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The Arabidopsis PHB3 is a pleiotropic regulator for plant development
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ABSTRACT
Prohibitins (PHBs) are composed of an obviously conserved protein family in eukaryotic cells. Despite
the extensive and in-depth research of mammalian PHB1 and PHB2, the plant prohibitins functions are
not completely elucidated and little is known about their mechanism of action. This review focuses on
the current knowledge about the protein subcellular localization, interaction proteins and target genes
of PHB3. Furthermore, we discussed the roles of PHB3 protein in plant growth and development, plant
responses to abiotic or biotic stresses and its participation in phytohormonal signaling.
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Prohibitins (PHBs) are composed of an obviously conserved
protein family in eukaryotic cells and primitively discovered
as tumor suppressor factor in mammalian cells.1 Prohibitins
play an essential role in a series of cellular processes, including
mitochondrial respiration,2,3 cell cycle regulation,4,5 receptor-
mediated signaling at the cell surface,6 cell death7 and aging.8

Prohibitins obviously function diversity also reflected in its
various subcellular location, including mitochondria,8,9

nuclear4,7 and plasma membrane.6,10 Phylogenetic analysis
showed that prohibitins in all species can be classified into
two types depend on the phylogenetic relationships with yeast
PHB1 and PHB2. In Arabidopsis, prohibitins were divided
into type-I PHB3 and PHB4, type-II PHB1, PHB2 and
PHB6. All prohibitin genes are chiefly expressed in both
shoot and root actively proliferative tissues and dividing
cells in Arabidopsis.11–13 Previous study showed that plant
prohibitins are needed to play a crucial role in cell division,
senescence, and root hair elongatio,11,12,14,15 as well as
response to ethylene signaling,16 oxidative stress,11 plant
defense,17 nitric oxide (NO) accumulation.18 While plant pro-
hibitins have been implicated in the regulation of plant devel-
opment, there is currently no more information regarding the
exact role and function mechanism of plant prohibitins.

In Arabidopsis, PHB3 and PHB6 have the highest homol-
ogy with mammalian PHB1 and PHB2, respectively.12

Mammalian PHB1 and PHB2 can form complex to regulate
a series cellular and developmental processes. By far, almost
all of the researches on plant prohibitin genes are focusing on
PHB3, as the PHB3 knock-out mutant has pleiotropic pheno-
types. All of the research results showed that PHB3 would be
a key plant developmental regulator and PHB3 has the con-
served function as mammalian PHB1 and PHB2. Thus, the
present review looks back the latest progress on the localiza-
tion, functions, interacting proteins and target genes of PHB3,
to provide ideas for the further research on PHB3.

The localization of the PHB3

Subcellular localization of PHB3 in the leaves of N.
benthamiana indicates that it is found in several cellular
locations, including the nucleus and throughout the
cytoplasm.16 No canonical mitochondrial transit peptide or
nuclear localization signals were detected in the PHB3 pro-
tein sequences, but the N-terminal peptide was necessary for
targeting to the mitochondria.12 The PHB3 mitochondrial
localization was confirmed in subsequently studies.19,20

Intriguingly, PHB3 also was localized in the nucleus.16,20

The PHB3 protein with the nuclear localization signal
(NLS) but not with the nuclear export signal (NES) in the
N-terminal can rescue the phb3 developmental deficiency
completely.20 Moreover, PHB3 also localizes to chloroplasts
using fractionation, protease protection, and live imaging.21

Except of the above localization, it also was found located in
the Golgi and endoplasmic reticulum. In the Arabidopsis
protoplast, the PHB3 can co-localization with the Golgi
marker and endoplasmic reticulum marker (Figure 1).

The PHB3 localization diversity decided its pleiotropic
roles in plant development. Though there is no predicted
mitochondrial signal peptide, no predicted transmembrane
domain, or nuclear localization signal in the PHB3 amino
acid sequence (data not shown), the putative localization
signal peptide sequence of the PHB3 is needed more protein
truncation and amino acid mutation experiments to detect.
Otherwise, PHB3 may localize to different organelles through
protein-protein interaction. Thus, the PHB3 interaction pro-
teins will be very important for its subcellular localization and
function. The KDEL receptor (KDELR) is a seven-
transmembrane-domain protein involved in retrograde trans-
port of protein chaperones from the Golgi complex to the
endoplasmic reticulum. Giannotta et al. (2015) found that
mammalian prohibitin-1 (PHB) act as a KDELR interactor
and absence of PHB decreases the levels of the Golgi-localised
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KDELR and prevents KDELR-dependent Golgi-to-plasma-
membrane transport. These mysterious issues are very intri-
guing and need more refined experiments to uncover.

The interacting proteins of the PHB3

It has been shown that PHB3 protein co-purifies with other PHB
proteins (PHB1, PHB2, PHB4, and PHB6), presumably forming
with them a hetero-oligomeric high molecular weight complexes
in mitochondria.12 Moreover, complexes (1 MDa) formed of
prohibitins have been identified in the mitochondria of plants.22

Similar to that, PHB3 has been found to form complex with PHB6
using the new protein interaction technology, though their genetic
interactionmechanism and the complex function are unclear.23 In
plants, prohibitins closely interact with m-AAA proteases and
together form 2 MDa m-AAA-PHB complexes.22 Intriguingly,
Arabidopsis PHB3 has been found to interact with the enzyme
ISOCHORISMATE SYNTHASE1 (ICS1) when analyzed proteins
that coimmunoprecipitated with ICS1 via mass spectrometry.21

Recently, PHB3 has been co-immunoprecipitatedwith the nuclear
envelope and mitochondria localized RNA-binding protein
OPENER.24

In the mammalian, PHB has been verified to interact with
chromatin remodeling factors to regulate gene expression.
PHB has been reported to repress E2F via recruitment of the
repressive proteins histone deacetylase 1 (HDAC1), nuclear
receptor co-repressor (N-CoR) and the chromatin-condensing
proteins brahma-related gene-1 (BRG1)/brahma (Brm).4,25

However, the same mechanism has not found in plants
yet.20,26 Arabidopsis PHB3 was mentioned to be interacted
strongly in the yeast two-hybrid assay with a component of
the TAFIID complex, Taf12b.16 But the experiment data has
not been shown yet. It will be worthy to test that which kind
of the gene transcription regulators, e.g., histone acetylases
and deacetylases, may be the PHB3 interaction protein.

The function of the PHB3

Previous studies showed that PHB3 is prominently expressed
in meristem tissues and phb3 null mutants exhibit meriste-
matic cell proliferation defects.12,13,19,20,22 It was found that
loss of function of the homologous PHB3 caused mitochon-
drial swelling, decreased meristematic cell production,
increased cell division time and reduced cell expansion rates,
leading to severe growth retardation. Very interesting, trans-
genic lines overexpressing PHB3 also showed leaf shape aber-
rations and an increased shoot branching phenotype.12 These
results indicate that PHB3 homeostasis in the plant is critical
for the plant growth and development. PHB3 was recognized
to be necessary for proficient mitochondrial function or bio-
genesis to maintain cell division and differentiation in apical
tissues.12 In order to supporting this conclusion, the PHB3
interacting protein OPENER in the mitochondria also has
similar mitochondrial size, meristem expression and root
meristem defects.23 Though the PHB3 play important roles
in meristematic cell proliferation, the exact regulating
mechanism is not clear until this year. PHB3 control the cell
proliferation partially through regulating the MCM genes
expression level to maintain the genomic stability and cell
cycle in the nucleus.20 Further more, PHB3 maintains root
stem cell niche identity and cell division partially through
ROS-responsive AP2/ERF transcription factors such as
ERF109, ERF114, and ERF115.19 Thus, PHB3 was thought to
be one of the retrograde signaling resources from mitochon-
dria to nucleus.26 In spite of the PHB3 mutation can cause
significant reactive oxygen species (ROS) accumulation, the
retrograde signaling may tranduce into nucleus through the
ROS-dependent and ROS-independent ways.19,20,27

Phytohormone is very important for the plant development.
PHB3 loss-of-function mutant was identified by screening for
Arabidopsismutant seedlingswith an enhanced ethylene response,
andPHB3 functions downstreamof EIN2 as a positive regulator of

Figure 1. The Golgi and endoplasmic reticulum localization of PHB3. A, PHB3-YFP and endoplasmic reticulum marker CNX-RFP are expressed in the indicated
protoplasts. The CNX-RFP signal (blue), PHB3-YFP signal (yellow), and merged photos are shown from representative samples. The red arrows indicate the co-
localization in endoplasmic reticulum. Scale bar = 20 μm. B, PHB3-YFP and Golgi marker Man1-RFP are expressed in the indicated protoplasts. The Man1-RFP signal
(blue), PHB3-YFP signal (yellow), and merged photos are shown from representative samples. The red arrows indicate the co-localization in Golgi. Scale bar = 20 μm.
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expression of a subset of ethylene-regulated genes along with
a group of genes required for maintaining growth in the presence
of ethylene.16 Moreover, phb3 mutant was found be defective in
auxin-induced lateral root formation,18 and auxin accumulation,
transport as well as signaling.19,20 The PHB3 null allele mutants
and PHB3 over-expressions all showed leaf shape aberrations and
abnormal plant architechture.12 Virus-induced gene silencing of
PHBs in Petunia hybrida caused abnormal leaf morphology.14

These phenotypes may be resulted from the decreased auxin
content or defected auxin signaling as the mitochondrial localized
FtSH4 mutant.20,28 PHB3 is necessary for the leaf longevity
because PHB3 mutation resulted in accelerated senescence.12,14

Similarly, mitochondrial FtSH4 also take participate in leaf senes-
cence through SA content and SA signaling.29 Intriguingly, PHB3
also regulates SA biosynthesis by forming PHB3-ICS1 complexes
to stabilize ICS1 and promote SA production in response to
stress.21 Thus, it can be reasonable to predict that PHB3 also
regulates leaf senescence through SA. SA is necessary for the
plant cell death and autophagy,29 and the mammalian inner mito-
chondrialmembrane protein PHB2 was identified as a crucial
mitophagy receptor involved in targetingmitochondria for autop-
hagic degradation.30 It will be a very interesting point to explore
the relationship between Arabidopsis PHB3 and autophagy or
mitophagy.

Prohibitin accumulation was found to be a common cel-
lular response to different stressing stimuli including the ER
stress, oxidative phosphorylation stress, mitochondrial orga-
nization and homeostasis stress, as well as the unfolded pro-
tein response (UPR).31 Plant PHB3 also was found to be
response to all kinds of stresses. The point mutant phb3 that
converting the highly conserved Gly-37 to an Asp in the
protein’s SPFH domain and the knock-out phb3 mutant
were defective in H2O2-induced NO accumulation, abscisic
acid-induced NO accumulation and stomatal closure. Both
mutants were less sensitive to salt stress, showing no increase
in NO accumulation and less inhibition of primary root
growth in response to NaCl treatment. In addition, light-
induced NO accumulation was dramatically reduced in
cotyledons.18 Recently, the phb3 mutant displayed reduced
levels of SA, the SA-regulated protein PR1, and hypersensitive
cell death in response to UV-C and avirulent strains of
Pseudomonas syringae.21 And phb3 mutant was sensitive to
DNA damage agent and oxidation stress.20

The target genes of the PHB3

By far, the verified PHB3 target gene is largely unclear. Using the
microarray, the down- and up-regulated genes in the phb3
mutants were associated with mitochondrial and stress-related
transcripts.12 The expressions of a subset of ethylene-regulated
genes were affected in the phb3 mutant.16 However, whether
those genes are PHB3 direct or indirect target genes are waiting
for certification by experiments. The only identified direct tar-
gets are the minichromosome maintenance (MCM) genes, espe-
cially one member of the MCM2. PHB3 acts as transcriptional
co-regulator to repress the expression ofMCM2 and otherMCM
members by binding to the promoter E2F–cis-acting elements.20

Moreover, the retrograde signalling in mutants defective in
mitochondrial protein prohibitin phb3 can be suppressed by

knocking out the transcription factor ANAC017.26 Whether
the PHB3 can bind on the promoter and regulate the expression
of ANAC017 is deserved to be analyzed. Intriguingly, a putative
PHB3-binding site with ATTCCCGG sequence, which conform
to the Arabidopsis E2Fa specific binding site with a WTTSSCSS
(where W = A or T and S = G or C) cis-acting consensus
element,32 was found in the 5ʹ UTR region of ANAC017. PHB3
maintains root stem cell niche identity through ROS-responsive
AP2/ERF transcription factors such as ERF109, ERF114, and
ERF115, however, the repressing mechanism of PHB3 on
ERF109, ERF114 or ERF115 transcript is unclear.19 There are
none E2Fa specific binding cis-acting consensus element in the
promoter regions of ERF109, ERF114 and ERF115 genes. Thus,
PHB3 may regulate a series of genes such as ERF genes as an
indirect way. Therefore, the whole genomic ChIP-Sequence is
needed to perform in the upcoming research to discover the
putative PHB3 binding sites and to search for the direct target
genes of PHB3.

Conclusion

In conclusion, it is proposed that PHB3 function as negative or
positive co-regulator of transcription to exert influence on cell
cycle and cell proliferation and to regulate the expression of series
target genes in regulating plant development in Arabidopsis. It is
possible that the PHB3 may be induced and translocated into
different subcellulars such as mitochondria, nucleus, chloro-
plasts, Golgi and endoplasmic reticulum to regulate the phyto-
hormone signaling, genome stability and cell proliferation when
the plant encounters the biotic or abiotic stress or the cell in
a certain condition such as DNA damage agent and oxidation
stress. In the mitochondria, chloroplasts and other cytoplasmic
organelles, PHB3 formed different protein complex to regulate
the mitochondrial integrity and redox equilibrium. Upon PHB3
loss-of-function, the ROS and the different phytohormones such
as SA, ethylene, and auxin contents and signaling will be out of
homeostasis. Subsequently, different retrograde signaling caused
by the PHB3 transduced into the nucleus. In the nucleus, PHB3
binds directly on the target genes, e.g. MCM2; or regulates
indirectly on the ROS-responsive genes, e.g. ERF115, ERF114
and ERF109, to regulate the cell cycle and cell proliferation.
Upon PHB3 loss-of-function, its repressed genes or promoted
will be elevated or decreased out of control and result in cell cycle
arrest. Consequently, the stem cell niche modulators are
repressed or altered to prevent meristem cell from proliferation
and the plant growth and development are changed. Since the
function mechanism difference between plant and mammalian
nuclear prohibitin, some processes and important questions
involved in plant PHB3 need to be identified. Firstly, what are
the PHB3 function in different organelles, especially in the Golgi
and ER? Secondly, how does the PHB3 translocate between the
cytoplasm and nucleus? Thirdly, how is the biotic and abiotic
stress sensed by and transducted to the PHB3? Whether the
protein kinases regulate PHB3 to response the stress and devel-
opment signaling? Finally, whether does the PHB3 regulate other
E2F-cis-acting elements containing and no containing genes
directly? Hence, the targets and partners discovery for PHB3
will provide more evidence to expound its activities in the
nucleus and the communication between cytoplasm andnucleus.
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In further, the detail regulationmechanisms for PHB3 regulation
on cell proliferation, phytohormone signaling, responses to abio-
tic and biotic stress need more evidences to elucidate.
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