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A B S T R A C T

HOX proteins are homeodomain transcription factors critically involved in patterning animal embryos and
controlling organogenesis. While the functions of HOX proteins and the processes under their control begin to be
well documented, the modalities of HOX protein activity regulation remain poorly understood. Here we show
that HOXA2 interacts with PPP1CB, a catalytic subunit of the Ser/Thr PP1 phosphatase complex. This interaction
co-localizes in the cytoplasm with a previously described HOXA2 interactor, KPC2, which belongs to the KPC E3
ubiquitin ligase complex. We provide evidence that HOXA2, PPP1CB and KPC2 define a molecularly and
functionally interacting complex. Collectively, our experiments support that PPP1CB and KPC2 together inhibit
the activity of HOXA2 by activating its nuclear export, but favored HOXA2 de-ubiquitination and stabilization
thereby establishing a store of HOXA2 in the cytoplasm.

1. Introduction

Since their discovery in Drosophila forty years ago, extensive studies
have increased our knowledge about the roles and functions of the
Homeobox (HOX) genes. HOX genes, which are often qualified as em-
bryo architects, are well-known for coding transcription factors in-
volved in animal development, and in particular in anteroposterior and
appendicular axis patterning [1,2]. Given their essential patterning
functions, Hox gene mutations lead to homeotic transformations. These
transformations are characterized by the substitution of an embryonic
structure by another one, ectopically positioned. In human, HOX mu-
tations can also lead to malformations and diseases, although most are
supposed to be lethal like in mouse knockout models [3].

In order to characterize HOX transcription factor activity in re-
lationship with their embryonic functions, many studies have focused
on the identification of their downstream target genes (reviewed in
[4,5]). Investigation about HOX protein activity also identified TALE
(three amino acid loop extension) homeodomain proteins, which are
important cofactors contributing to the selective binding of HOX

proteins on target loci [5–8].
In spite of important advances in the identification of downstream

effectors of HOX proteins, and contrary to other well-studied tran-
scription factors such as p53 [9] or NF-κB [10,11], very little is known
about how the activity of HOX proteins may be modulated at the cel-
lular level. One way to modulate protein activity is by the addition of
post-translational modifications (PTMs). The few studies approaching
this issue support that PTMs could drastically affect HOX protein sta-
bility and capacity to bind DNA or to modulate transcription (reviewed
in [13,14]). Among the most documented cases, HOXA10 appears to be
acetylated, SUMOylated as well as phosphorylated. These PTMs have
been shown to affect both HOXA10 stability and activity [15–18]. Ac-
tivity regulation of HOX proteins can also be mediated by their inter-
action with cofactors [5–8]. As an example, the Drosophila TALE protein
Extradenticle (EXD) not only plays a role in increasing the DNA binding
specificity of the HOX protein Deformed (DFD), but also acts in sti-
mulating its transcriptional activation capacity [19]. The trans-activa-
tion domain of DFD is indeed inhibited by the DNA-binding home-
odomain (HD), and the EXD-to-HD interaction is required to relieve this
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inhibition. Nevertheless, beside TALE proteins, only a few HOX inter-
actors have been identified so far. It can therefore be hypothesized that
the amount of proteins influencing HOX activity is by far under-
estimated.

In order to identify new actors possibly involved in HOX activity
regulation, we searched for candidate HOX interactors known to
modulate target protein activities. We carried out a yeast two-hybrid
screening involving the murine form of HOXA2 (mHOXA2) and the
human ORFeome v3.1 [20,21]. HOXA2 is involved in hindbrain and
cranio-facial development during mammalian embryogenesis. Further
to this HOXA2 interactomic screening, we already described two novel
interactions between HOXA2 and (1) RCHY1 (RING finger and CHY
zinc finger domain-containing protein 1), an E3 ubiquitin ligase also
known as PIRH2 [20,22], and (2) KPC2 (Kip1 ubiquitination-promoting
complex protein 2), also known as UBADC1 [23]. With respect to
RCHY1, we showed that mHOXA2 raises the proteasome-dependent
degradation of RCHY1, but no apparent effect of RCHY1 on mHOXA2
activity has been highlighted so far [20,22]. For KPC2, Bridoux et al.
provided evidence that it promotes the translocation of the human form
of HOXA2 (hHOXA2) from the nucleus to the cytoplasm [23]. KPC2, in
combination with KPC1, forms the Kip1 ubiquitination promoting
complex (KPC). KPC1 is the catalytic subunit of this E3 ubiquitin ligase,
whereas KPC2 is seen as a stabilizer of the complex and promotes the
interaction between the proteasome and poly-ubiquitinated proteins,
such as p27 [24,25]. While no apparent effect of KPC2 on hHOXA2
stability has been detected, the connection between KPC2, hHOXA2
ubiquitination and hHOXA2 relocation awaits for deeper investigation.
Nonetheless, the hHOXA2 relocation in the presence of KPC2 has been
correlated with a decline of mHOXA2 transcriptional activity promoted
by KPC2 [23], providing new perspectives on HOX activity regulation
by intra-cellular shuttling.

Here, we report a novel interaction between hHOXA2 and the beta
catalytic subunit of the PP1 Ser/Thr phosphatase complex, namely
PPP1CB. PP1 phosphatase complex is ubiquitous and conserved in all
eukaryotes. PP1 is known to regulate a wide range of physiological
functions such as transcription repression, pre-mRNA splicing, protein
synthesis, cell cycle regulation, apoptosis, glycogen metabolism or sy-
naptic transmission (reviewed in [26]). PP1 is a holoenzyme composed
of a catalytic subunit (PPP1C) and a regulatory subunit (PPP1R or PIP
for PPP1 interacting protein). While more than two hundred PPP1Rs
have been reported in the literature, human PPP1Cs have been found to
be encoded by three genes only, namely Ppp1cα, Ppp1cβ (also known as
Ppp1cδ) and Ppp1cγ. These genes code for six isoforms obtained by al-
ternative splicing: three for PPP1CA, one for PPP1CB and two for
PPP1CC. All isoforms harbor a well conserved catalytic domain in
PPP1C (~90% amino acid identity) but present a specific pattern of
expression in terms of tissue localization, subcellular distribution and
timing of expression (reviewed in [27]). PPP1CB is ubiquitously ex-
pressed but has been mainly characterized for its action on muscle
contraction via its binding with the myosin phosphatase targeting
protein (MYPT1), which acts as a PPP1R [28–30]. Interestingly,
PPP1CB, in association with MYPT1, has been shown to induce a
perinuclear relocation of the homeodomain-containing transcription
factor NKX2.5 [31]. This translocation has further been correlated with
a reduction of NKX2.5 transcriptional activity. Consistently, our study
reveals that PPP1CB presents the ability to also regulate hHOXA2

activity. Strikingly, PPP1CB can functionally interact with KPC2 to
modulate hHOXA2 activity, cellular localization, PTMs and stability.
Therefore, our data support a model in which KPC2 and PPP1CB act
together to regulate hHOXA2 protein activity.

2. Materials and methods

2.1. Plasmid construction

Gateway® expression (pExp) plasmids pExp-VN173-hHOXA2 [23],
pExp-FLAG-hHOXA2 [23], pExp-GST-KPC2 [23], pExp-VC155-KPC2
[23], pExp-VN173 vectors for additional hHOX proteins [23], as well as
plasmids pCS2-Prep1 [32], pCMV-PBX1a [33], pCMV-lacZ [34] and
Hoxa2 r4-enhancer luciferase reporter [35] have been described else-
where. Gateway® entry vector (pEnt) for PPP1CB was obtained from the
hORFeome v3.1 (http://horfdb.dfci.harvard.edu) [21]. All proteins
studied derive from human sequences. Expression vectors coding for
HA-ubiquitin and 6xHis-ubiquitin were kindly provided by Yves Jossin
(UCLouvain, IONS, Belgium) and Sonia Lain (University of Dundee,
UK), respectively.

pEnt-KPC2ΔUBA_N-ter, pEnt-KPC2ΔUBA_C-ter, pEnt-KPC2ΔΔUBAs
and pEnt-ubiquitin were generated using the Gateway® system from
Invitrogen. BP-clonase® reactions for KPC2 mutants pEnt were achieved
using pDONR223 vector and cDNA amplified by OE-PCR with specific
primers (Table 1) on pEnt-KPC2 [23] vector. These pEnt plasmids were
used in LR-clonase® reaction with pDest-GST N-ter [36] to generate
pExp-GST-KPC2 mutants. BP-clonase® reaction for pEnt-Ubiquitin was
achieved using pDONR223 vector and cDNA amplified by PCR with
specific primers (Table 1) on pHRSIN-6xHIS-ubi-GFP vector which was
kindly provided by Michael H. Malim (King's College London, UK). This
pEnt plasmid was used in LR-clonase® reaction with pDest-VN173 [37]
to obtain pExp-VN173-ubiqiuitin. pExp-GST-PPP1CB, pExp-VC155-
PPP1CB and pExp-VN173-KPC2 were generated by LR-clonase® reaction
using pEnt-PPP1CB or pEnt-KPC2 [23] with corresponding pDest:
pDest-GST N-ter [36], pDest-VC155 [37] or pDest-VN173 [37]. pExp-
6xHIS-hHOXA2 was obtained by substituting the FLAG tag by a HIS tag
coding sequence (Table 1) in pExp-Flag-HOXA2 [23] plasmid. pExp-
FLAG-p27Kip1 was generated by LR-clonase® reaction using the pEnt-
p27Kip1 previously described [23] with pDest-FLAG N-ter ™ [37].

2.2. Two-hybrid screening

The yeast two-hybrid screening for the murine form of HOXA2 was
performed as previously described [20].

2.3. Cell culture, transfection and treatments

Human embryonic kidney (HEK293T) and African green monkey
kidney fibroblast-like (COS7) cell lines were maintained in culture
flasks at 37 °C under 5% of CO2. D-MEM medium (Gibco, Hek293T:
#61965-059; COS7: #31885-023) was supplemented with 10% fetal
albumin serum (Invitrogen, #10270-106) and 100 U/ml penicillin-
strepomycin (Gibco, #15140-122). HEK293T cell medium was sup-
plemented with 1mM sodium pyruvate (Gibco, #11360-070). Unless
otherwise stated, HEK293T cells were plated on 6-well plates from
suspensions at 350,000 cells/ml, 2 ml per well. COS7 cells were plated

Table 1
Primers used for plasmids construction.

Forward (5′-3′) Reverse (5′-3′)

attbKPC2 GGGGACAACTTTGTACAAAAAAGTTGGCATGTTCGTGCAGGAGGAGAAGAT GGGGACAACTTTGTACAAGAAAGTTGGGTACGTGCGATTTAGTGTCTGG
KPC2ΔUBA_N-ter GCGGCAGCTGCCGCAGAAGACCCGACCATAG GGCAGCTGCCGCCTCGTCCAGCATTGCATTC
KPC2ΔUBA_C-ter GCGGCAGCTGCCCGGAAGCCCTCTCCGGAG GGCAGCTGCCGCAAACTCCCTTTTCCTCCGG
attbUbiquitinB GGGGACAACTTTGTACAAAAAAGTTGGCATGCAGATCTTCGTGAAAAC GGGGACAACTTTGTACAAGAAAGTTGGGACCACCTCTCAGACGCAG
Oligo6xHIS CGATCATCACCATCACCATCACA AGCTTGTGATGGTGATGGTGATGAT
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on glass coverslips in 24-wells plates from suspensions at 100,000 cells/
ml, 1 ml per well. Twenty-four hours after plating, cells at 50% of
confluence were transfected with specific plasmid constructions (see
each section for details) using JetPrime transfection reagent (Polyplus-
transfection, #114-07). For cell treatment with drugs, cells were plated
on wells coated with 0.01mg/ml poly-D lysine hydrobromide in PBS
(Sigma, #P7405). For proteasome inhibition, HEK293T cells were
treated 32 h after transfection with 6.6 μM MG132 (Calbiochem,
#474790) dissolved in DMSO, or with DMSO as control, during 16 h.
For half-life analysis, HEK293T cells were treated 24 h after transfection
with 200 μg/ml cycloheximide (Sigma, #01810) dissolved in DMSO, or
with DMSO as control, during up to 4.5 h. For PP1 inhibition, HEK293T
cells were treated 48 h after transfection with 5–10 nM Calyculin A
(Santa Cruz Biotechnology, sc-2400) dissolved in DMSO, or with DMSO
as control, during 1 h.

2.4. Antibodies

Antibodies were used as follows. For western blotting, the primary
antibodies mouse anti-FLAG antibody (Sigma, #F1804), mouse anti-
GST antibody (Sigma, #G1160), rabbit anti-H3S10Ph (Abcam,
ab5176), mouse anti-STAT3 (pS727.25) (Santa Cruz Biotechnology, sc-
293059) and HRP-coupled mouse anti-β-ACTIN antibody (Sigma,
#A3854) were diluted at 1/5000, 1/5000, 1/2000, 1/2000 and 1/
20,000, respectively, in 1% milk TBS (1mM Tris, 155mM NaCl, pH 7.5)
0.1% in Tween20 (TBS-T). For western blotting, the secondary anti-
bodies anti-m-IgGκ BP-HRP (Santa Cruz Biotechnology, sc-516102) and
anti-rabbit IgG-HRP (Santa Cruz Biotechnology, sc-2370) were diluted
both at 1/10,000 in TBS-T.

For immuno-fluorescence the primary antibodies mouse anti-FLAG
antibody (Sigma, #F1804), mouse anti-GST antibody (Sigma, #G1160)
and rabbit anti-HOXA2 antibody (Sigma, #H9665) were diluted at 1/
100, 1/200 and 1/100, respectively, in 1% milk TBS-0.1% in
TritonX100 (T-TBS). For immunofluorescence, the secondary anti-
bodies anti-mouse AlexaFluor® 555 (Invitrogen, #A-31570), anti-
mouse AlexaFluor® 488 (Cell Signaling, #4408) and anti-rabbit
AlexaFluor® 555 (Cell signaling, #4413S) antibodies were all diluted at
1/500 in T-TBS.

2.5. In-situ hybridization (ISH) and RT-PCR on mouse embryos

Sampling involving mice has been performed in accordance with
the Animal Experimentation Ethics Committee of the UCLouvain
(agreement number LA1220028) and in agreement with the European
directive 2010/63/UE. Mice were maintained in a room at 21 °C under
a 14 h/10 h light/dark cycle, with water and food in free access. Adult
CD1 female and male were mated overnight. Females observed to have
a post-coital plug the following morning (0.5 days) were euthanized by
CO2 inhalation ten days later (10.5 days) to collect embryos.

For ISH, embryos were collected on ice and fixed 15min with 4%
PFA in PBS at 4 °C. After three washes of 5min in PBS, embryos were
incubated 2-3 h with 30% sucrose in PBS at 4 °C, then covered with OCT
Cryomatrix (Thermo Scientific, 6769006) and stored at −80 °C. 10 μm
sagittal and transversal cryosections of embryonic day (E) 10.5 embryos
were obtained by using Leica CM 3050S cryostat. Gene expression
analysis by ISH was performed using the digoxigenin-labeled RNA

probes procedure as previously described [38]. The Ppp1cb probe was
designed against the murine sequence NM_172707.3 (Table 2, Ppp1cb
ISH probe). For this purpose, pCR2.1-TOPO-PPP1CB was linearized with
SpeI and probe was synthesized with T7 polymerase. The Hoxa2 probe
was obtained as described in [23]. Embryo sections were observed on a
Leica DM2500 microscope and pictures were obtained with a Leica
DFC420C camera.

For RT-PCR analysis, cDNA from embryos between E7.5 and E12.5
were collected as described [23]. Ppp1cb, Hoxa2 and Actin were am-
plified with primers (PCR) listed in Table 2.

2.6. Protein co-precipitation

HEK293T cells were transfected with 300–500 ng of specific pExp
plasmids encoding proteins fused with GST or FLAG, with a total of 1 μg
of plasmid per condition. 48 h after transfection, cells were lysed with
IPLS buffer (20mM TrisHCl pH 7.5, 120mM NaCl, 0.5mM EDTA, 0.5%
NP40, 10% glycerol) supplemented with Complete™ protease inhibitor
(Roche, #11873580001) for 20min with agitation on ice. Cell lysate
was centrifuged 5min at 16,000g, 4 °C. 30 μl of GST-beads (Sigma,
#GE17-0756-01) reconditioned in cold IPLS buffer were added to
200 μl of cell lysate and incubated overnight (O/N) at 4 °C on a rotating
wheel. Beads were then washed with 150 μl of cold IPLS buffer and
centrifuged 5min at 500g 4 °C. Washing step was achieved 3× and
beads were finally mixed to 60 μl Laemmli 2× in IPLS, boiled 5min at
95 °C and run on a 10% SDS-PAGE gel. Western blotting was used to
visualize GST- and FLAG-tagged proteins, as well as ACTIN.

2.7. Biomolecular fluorescence complementation (BiFC) and
immunofluorescence

COS7 cells were transfected with 150–250 ng of specific pExp-VN173

and pExp-VC155 plasmids coding for fusion proteins. Construction en-
coding FLAG or GST-tagged proteins were added in combination with a
total of 800 ng of plasmid per condition. 24 h after transfection, cells
were washed 2×5min with PBS then fixed on the coverslips with 4%
PFA (Sigma, #441244) in PBS. Coverslips were then washed 2× 5min
with TBS buffer (50mM Tris, 155mM NaCl, pH 7.5) 0.1% in
TritonX100 (Sigma, #10789704001) (T-TBS), 1× 5min with TB buffer
(50mM Tris pH 7.5) and mounted on microscope slides with mounting
medium complemented with DAPI (Labconsult, VEC·H-1200).

For immunofluorescence, after fixation and washing steps, cover-
slips were blocked 30min with T-TBS 10% in non-fat milk. Suitable
primary antibodies were then incubated O/N on coverslips in T-TBS 1%
in non-fat milk. Coverslips were then washed 3× 5min whit T-TBS and
incubated 1 h with secondary antibody in T-TBS. Coverslips were then
washed 2x5min with T-TBS, 1×5min with TB buffer and mounted as
above.

Pictures were taken under epifluorescence microscope (Axioskop 2,
Zeiss) and confocal microscope (LSM 710). For Bimolecular
Fluorescence Complementation (BiFC), green fluorescent signal was
quantified using ImageJ software and the experiment was considered as
valid when signal intensity for a BiFC was three times higher than those
obtained for negative controls.

Table 2
Primers used for ISH and RT-PCR.

Forward (5′-3′) Reverse (5′-3′) Tm (°C) Size (bp)

Ppp1cb ISH probe AGTCTGGTGCCGACAAGATG TCAGGTACGTCAGTGGGTCT 65 604
Ppp1cb PCR GAGACCCACTGACGTACCTG GTGGATTAGCTGTTCGAGGC 55 404
Hoxa2 PCR AGACCTCGACGCTTTCACAC TGGTTTTCCTTGCACTGGGT 55 499
Actin PCR CCACCATGTACCCAGGCATT AGGGTGTAAAACGCAGCTCA 57 253
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2.8. Luciferase assay

HEK293T cells were plated on 24-wells plates from suspensions at
150,000 cells/ml, 1 ml per well. Cells at 50% confluence were trans-
fected with 25–250 ng of specific plasmids containing LacZ and HRE
reporters and with plasmids coding for PREP1, PBX1A, FLAG-hHOXA2
and interactors fused with GST. An empty GST coding plasmid was
added to reach a total of 500 ng of plasmid in each condition. Each
condition was assayed in triplicate. 48 h after transfection, cells were
lysed using 250 μl of Lysis Reagent from the B-Gal Reporter Gene Assay
kit (Roche, #11758241001) for 20min with agitation. This kit was used
in combination with Luciferase Reporter Gene Assay kit (Roche,
#11669893001). Relative transcriptional activity of HOXA2 was
quantified by the luminometric measurement of Luciferase (Luc) ac-
tivity reported on Galactosidase (Gal) activity.

2.9. Ni-NTA column

HEK293T cells were transfected with 300–500 ng of specific pExp
plasmids coding for FLAG-hHOXA2, HA-ubiquitin, 6xHIS-ubiquitin and
interactors or KPC2 mutants fused with GST, with a total of 1 μg of
plasmid per condition. 32 h after transfection, cells were treated O/N
with 6.6 μM MG132. 48 h after transfection, cells were lysed with
Guanidium 6M buffer (6M Guanidium Hydrochloride, 500mM NaCl,
20 mM Na2HPO4/NaH2PO4, pH 7.8) supplemented with Complete™
protease inhibitor (Roche, #11873580001) for 20min with agitation
on ice. 50 μl of Ni-NTA agarose beads (Qiagen, #30210) were washed
2× with MiliQ H2O and 2× with denaturing buffer (8M Urea, 500mM
NaCl, 20mM Na2HPO4/NaH2PO4, pH 7.8) supplemented with 20mM
Imidazole. 200 μl of agarose beads in denaturing buffer were added to
200 μl of cell lysate and incubated 30min at RT on a rotating wheel.
Agarose beads were then centrifuged 2min at 1000g 4 °C and washed
2× with 400 μl of denaturing buffer-pH 7.8–20mM Imidazole, 2× with
400 μl of washing buffer (8M Urea, 500mM NaCl, 20mM Na2HPO4/
NaH2PO4, pH 6) 20mM Imidazole and 2× with 400 μl of washing
buffer-pH 5.3–20mM Imidazole. Agarose beads were finally mixed to
Laemmli 2× in IPLS, boiled 5min at 95 °C and run on a 10% SDS-PAGE
gel. Western blotting was used to visualized GST and FLAG-tagged
proteins, as well as ACTIN.

2.10. Half-life analysis

HEK293T cells were transfected with 300–500 ng of specific pExp
plasmids coding for FLAG-hHOXA2 and interactors or KPC2 mutants
fused with GST, with a total of 1 μg of plasmid per condition. 24 h after
transfection, cells were treated with 200 μg/ml of cycloheximide for up
to 4.5 h. Each 1.5 h, cells were lysed with IPLS buffer (20mM TrisHCl
pH 7.5, 120mM NaCl, 0.5mM EDTA, 0.5% NP40, 10% glycerol) sup-
plemented with Complete™ protease inhibitor (Roche, #11873580001)
for 20min with agitation on ice. Cell lysate was centrifuged 5min at
16,000g, 4 °C. 50 μl of each lysate were mixed to Laemmli 6×, boiled
5min at 95 °C and run on a 10% SDS-PAGE gel. Western blotting was
used to visualize GST and FLAG-tagged proteins, as well as ACTIN.
ImageJ software was used to estimate protein abundance.

2.11. Phosphatase assay

HEK293T cells were transfected with 500 ng of specific pExp plas-
mids coding for FLAG-hHOXA2 and GST or PPP1CB-GST, with a total of
1 μg of plasmid per condition. 48 h after transfection, cells were treated
1 h with 10 nM of Calyculin A and lysed with IPLS buffer for 20min
with agitation on ice. Cell lysate was centrifuged 5min at 16,000g, 4 °C.
50 μl of input were mixed to Laemmli 6×, boiled 5min at 95 °C and run
on a 10% SDS-PAGE gel. Western blotting was used to visualize GST
and FLAG-tagged proteins, as well as ACTIN in the input samples. 35 μl
of lysate were then incubated 1 h30 at 37 °C with 295 μl of Phosphatase

buffer (25mM Tris-HCL pH 7.9, 10mM MgCl2, 1 mM DTT, 100mM
NaCl, 1% TritonX100) supplemented with Complete™ protease in-
hibitor and 20 U of rAPid Alkaline Phosphatase (Sigma, #4898133001).
As a control, 35 μl of lysate were incubated 1 h30 at 37 °C with 315 μl of
Phosphatase buffer without rAPid Alkaline Phosphatase. 50 μl of each
mix were mixed to Laemmli 6×, boiled 5min at 95 °C and run on a 10%
SDS-PAGE gel. Western blotting was used to visualize FLAG-tagged
proteins, as well as ACTIN in the output samples.

2.12. Mass spectrometry analysis

HEK293T cells were transfected with 1 μg of pExp-6xHIS-hHOXA2.
32 h after transfection, cells were treated O/N with 6.6 μMMG132. 48 h
after transfection, cells were treated with 6.6 μM MG132 and 5 nM
Calyculin A or DMSO for 1 h. Cells were lysed with Guanidium 6M
buffer (6M Guanidium Hydrochloride, 500mM NaCl, 20mM
Na2HPO4/NaH2PO4, pH 7.8) supplemented with 0.5 mM PMSF for
20min with agitation on ice. 100 μl of Ni-NTA agarose beads were
washed 2× with MiliQ H2O, 2× with denaturing buffer (8M Urea,
500mM NaCl, 20mM Na2HPO4/NaH2PO4, pH 7.8) supplemented with
10mM Imidazole. 400 μl of agarose beads in denaturing buffer were
added to 400 μl of cell lysate and incubated O/N at 4 °C on a rotating
wheel. Agarose beads were then centrifuged 2min at 1000g 4 °C and
washed 2× with 400 μl of denaturing buffer-10mM Imidazole. 6xHIS-
tagged proteins were eluted with 200 μl of Native buffer (500mM NaCl,
50mM Na2HPO4/NaH2PO4, pH 8) supplemented with 200mM
Imidazole. 50 μl were used in Western blotting to check HOXA2 pur-
ification and 150 μl were quick frozen and stored at −80 °C for mass
spectrometry analysis.

Samples were first reduced in presence of 10mM DTT for 30min at
56 °C and then alkylated with 60mM Chloroacetamide for 30min at
22 °C in the dark. Both incubations were made under 500 rpm shaking
condition. Samples were then precipitated by the addition of 4 volumes
of Methanol and 1 volume of Chloroform. Both stock solutions being
kept at −20 °C. Samples were vortexed 30 s before being incubated on
ice for 20min. Samples were centrifuged 15min at 20,000 g at 4 °C.
After removal of the upper phase, samples were mixed with 1.6ml of
pre-chilled Methanol by gentle tube inversion and incubated on ice for
an additional 5min before being centrifuged 15min at 20,000 g at 4 °C.
After removal of the supernatant, pellets were dried in a SpeeVac
vaccum system before being resuspended in 200 μl of 200mM TEAB
(TrieEthylAmonium Bicarbonate) pH 8.0. Samples were digested over-
night at 37 °C by adding 1.5 μl of Trypsin/lysC (Promega, #V5071).
Digestion was stopped by adjunction of 10 μl of 10% TFA
(Trifluoroacetic acid) before being raised to dryness with a SpeedVac
vacuum system. Samples were recovered in 50 μl of 3.5% Acetonitrile
(ACN)-0.1% TFA. Peptides concentration was determined by the use of
Pierce™ Quantitative Colorimetric Peptide Assay (Thermo Scientific,
#23275), according to manufacturer's instructions. At the end, samples
were adjusted to 0.12 μg/μl with 3.5% ACN-0.1% TFA.

Peptides were then dissolved in solvent A (0.1% TFA in 2% ACN),
directly loaded onto reversed-phase pre-column (Thermo Scientific,
Acclaim PepMap 100) and eluted in backflush mode. Peptide separation
was performed using a reversed-phase analytical column (Thermo
Scientific, Acclaim PepMap RSLC, 0.075× 250mm) with a linear gra-
dient of 4%–36% solvent B (0.1% TFA in 98% ACN) for 36min,
40%–99% solvent B for 10min and holding at 99% for the last 5 min at
a constant flow rate of 300 nl/min on an Ultimate 3000 RSLN
nanoHPLC system (Thermo Scientific). The peptides were analyzed by
an Orbitrap Fusion Lumos tribrid mass spectrometer (ThermoFisher
Scientific). The peptides were subjected to nanospray ionization source
followed by tandem mass spectrometry (MS/MS) in Fusion Lumos
coupled online to the UPLC. Intact peptides were detected in the
Orbitrap at a resolution of 120,000. Peptides were selected for MS/MS
using HCD setting at 35 and CID at 30 with multistage activation for
neutral loss of phosphoric acid (97.976 Da); ion fragments were
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detected in the Ion trap. A data-dependent procedure of MS/MS scans
was applied for the top precursor ions above a threshold ion count of
5.0E3 in the MS survey scan with 30.0 s dynamic exclusion. The total
cycle time was set to 4 s. MS1 spectra were obtained with an AGC target
of 4E5 ions and a maximum injection time of 50ms, and MS2 spectra
were acquired with an AGC target of 1E4 ions and a maximum injection
time of 35ms. For MS scans, the m/z scan range was 350 to 1800. The
resulting MS/MS data was processed using Sequest HT search engine
within Proteome Discoverer 2.2 against a human protein reference
database obtained from Uniprot. Trypsin was specified as cleavage
enzyme allowing up to 2 missed cleavages, 4 modifications per peptide
and up to 3 charges. Mass error was set to 10 ppm for precursor ions
and 0.1 Da for fragment ions. Oxidation on Met, phosphorylation on
Ser, Thr and Tyr were considered as variable modifications. False dis-
covery rate (FDR) was assessed using Percolator and thresholds for
protein, peptide and modification sites were specified at 1%.
Phosphorylation sites were assigned by ptmRS node 2.0 and manually
validated.

2.13. Statistical analysis

Statistical analyses for HOXA2 relocation and transcriptional ac-
tivity were performed using JMP or SAS software. General linear model
was used with experiment as a random parameter and relocation or
activity data as a fix parameter. Bonferroni-Sidak correction was ap-
plied for multiple comparisons.

3. Results

3.1. Identification of PPP1CB, a catalytic subunit of the PP1 phosphatase,
as a novel hHOXA2 interactor

In order to identify new HOXA2 interactors, a yeast two-hybrid
screening was initially performed against the hORFeome v3.1 using
mHOXA2, both as bait and prey [20,21]. Among the 10.214 human
proteins represented in this library, more than a hundred potential
mHOXA2 interactors were identified. As HOXA2 activity regulation is
poorly studied, we decided to focus on the interaction between HOXA2
and PPP1CB, a catalytic subunit of the PP1 phosphatase complex
known to regulate the homeodomain transcription factor NKX2.5 [31].
PPP1CB sequence is 100% identical between mouse and human pro-
teins, while the mouse and human HOXA2 proteins are 94.4% identical.
We therefore started by addressing if the human form of hHOXA2 also
interacted with PPP1CB.

To validate whether the human form of HOXA2 also interacted with
PPP1CB, co-precipitation (CoP) was performed in human embryonic
kidney (HEK293T) cells transfected with plasmids coding for hHOXA2
fused with a FLAG tag (FLAG-hHOXA2) and PPP1CB fused with
Glutathione S-transferase (GST) (GST-PPP1CB). As a control, FLAG-
hHOXA2 was co-transfected with an unfused GST. After lysis, protein
fractions were incubated with glutathione-sepharose beads and GST
proteins were pulled down. The presence of FLAG-hHOXA2 in pull-
down fractions was observed by western blotting. Our results revealed
that FLAG-hHOXA2 is only pulled-down when GST-PPP1CB is ex-
pressed, suggesting interaction between PPP1CB and hHOXA2
(Fig. 1A). This result corroborates the interaction revealed by the yeast
two-hybrid method.

In order to characterize this interaction, we decided to visualize the
PPP1CB-hHOXA2 interaction by Bimolecular Fluorescence
Complementation (BiFC) assay. To that end, African green monkey
kidney fibroblast-like (COS7) cells were transfected with plasmids
coding for hHOXA2 and PPP1CB fused with the N-terminal part (VN173-
hHOXA2) or the C-terminal part (VC155-PPP1CB) of the VENUS protein,
respectively. If HOXA2 and PPP1CB interact, VN173 and VC155 parts
complement to reconstitute the VENUS protein and a green fluorescent
signal can be observed under the microscope. To discriminate the signal

provided by the interaction from background reassembly of the VENUS,
negative controls were obtained by transfecting each fusion protein
with its complementary unfused VN173 or VC155 VENUS moiety (Suppl.
Fig. 1A). An interaction signal was considered to be valid if its intensity
was at least three times higher than the background provided by con-
trols (Suppl. Fig. 1B). As shown in Fig. 1B, the PPP1CB-hHOXA2 in-
teraction generated a BiFC signal restricted to a small proportion of the
cytoplasm, as well as some dots in the nucleus.

We then asked whether the interaction with PPP1CB could define a
generic property shared by other HOX proteins. BiFC assays were re-
peated with hHOX proteins belonging to distinct paralogous groups and
we showed that PPP1CB could interact with all proteins tested, namely
HOXA1, HOXB1, HOXB2, HOXB5, HOXC11 and HOXD10 (Suppl.
Fig. 2). Nonetheless, it is worth mentioning that distinct interaction
patterns were observed depending on the hHOX protein tested. PPP1CB
interaction with HOXA1, HOXB5 and HOXD10 showed indeed a pre-
dominantly nuclear signal, while PPP1CB-HOXB1, HOXB2 and
HOXC11 presented a predominantly cytoplasmic signal. These ob-
servations support that the ability to interact with PPP1CB could be
well conserved among hHOX proteins. However, since interactions gave
rise to different BiFC patterns, PPP1CB interactions might display dis-
tinct functional outcomes according to each hHOX protein.

Taken together, our results indicate that PPP1CB can interact with
multiple hHOX proteins. In this report, we subsequently focused on
hHOXA2, whose interaction with PPP1CB appears located in both cy-
toplasm and nucleus.

3.2. Ppp1cb expression overlaps with Hoxa2 activity during mouse
embryogenesis

To address whether the PPP1CB-HOXA2 interaction might take
place during embryonic development, we characterized the expression
pattern of Ppp1cb during mouse embryogenesis and compared it with
that of Hoxa2. As Hoxa2 activity has been shown to be critical between
8.5 days (E8.5) and 12.5 days (E12.5) post-fertilization in the mouse
embryo [39,40], we investigated if Ppp1cb is expressed during this
period of time. We first analyzed Ppp1cb expression by RT-PCR from
whole mouse embryos at different stages of development and showed
that Ppp1cb is continuously expressed between E8.5 and E12.5
(Fig. 2A). Next, In Situ Hybridizations (ISH) against Ppp1cb and Hoxa2
mRNAs were carried out on serial sagittal and transverse sections of
E10.5 mouse embryos (Fig. 2B–C). Ppp1cb appeared to be ubiquitously
expressed in the E10.5 mouse embryo (Fig. 2B). Notably, Ppp1cb is
expressed in the second branchial arch (BAII) (Fig. 2C, images i–iv),
which is an embryonic structure whose patterning critically relies on
HOXA2 [39,40]. Ppp1cb is also expressed in the hindbrain where Hoxa2
is active. However, while Hoxa2 expression in the rhombencephalon
extends rostrally up to the boundary between the rhombomeres (r) 1
and r2, Ppp1cb is expressed in the entire rhombencephalon including r1
(Fig. 2C, images v and vi).

To sum up, these observations show that Ppp1cb and Hoxa2 ex-
pression overlap in time and space in territories where Hoxa2 fulfills
important functions in the mouse embryo. This supports that the
PPP1CB-HOXA2 interaction can occur in vivo.

3.3. hHOXA2, PPP1CB and KPC2: a functional trio in interaction?

We noticed that the cellular BiFC signal for the PPP1CB-hHOXA2
interaction was quite similar to the BiFC interaction pattern previously
highlighted for the interaction between HOXA2 and the ubiquitin-ligase
adapter protein KPC2 [23], including large dots in the nucleus and a
cytoplasmic labeling. Interestingly, both PPP1CB and KPC2 have been
described to modulate transcription factor intra-cellular distribution
[23,31]. In addition, PPP1CC isoforms were reported to interact with
the E3 ubiquitin ligase SIAH2 in rat brain [41], suggesting that phos-
phatase and ubiquitin ligase complexes could functionally interplay.
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We therefore tested whether PPP1CB and KPC2 could also interact.
Both BiFC and CoP assays confirmed PPP1CB-KPC2 interaction (Fig. 1C,
Suppl. Fig. 3). In addition, the BiFC signal revealed a predominantly
cytoplasmic interaction.

On the basis of the BiFC results, we next investigated whether all
three proteins, hHOXA2, PPP1CB and KPC2, could co-localize –at least
partly- in the cell. In order to study the subcellular localization of each
partner upon interaction, COS7 cells were transfected with two dif-
ferent combinations of plasmids: (1) VN173-hHOXA2, VC155-PPP1CB
and GST-KPC2, and (2) VN173-hHOXA2, VC155-KPC2 and GST-PPP1CB
(Fig. 3). We next visualized the BiFC signal obtained upon interaction
between two partners, coupled to immunofluorescence detection of the
third protein tagged with GST. To address whether all three proteins
could establish tripartite interactions, we determined whether BiFC
between two partners could at least partly trap the third interactor. Our
results revealed a clear cytoplasmic co-localization of KPC2 together
with the interacting PPP1CB-hHOXA2 and of PPP1CB with KPC2-
hHOXA2. To a lesser extent, a weak co-localization can be observed in
the nucleus.

Taken together, these results support that hHOXA2, KPC2 and
PPP1CB can form a trio of interacting proteins possibly exerting mutual
influences.

3.4. HOXA2 transcriptional activity is modulated by PPP1CB and KPC2

By studying PPP1CB, our first idea was to analyze whether PPP1CB
could regulate hHOXA2 activity like it does for NKX2.5 [31]. Interest-
ingly, Bridoux et al. previously showed that KPC2 tends to decrease the
transcriptional activity of mHOXA2 at a HOXA2-responsive element
(HRE) [23]. To evaluate if PPP1CB and KPC2 could also influence the
transcriptional activity of hHOXA2, HEK293T cells were transfected

with plasmids coding for FLAG-hHOXA2 and GST-PPP1CB and/or GST-
KPC2. Plasmids for the HOX cofactors PREP1 and PBX1A were added to
promote a higher HOXA2 activity. The activity of hHOXA2 was eval-
uated through the activation of a target luciferase (Luc) reporter under
the control of the previously characterized HRE [35]. As shown in
Fig. 4, PPP1CB and KPC2 decreased the transcriptional activation
provided by hHOXA2, whether they were expressed alone or conjointly.
In addition, it appeared that PPP1CB also modified the activity medi-
ated by PREP1 and PBX1A in the absence of hHOXA2. This observation
prompted us to address whether PPP1CB could interact with PBX1A.
BiFC experiments revealed that PBX1A could interact with PPP1CB,
KPC2 and –as expected- hHOXA2 (Suppl. Fig. 4A). Furthermore, it
appeared that all actors co-localized in the cytoplasm (Suppl. Fig. 4B).
Immunofluorescence indeed revealed that (1) KPC2 co-localized with
the PBX1A-PPP1CB interaction, (2) PPP1CB co-localized with the
PBX1A-KPC2 interaction and (3) hHOXA2 co-localized in the cytoplasm
with the PPP1CB-PBX1A interaction. As a control, no co-localization
between FLAG-p27 and PBX1A-PPP1CB BiFC signal was observed,
supporting that the co-localization between PPP1CB, KPC2, PBX1A and
hHOXA2 is specific.

Taken together, these observations let us hypothesize that PBX1A
and hHOXA2 could together be relocated or retained by PPP1CB and
KPC2 in the cytoplasm. As a consequence, the protein shuttling induced
by KPC2 and PPP1CB could influence hHOXA2 transcriptional activity
directly and/or indirectly via PBX1A export in the cytoplasm.

3.5. PPP1CB and KPC2 induce hHOXA2 translocation from the nucleus to
the cytoplasm

The fact that, like KPC2, PPP1CB could decrease HOXA2 tran-
scriptional activity prompted us to determine if PPP1CB could also

Fig. 1. PPP1CB interacts with hHOXA2 and KPC2. A: Co-precipitation (CoP) assay. HEK293T cells were transfected with a combination of pExp plasmids coding for
FLAG-hHOXA2, GST and GST-PPP1CB. Proteins were detected by western blotting before (Input) and after (CoP) co-precipitation on glutathione beads which bind
GST tag. Antibodies were directed against GST or FLAG tags. β-ACTIN detection was used as control. (N > 3) B and C: Bimolecular fluorescence complementation
(BiFC). COS7 cells were transfected with pExp plasmids coding for VC155-PPP1CB and VN173-hHOXA2 (B) or VN173-KPC2 (C) in combination. BiFC signal shows
protein interaction in green. Nuclei were stained with DAPI (blue). Pictures were taken under confocal microscope. Scale bars= 10 μm. (N≥ 3). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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relocate HOXA2 in the cell. We indeed previously showed that KPC2
can induce hHOXA2 nuclear export through the receptor CRM1 and
that this export was correlated with a decrease in HOXA2 activity [23].
Here, COS7 cells were transfected with two BiFC plasmid combinations,

(1) VN173-hHOXA2 and VC155-PPP1CB with/without GST-KPC2, and
(2) VN173-hHOXA2 and VC155-KPC2 with/without GST-PPP1CB
(Fig. 5A). hHOXA2 localization was followed by immunofluorescence.
The proportion of cells presenting a predominant hHOXA2 cytoplasmic

Fig. 2. Ppp1cb and Hoxa2 show overlapping expression in the mouse embryo. A: RT-PCR. Detection of Hoxa2 and Ppp1cb mRNA between E8.5 and E12.5 stages was
achieved by RT-PCR on whole mouse embryo extract. Actin was used as a control. B and C: In situ hybridization (ISH). Expression of Ppp1cb gene was observed on
sagittal sections of mouse embryo at E10.5 (B). Focus on Ppp1cb and Hoxa2 gene expression in the branchial arches I (BAI) and II (BAII) (C, images i–iv), as well as in
the rhombencephalon (C, images v–vi) of E10.5 mouse embryo in sagittal or transversal sections. Black arrows indicate the rhombomere (r)1/r2 boundary. Scale
bars= 500 μm.

Fig. 3. hHOXA2, PPP1CB and KPC2 co-localize in the cytoplasm. COS7 cells were transfected with a combination of pExp plasmids coding for VN173-hHOXA2, VC155-
PPP1CB, VC155-KPC2, GST-KPC2 and GST-PPP1CB. BiFC signal (green) shows protein interaction. Red signal was observed after immunofluorescence against GST
tag. Nuclei were stained with DAPI (blue). Pictures were taken under confocal microscope. Scale bars= 10 μm. (N=3).
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signal (as illustrated on Fig. 5A, image close-up) was reported with
respect to the total number of transfected cells (Fig. 5B). Such quanti-
fication revealed that when hHOXA2 interacted with PPP1CB upon
BiFC,< 15% of transfected cells showed a mostly cytoplasmic locali-
zation of hHOXA2, whether KPC2 was transfected or not. However,
when hHOXA2 was in BiFC with KPC2, this proportion appeared

significantly higher, reaching up to 30%. This result is in accordance
with our previously published data [23]. Surprisingly, while PPP1CB
was further added, the proportion of cells with mainly cytoplasmic
hHOXA2 further increased, reaching up to 40%, showing that PPP1CB
can contribute to enhance the cytoplasmic localization of hHOXA2. We
therefore propose that hHOXA2 primarily interacts with KPC2 to be

Fig. 4. PPP1CB and KPC2 decrease hHOXA2 transcriptional activity. HEK293T cells were transfected with two plasmids containing a Luciferase gene downstream a
HOXA2 responsive element (HRE) and a LacZ reporter under the control of a CMV promotor. pExp plasmids coding for PREP1 and PBX1a (PP), FLAG-hHOXA2, GST,
GST-PPP1CB (A and C) and GST-KPC2 (B and C) were added in combination to the transfection mix. Relative transcriptional activity of hHOXA2 was quantified by
the luminometric measurement of Luciferase (Luc) activity reported to Galactosidase (Gal) activity. PP activation was set as a reference of ‘1’. NS= non-significant;
*p-val < 0.05; **p-val < 0.01. Error bars= upper and lower intervals at 95%. (N=6–10, n= 3).
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transferred from the nucleus to the cytoplasm, and that cytoplasmic
PPP1CB either enhances this transfer or promotes the cytoplasmic re-
tention of HOXA2 while the three proteins interact together in the cy-
toplasm.

3.6. PPP1CB and KPC2 decrease the amount of ubiquitinated hHOXA2

Cellular trafficking and activity modulation are regularly sub-
sequent to post-translational modifications (PTMs). As PPP1CB belongs

Fig. 5. KPC2 and PPP1CB relocate hHOXA2 in the cytoplasm. A: COS7 cells were transfected with a combination of pExp plasmids coding for VN173-hHOXA2, VC155-
PPP1CB, VC155-KPC2, GST, GST-KPC2 and GST-PPP1CB. BiFC signal (green) shows protein interaction. Red signal was observed after immunofluorescence against
HOXA2. Nuclei were stained with DAPI (blue). Pictures were taken under confocal microscope. Scale bars= 20 μm. (N > 3) B: The percentage of cells presenting a
mostly cytoplasmic HOXA2 (as highlighted in close-up: A, bottom picture, dotted frame) was reported on total transfected cells. ImageJ software was used to quantify
the ‘percentage of cells with cytoplasmic HOXA2’. Error bars= upper and lower intervals at 95%. *p-val < 0.05; **p-val < 0.01. (N= 7, n=3).
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to the PP1 Ser/Thr phosphatase complex and KPC2 belongs to an E3
ubiquitin ligase, interaction between hHOXA2 and these two partners
could influence hHOXA2 PTM profile. We decided to start with ubi-
quitin analysis of hHOXA2. Ubiquitination can indeed impact physio-
logical functions such as trafficking, degradation or nuclear transloca-
tion [42]. To address whether hHOXA2 is ubiquitinated and, if so, what
could be the influence of both PPP1CB and KPC2 on hHOXA2 ubiqui-
tination, HEK293T cells were transfected with plasmids coding for
FLAG-hHOXA2, 6xHIS-ubiquitin and GST, GST-KPC2 and/or GST-
PPP1CB (Fig. 6A). In order to inhibit HOXA2 proteasomal degradation,
cells were treated with MG132, 12 h before protein analysis. Ubiquiti-
nated proteins, tagged with the 6xHIS tag, were then purified through a

Ni-NTA column. Proportion of ubiquitinated hHOXA2 (ub-hHOXA2) in
each condition was then analyzed by western blotting. While the level
of unmodified forms of hHOXA2 was similar in the presence or the
absence of KPC2 and PPP1CB (Fig. 6A, “input”, “Low exposure”), we
detected a clear reduction of ub-hHOXA2 when PPP1CB and/or KPC2
were expressed, with the strongest effect observed when PPP1CB was
involved. These results show that both PPP1CB and KPC2 contribute to
decrease the amount of ubiquitinated hHOXA2.

Previous studies highlighted that KPC2 is an adapter in ubiquitin
ligase complexes. It interacts with poly-ubiquitinated proteins through
two ubiquitin associated (UBA) domains [24,25]. In that regard, we
aimed to determine if the decrease in ubiquitinated forms of hHOXA2

Fig. 6. PPP1CB and KPC2 are involved in a reduction of hHOXA2 ubiquitination. A: HEK293T cells were transfected with pCMV-6xHIS-ubiquitin and a combination
of pExp plasmids coding for FLAG-hHOXA2, GST, GST-KPC2 and GST-PPP1CB. 36 h after transfection, cells were treated with 6.6 μMMG132. Abundance of hHOXA2
was analyzed by western blotting against FLAG before purification (Input). Purification of ubiquitinated proteins was carried out on an Ni-NTA affinity column.
Abundance of ubiquitinated forms of hHOXA2 after Ni-NTA purification was analyzed by Western blotting against FLAG (Ni-NTA). β-ACTIN detection was used as a
control. (N > 3) B: KPC2 UBA mutants. UBL=Ubiquitin-like domain; UBA=Ubiquitin associated domain; STI1=Heat shock chaperonin-binding motif. C: For
BiFC, COS7 cells were transfected with pExp plasmids coding for VN173-hHOXA2 and VC155-KPC2 or VC155-KPC2 UBA mutants. BiFC signal (green) shows protein
interaction. Nuclei were stained with DAPI (blue). Pictures were taken under epifluorescence microscope. (N= 3) D: HEK293T cells were transfected with pCMV-
6xHIS-ub and a combination of pExp plasmids coding for FLAG-hHOXA2, GST, GST-PPP1CB, GST-KPC2, GST- KPC2ΔUBA_C-ter, GST- KPC2ΔUBA_N-ter and GST-
KPC2ΔΔUBAs. 36 h after transfection, cells were treated with 6.6 μM MG132. Abundance of HOXA2 was analyzed by Western as in A. (N=3).
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promoted by KPC2 and PPP1CB relies on these UBA domains. KPC2
mutants deleted for the N-terminal (KPC2ΔUBA_N-ter), the C-terminal
(KPC2ΔUBA_C-ter) or both UBA domains (KPC2ΔΔUBAs) were gener-
ated (Fig. 6B). We first investigated if UBA domains are required for
hHOXA2 interaction. COS7 cells were co-transfected with plasmids
coding for VN173-HOXA2 and VC155-KPC2, VC155-KPC2ΔUBA_C-ter,
VC155-KPC2ΔUBA_N-ter or VC155-KPC2ΔΔUBAs. As observed in Fig. 6C,
a BiFC signal appeared, with a similar intracellular pattern (Suppl.
Fig. 5A), indicating a hHOXA2 interaction with wild-type KPC2 as well
as with the three KPC2 deletion derivatives. It should be noted that the
negative control expressing VN173 with VC155-KPC2ΔUBA_N-ter pro-
vided a high fluorescence background which appeared with a similar
intensity as with VN173-hHOXA2 and VC155-KPC2ΔUBA_N-ter. How-
ever, a closer examination at higher magnification clearly revealed that
the negative control background BiFC pattern totally differed from the
VN173-hHOXA2/VC155-KPC2ΔUBA_N-ter interaction pattern (Suppl.
Fig. 5B). This supports that, despite a high background signal, HOXA2
still specifically interacted with KPC2ΔUBA_N-ter. Taken together,
these data indicate that the UBA domains of KPC2 are not required for
its interaction with hHOXA2.

To address the possible involvement of the UBA domains in the
KPC2-mediated decrease in hHOXA2 ubiquitinated forms, 6xHis-tagged
protein purification assays on Ni-NTA were repeated with GST-KPC2
mutants (Fig. 6D, lanes 1–5). After Ni-NTA column, we showed that
hHOXA2 ubiquitination was slightly restored when C-terminal UBA
domain was missing (Fig. 6D, lane 3). This restoration was clearly
higher when both UBA domains were deleted (Fig. 6D, lane 5), showing
a crucial role of these two domains in modulating the abundance of ub-
hHOXA2. These results underlie that KPC2 might require UBA domains
to promote the decrease in ub-hHOXA2. Surprisingly, when PPP1CB
was expressed together with KPC2 mutants, no restoration of hHOXA2
ubiquitination could be observed (Fig. 6D lanes 6–9), i.e. the amount of
ub-hHOXA2 decreased similarly in the presence of either mutant or the
wild-type KPC2.

All together, these results show that KPC2 and PPP1CB reduce the
abundance of the ubiquitinated forms of hHOXA2, presumably by
deubiquitination. Indeed, loss of ub-HOXA2 cannot be due to HOXA2
proteasomal degradation as cells were treated with MG132.
Alternatively, our results cannot exclude that PPP1CB and KPC2 impede
HOXA2 ubiquitination. UBA domains of KPC2 are not involved in the
interaction with hHOXA2 but are required for the reduction in ub-
HOXA2. However, PPP1CB can compensate for the KPC2 loss of func-
tion when the UBA domains are deleted, in decreasing the amount of
ub-HOXA2.

3.7. hHOXA2 half-life is affected by PPP1CB and KPC2

In the light of the loss of ub-hHOXA2 induced by KPC2 and PPP1CB,
we wanted to determine whether this process could in turn stabilize
hHOXA2. hHOXA2 half-life was measured in the presence of PPP1CB
and/or KPC2. HEK293T cells were transfected with plasmids coding for
FLAG-HOXA2 and GST, GST-KPC2 and/or GST-PPP1CB. Twenty-four
hours after transfection cells were treated with cycloheximide (CHX)
for up to 4.5 h to inhibit protein synthesis. The abundance of FLAG-
hHOXA2 was then evaluated by western blotting between 0 and 4.5 h of
CHX treatment (Fig. 7A). While PPP1CB slowly decreased the half-life
of hHOXA2, KPC2 increased the stability of hHOXA2. This last ob-
servation is in line with the reduction of ubiquitinated forms of HOXA2
reported above. Interestingly, the effect of KPC2 prevailed over PPP1CB
when proteins were expressed together. To address whether UBA do-
mains are also involved in the KPC2-mediated stabilization of hHOXA2,
hHOXA2 half-life was measured in the presence of KPC2 mutants
(Fig. 7B). Quite significantly, hHOXA2 stabilization by KPC2 requires
both UBA domains, whether PPP1CB is expressed or not. It is important
to note that PPP1CB, KPC2 and KPC2 mutant proteins were stable be-
tween 0 and 4.5 h (Suppl. Fig. 6).

Therefore, PPP1CB and KPC2 display distinct but complementary
effects on hHOXA2 regulation: they synergize in decreasing the abun-
dance of ub-hHOXA2, but show opposed influence on hHOXA2 stabi-
lity. PPP1CB, although promoting the hHOXA2 decay, is dominated by
and cannot counteract the hHOXA2 stabilization mediated by KPC2 in a
UBA-dependent manner. This in turn suggests that hHOXA2 stability is
not directly correlated to its ubiquitination status.

3.8. Ubiquitin-hHOXA2 interaction co-localizes with PPP1CB and KPC2 in
the cytoplasm

We saw earlier that PPP1CB, KPC2 and hHOXA2 can form a trio in
the cytoplasm. Since PPP1CB and KPC2 influence the ubiquitination
status of hHOXA2, we used BiFC to detect a possible interaction be-
tween HOXA2 and ubiquitin and to address whether this interaction
could co-localize with the interactors KPC2 and PPP1CB. COS7 cells
were transfected with two plasmid combinations: (1) VN173-ubiquitin,
VC155-hHOXA2, GST-KPC2 and FLAG-PPP1CB; (2) VN173-ubiquitin,
VC155-hHOXA2, GST-PPP1CB and FLAG-KPC2 (Fig. 8A). In order to
analyze a possible co-localization with PPP1CB and KPC2, BiFC was
combined with immunofluorescence detection of GST. Confocal pic-
tures revealed that the ub-hHOXA2 interaction mainly takes place at
specific locations in the nucleus. This interaction was also detected,
although to a lesser extent, in the cytoplasm where the entire BiFC
signal co-localized with KPC2 and PPP1CB. Interestingly, by differential
protein extraction, we found that the ubiquitin-hHOXA2 interaction
mainly located in the cell fraction containing histones and DNA (Suppl.
Fig. 7), suggesting that ub-HOXA2 is associated to the chromatin. Taken
together, these observations indicate that hHOXA2 interacts with ubi-
quitin at specific areas in the nucleus, probably in association with
chromatin, or in the cytoplasm, where PPP1CB and KPC2 could com-
pete with the nuclear location of ub-hHOXA2.

Finally, to address whether ubiquitin could be involved in hHOXA2
cytoplasmic shuttling, we analyzed the hHOXA2 cytoplasmic relocation
when ubiquitin is overexpressed. To that end, a plasmid coding for HA-
ubiquitin was transfected in combination with VN173-hHOXA2, VC155-
KPC2 and GST-PPP1CB. As displayed on Fig. 8B, when ubiquitin is
involved, the synergistic effect provided by KPC2 and PPP1CB on
hHOXA2 cytoplasmic relocation is inhibited, supporting that ubiquiti-
nation retains hHOXA2 within the nucleus, where HOXA2 plays its role
of transcription factor.

3.9. HOXA2 is targeted by PP1 phosphatase complex

Next, we studied hHOXA2 phosphorylation and addressed whether
hHOXA2 can be a PP1 target. HEK293T cells were transfected with
plasmids coding for FLAG-hHOXA2 and GST or GST-PPP1CB. Forty-
eight hours after transfection, cells were treated 1 h with calyculine A
(CalA), a strong inhibitor of PP1 and PP2A phosphatase activity. The
concentration of CalA drug was adapted to inhibit only PP1 activity
(Suppl. Fig. 8). HOXA2 modifications were revealed by western blot-
ting. After CalA treatment, we observed new forms of hHOXA2 pre-
senting a higher molecular weight than in untreated condition
(Fig. 9A). To confirm these higher forms were phosphorylated proteins,
protein samples were incubated with rAPid Alkaline Phosphatase for
1 h30. After incubation, the upper molecular weight forms of hHOXA2
observed upon CalA treatment disappeared, confirming that these
forms are phosphorylated forms of HOXA2 (Fig. 9B).

In order to highlight hHOXA2 Ser/Thr sites targeted by PP1, mass
spectrometry (MS) analysis was performed on either untreated
HEK293T cells or those treated with CalA. Cells were transfected with
plasmids for 6xHIS-hHOXA2 and treated thirty-six hours after trans-
fection with MG132 for 12 h and, afterwards, with MG132 and CalA or
DMSO for 1 h. Proteins were purified on Ni-NTA column and digested
with trypsin before MS analysis. This revealed phospho-Ser and
phospho-Thr residues in samples treated with DMSO (Fig. 9C) and CalA
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treatment highlighted three additional phosphorylations (Fig. 9D).
Intriguingly however, CalA treatment did not have any impact on

HOXA2 half-life (data not shown), supporting that PPP1CB enzymatic
activity is not required for the PPP1CB effect on hHOXA2 stability.
Inhibition of the phosphatase activity was also applied to evaluate its

influence on hHOXA2 relocation, transcriptional activity and ubiquiti-
nation, without detectable impact. Being toxic to cells, CalA treatment
was limited in time to remain compatible with cell survival. This re-
stricted timing might be too short to allow highlighting the role of the
enzymatic activity in PPP1CB-elicited effects. Together, although we

Fig. 7. KPC2 UBA domains are required for hHOXA2 protein stabilization. A: HEK293T cells were transfected with a combination of pExp plasmids coding for FLAG-
hHOXA2, GST-KPC2, GST-PPP1CB and GST. In order to determine hHOXA2 half-life, cells were treated 24 h after transfection with 200 μg/ml of cycloheximide
(CHX) for up to 4.5 h. Proteins were collected every 1.5 h. Western blotting against FLAG tag was performed. β-ACTIN detection was used as a control. hHOXA2 half-
life was calculated based on hHOXA2 signal measurement with ImageJ. (N > 3) B: HEK293T cells were transfected with a combination of pExp plasmids coding for
FLAG-hHOXA2, GST, GST-PPP1CB, GST-KPC2 and GST-KPC2 mutants (GST-KPC2ΔUBA_C-ter, GST-KPC2ΔUBA_N-ter and GST-KPC2ΔΔUBAs). hHOXA2 half-life was
measured as in A. (N=3).
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showed that hHOXA2 is phosphorylated by PP1, the involvement of the
PPP1CB phosphatase activity on the regulation of HOXA2 activity re-
quires further investigation.

4. Discussion

In the present study, we identified the protein phosphatase PPP1CB
as a novel HOX interactor involved in regulating the activity of the
HOXA2 protein. More specifically, we provided evidence that (1)
PPP1CB interacts with hHOXA2 in the nucleus and the cytoplasm; (2)
PPP1CB and hHOXA2 co-localize with KPC2, a hHOXA2 interactor
previously described to regulate HOXA2 activity and cytoplasmic
shuttling [23]; (3) both PPP1CB and KPC2 decrease hHOXA2 tran-
scriptional activity directly and/or by interacting with PBX1A; (4)
PPP1CB enhances the KPC2-dependent nucleocytoplasmic relocation of
hHOXA2; (5) PPP1CB and KPC2 act to reduce the amount of ub-HOXA2
and to stabilize hHOXA2. Based on these observations, we propose an
activity regulation model for hHOXA2 by which PPP1CB and KPC2
contribute to establish a “ready-to-use” cytoplasmic store of hHOXA2
protein (Fig. 10). In this model, KPC2 induces the nucleocytoplasmic
shuttling of hHOXA2 and is assisted by PPP1CB, which either enhances
this shuttling or assists in retaining hHOXA2 in the cytoplasm. In ad-
dition, hHOXA2 can be ubiquitinated and the interaction between
ubiquitin and hHOXA2 forms is mostly located in the nucleus, pre-
sumably in association with chromatin. In the cytoplasm, ub-HOXA2
interaction co-localizes with KPC2 and PPP1CB, which both promote a
decrease in ubiquitinated forms of hHOXA2. Finally, hHOXA2 inter-
action with KPC2 and PPP1CB, as well as its subcellular relocation and
post-translational modifications, correlate with an increased hHOXA2
stability but a decreased hHOXA2 transcriptional activity. We therefore
suggest that both PPP1CB and KPC2 regulate HOXA2 by implementing
a cytoplasmic storage of inactive HOXA2 that upon a triggering signal
may modify HOXA2 and send it back to the nucleus.

Based on our model, we propose that the decrease of hHOXA2 ac-
tivity observed in the presence of PPP1CB and KPC2 could be correlated
with the hHOXA2 relocation. However, our data suggest that PPP1CB
could also decrease PREP1 and PBX1A activity. The co-localization
between PBX1A, hHOXA2, KPC2 and PPP1CB in the cytoplasm, as well
as their interaction, supports that the nucleo-cytoplasmic relocation of
hHOXA2 could involve PBX1A, which in turn would also contribute to
the activity regulation of hHOXA2 by KPC2 and PPP1CB. PBX1A is the
best characterized HOX interactor and it has indeed been shown to bind
an important subset of HOXA2 target enhancers in the embryo. PBX1A

has therefore been hypothesized to critically contribute to HOXA2
target gene selection and/or activation in this context [43,44]. Both
direct and indirect mechanisms could then take place in the hHOXA2
activity regulation by PPP1CB and KPC2.

In our model, PPP1CB is involved in the intra-cellular relocation of
hHOXA2 induced by KPC2. Whether PPP1CB assists KPC2 in the nu-
clear exit of HOXA2 or contributes to the cytoplasmic retention of
HOXA2 remains to be determined. For this, it will be interesting to
assess the temporal order into which PPP1CB and KPC2 come into play
to regulate HOXA2 relocation. Our data support that KPC2 and PPP1CB
only interact with each other in the cytoplasm, suggesting that PPP1CB
and KPC2 do not form a tripartite interaction with HOXA2 in the nu-
cleus. Nevertheless, BiFC results indicate that PPP1CB can interact with
HOXA2 in the nucleus. However, expression of PPP1CB alone, although
showing interaction with hHOXA2 did not lead to hHOXA2 export. In
contrast, KPC2 alone promoted hHOXA2 relocation, a phenomenon
further enhanced by PPP1CB. These observations are in line with our
previous study showing that KPC2-hHOXA2 binding stimulates
hHOXA2 relocation and occurs before hHOXA2 nuclear export [23].
Therefore, we propose that PPP1CB is not involved in the direct export
of hHOXA2 from the nucleus. It would rather be recruited by the KPC2-
HOXA2 complex in the cytoplasm, where it could enhance the cyto-
plasmic retention of HOXA2.

For the first time, we highlighted here that hHOXA2 is ubiquiti-
nated. Surprisingly, while KPC2 belongs to an E3 ubiquitin ligase, our
results reveal that KPC2 and PPP1CB act in synergy to reduce the
amount of ubiquitinated forms of hHOXA2, probably by recruiting a
deubiquitinating enzyme. With the exception of p27, KPC2 interactions
are poorly characterized [24,25]. Here, since deletion of the Ubiquitin
Associated (UBA) domains of KPC2 reduced hHOXA2 deubiquitination,
we suggest that KPC2 could be an anchor point for deubiquitinating
enzyme recruitment. Lu et al. revealed that ubiquitin ligase and deu-
biquitinating enzyme could be part of the same complexes. Indeed, they
showed that the deubiquitinating enzyme USP19 interacts with KPC1,
the catalytic subunit of the KPC complex, and stabilizes KPC1 by deu-
biquitination [45]. In addition, since PPP1CB can compensate for the
KPC2 loss of function when the UBA domains are deleted, this supports
that PPP1CB would also present the capacity to recruit this or another
deubiquitinating enzyme, even when KPC2 is devoid of its UBA do-
mains.

While Bridoux et al. showed no difference in hHOXA2 stability
when KPC2 is expressed [23], we reported here that KPC2, with or
without expression of PPP1CB, increases hHOXA2 half-life. This

Fig. 8. PPP1CB and KPC2 co-localize with ubiquitin-hHOXA2 in the cytoplasm. A: COS7 cells were transfected with a combination of pExp plasmids coding for
VN173-ubiquitin, VC155-hHOXA2, GST-KPC2, GST-PPP1CB, FLAG-PPP1CB and FLAG-KPC2. BiFC signal (green) shows ubiquitin-hHOXA2 interaction. Red signal was
observed after immunofluorescence against GST. Nuclei were stained with DAPI (blue). Pictures were taken under confocal microscope. (N=3) B: COS7 cells were
transfected with a combination of pExp plasmids coding for VN173-hHOXA2, VC155-KPC2, GST, GST-PPP1CB and HA-ubiquitin-HA. Immunofluorescence detection of
hHOXA2 was carried out in combination with BiFC. The percentage of cells presenting a predominant cytoplasmic hHOXA2 localization was calculated based on total
transfected cells with ImageJ. Error bars= upper and lower intervals at 95%. *p-val < 0.05. Scale bars= 20 μm. (N=5, n=3).
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suggests that the hHOXA2 deubiquitination induced by PPP1CB and
KPC2 could be correlated with the longer hHOXA2 half-life. In fact, we
showed that the KPC2 UBA domains are required to promote both the
decrease in ub-hHOXA2 and the stabilization of hHOXA2. Surprisingly
however, we observed that the loss of deubiquitination observed with
KPC2 UBA mutants can be rescued by PPP1CB expression while the lack
of hHOXA2 stabilization observed with the KPC2 mutants is not. That
the impact of the UBA mutation on ub-hHOXA2 is rescued by PPP1CB
but not its effect on hHOXA2 stabilization, reveals that hHOXA2 half-
life cannot simply be correlated to its ubiquitination status. Since
PPP1CB expression is sufficient to decrease ub-hHOXA2, it seems that
PPP1CB has the capacity to bring KPC2, hHOXA2 and a deubiquiti-
nating enzyme together, even in the absence of KPC2 UBA domains, but
this is not sufficient to promote hHOXA2 stabilization.

We showed here that HOXA2 interacts with ubiquitin either at
specific locations in the nucleus or in the cytoplasm where it co-loca-
lizes with PPP1CB and KPC2. Interestingly, we also found that ubi-
quitinated forms of HOXA2 are mainly present in the cellular fraction
containing histone H3 and DNA. This suggests a scenario in which ub-
hHOXA2 associates with the chromatin, while when the cell needs to
reduce hHOXA2 activity, hHOXA2 is exported to the cytoplasm where

PPP1CB and KPC2 act together to reduce HOXA2 ubiquitination.
In addition to ubiquitination, we also highlighted that hHOXA2 can

be phosphorylated and is a PP1 target. Interestingly, PPP1CB was al-
ready shown to target and regulate proteins [31]. The histone deace-
tylase 7 (HDAC7) for example is dephosphorylated by the PPP1CB-
MYPT1 complex in the cytoplasm [46]. HDAC7 dephosphorylation by
PPP1CB-MYPT1 leads to a nuclear import of HDAC7, resulting in the
repression of a pro-apoptotic orphan receptor. Based on this and other
examples, one hypothesis would be that hHOXA2 dephosphorylation
could affect hHOXA2 properties such as transcriptional activity.
Nevertheless, Calyculin A treatment, a potent PP1 inhibitor, did not
influence hHOXA2 stability in our experiments. The potential effect of
PP1 phosphatase activity on hHOXA2 localization, transcriptional ac-
tivity and ubiquitination state remain however to be investigated. In
addition to HOXA2, PP1 phosphatase could also influence the activity
of the KPC E3 ubiquitin ligase. Indeed, it is well-characterized that
ubiquitin ligase activities are regulated by phosphorylation (reviewed
in [47,48]). For instance, the CBL RING E3 ubiquitin ligase is activated
by phosphorylation at Y371, which induces a conformational change
abolishing its auto-inhibitory folding and which finally leads to E3
binding with E2 Ub-conjugating enzyme [49]. Besides CBL, other E3

Fig. 9. PP1 phosphatase targets hHOXA2. A and B: HEK293T cells were transfected with a combination of pExp plasmids coding for FLAG-hHOXA2. To inhibit PP1
phosphatase activity, 48 h after transfection cells were treated 1 h with 10 nM Calyculin A (CalA). Western blotting against FLAG tag was performed to see the impact
of CalA on hHOXA2 molecular weight (A). To validate the presence of phosphorylated forms of HOXA2, cell lysates treated or not with CalA were incubated 1 h30
with or without 20 U of Shrimp phosphatase (B). Disappearance of hHOXA2 molecular weight shift was observed by western blotting. β-ACTIN was detection used as
a control. (N= 3) C and D: Mass spectrometry analysis of HOXA2. HEK293T cells were transfected with pExp plasmid coding for 6xHIS-hHOXA2. 32 h after
transfection, cells were treated overnight with 6.6 μM MG132 to inhibit proteasomal degradation. 48 h after transfection, cells were treated 1 h with 6.6 μM MG132
combined with DMSO (C) or 5 nM CalA (D). Total protein extraction was passed through a Ni-NTA column to purify 6xHIS-hHOXA2 and analyzed by LC-MS/MS.
Protein sequence covered by the MS analysis is shown in green. After DMSO treatment, three phosphorylations are found (C, orange marks) and, after CalA treatment,
three new ones are appearing (D, purple marks).
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ligases such as Parkin, APC/C or MDM2 are also subject to phosphor-
ylations that regulate their activity (for reviews see [50–52]). The ac-
tivity of PP1 towards KPC2 could explain why hHOXA2 needs to be in
the cytoplasm to undergo post-translational regulation. Indeed, we
could hypothesize that, once in the cytoplasm, HOXA2-KPC2 complex
binds PPP1CB, which targets KPC2 or a KPC2-associated protein and
therefore leads to HOXA2 regulation. However, further investigations
are required to connect PP1 phosphatase activity and KPC ubiquitin
ligase activity.

The nuclear PPP1CB-hHOXA2 interaction revealed by BiFC might
underlie functional outcomes distinct from the activity regulation of
hHOXA2 by intra-cellular shuttling. Indeed, it cannot be excluded that
the interaction of PPP1CB affects multiple aspects of HOXA2 function.
Most significantly, the PP1 phosphatase is a well-known histone
modifier. PP1 targets the phosphorylated Ser10 and Ser28 residues of
histone H3 and is known to act as a transcriptional co-regulator
[53,54]. Among the 198 deregulated genes reported in DNA microarray
analysis of nuclear PP1 inhibition in the mouse hippocampus, Gräff
et al. revealed that Trmp3 (Transient receptor potential cation channel,
subfamily M, member 3) is downregulated when PP1 is inhibited [55].
Interestingly, this gene was also shown to be downregulated in the
second branchial arches of Hoxa2-null mutant mice [56]. This ob-
servation calls for further investigation about the role of PP1 phos-
phatase as a HOXA2 transcriptional co-regulator at the chromatin.

That PPP1CB and KPC2 are active and contribute to HOX activities
during embryogenesis requires functional validation which will be
quite challenging considering the presumably pleiotropic activities of
these enzymes. KPC2 functions during embryo development have not
been addressed, but it has previously been shown that Kpc2 is expressed
conjointly with Hoxa2 at different stages of embryogenesis [23]. Si-
milarly, we showed here that Ppp1cb is expressed during mouse em-
bryogenesis between E8.5 and E12.5, when Hoxa2 is also expressed. In
addition to PPP1CB involvement in muscle contraction [28], DNA re-
pair [57] or heart modeling [58], a few studies reported that PPP1CB is
also involved in early development. Jayashankar et al. highlighted that
both zebrafish isoforms of PPP1CB (PPP1CBa and PPP1CBb), through
their complex with MYPT1, are required for body axis elongation
during gastrulation [59]. Double Ppp1cba and Ppp1cbb knock-down
indeed present gastrulation defects such as a shortened and curved
body axis, a reduction of yolk and posterior structures or a delay in

epiboly. These phenotypes can be rescued by injection of Ppp1cbmRNA.
In addition, Sun et al. showed in Drosophila that PPP1CB is involved in
oocyte polarity through myosin dephosphorylation, and that a mutation
inside the catalytic domain of PPP1CB is lethal [60]. Bridoux et al. and
the present study show that KPC2 and PPP1CB have both the ability to
interact with other hHOX proteins, namely HOXA1, HOXB1, HOXB2,
HOXB5 and HOXD10 [23]. The activity regulation of HOX proteins by
KPC2 and PPP1CB might therefore define a generic property shared by
multiple if not all proteins of the HOX family.

5. Conclusion

In conclusion, this study presents a novel model for HOXA2 activity
regulation, involving PPP1CB and KPC2. We suggest that these two
regulators decrease HOXA2 transcriptional activity by inducing HOXA2
cytoplasmic relocation and post-translational modifications. As a con-
sequence, PPP1CB and KPC2 would establish a ready-to-use cyto-
plasmic store of HOXA2 available for the cell when triggering HOXA2
activity is needed. This model could more generally apply to the full set
of HOX proteins and opens new perspectives about how HOX proteins
are modulated at the cellular level.
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