence of HOXB3 from different vertebrate species. The NGFG(F/Y)(D/E) motif is specifically conserved in HOXB3 paralog
members among vertebrate lineages, while the KATYYD motif is more widely conserved in all vertebrate HOX3 members.

(B) Sequence conservation suggests that the NGFGY/FE/D and KATYYD motifs were acquired at different time points during vertebrate evolution (arrows).
(C) Schematic representation of the NGFGY/FE/D and KATYYD motifs in the mammalian HOX3 paralog group.

(D) Alignment of the GAGA-containing region of HOXB3 sequences from different vertebrate species. The GAGA motif is not conserved outside mammalian
lineages.

(E) Sequence conservation suggests that the GAGA motif was acquired among the paralog group 7 in mammalian lineages during vertebrate evolution (arrow).
(F) Schematic representation of the GAGA motif in the mammalian HOX7 paralog group.

(G) Alignment of the C-terminal sequence of HOXC8 from differente vertebrate species.

(H) Sequence conservation suggests that the HOXC8-specific KLPG motif and Gin-rich region were acquired in the tetrapoda ancestor during vertebrate
evolution (arrow).

(I) Schematic representation of the KLPG motif and Gin stretch peptide in the mammalian HOX8 paralog group.

Alignments were performed with the CLUSTALW program (http://www.genome.jp/tools/clustalw/). Sequences are from Homo sapiens (Hs), Canis lupus (Cl), Mus
musculus (Mm), Galus (Gg), Xenopus laevis (XI), and Takifugu rubriped (Tr).

total amount of 2 ug DNA: 500 ng VN-HOX fusion vector, 500 ng VC-PBX1 or  Statistical Methods

CC-PBX1 fusion vector, and 1 pg pCMV-mCherry or CN-MEIS1 construct.  Quantification of fluorescence was performed from four to six different fields
Coverslips were taken 20 hr after transfection, which allowed having the  containing 150 cells on average, and it was repeated from three independent
fluorescence level below saturation with each tested wild-type HOX protein.  experiments in each condition. Data were analyzed using Microsoft Excel and
Analysis was performed with a Zeiss LSM780 confocal microscope. Pictures  are represented as mean + SD. Statistical significance was determined by Stu-
correspond to the z projection of stacks, using the Zen software. dent’s t test. Values of p < 0.05 were considered significant.
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