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bringing   a   new   perspective
 to   gene   regulation

Interview with Professor Elçin Ünal

BY MATTHEW COLBERT, EMILY HARARI, MICHELLE LEE, 
ELETTRA PREOSTI, SAUMI SHOKRAEE, AND NIKHIL CHARI

Dr. Elçin Ünal is an Assistant Professor of Genetics, Genomics, and De-
velopment at UC Berkeley. After growing up in Turkey, Ünal came to the 
United States for graduate school where she began her research career. Her 
lab currently studies meiosis in the context of gene regulation and cellular 
quality control. We spoke to Professor Ünal about her work on the processes 
of kinetochore inactivation prior to meiosis and mitochondrial segregation 
during cell differentiation.
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BSJ: How did your experiences growing up in Turkey make 
you interested in biology, and what led you to continue that 

type of research in the United States?

EU: I had a very engaging biology teacher in high school. Nor-
mally, you think of biology as memorization-based, but it 

wasn’t taught that way in his class. In Turkey, the college admissions 
process is a little bit different than in the U.S.; you need to take a 
national exam, which is basically the only determinant of whether or 
not you make it into college. It’s very competitive, and you announce 
your major before you actually get there. My teacher informed me 
about a new department, Molecular Biology and Genetics, that just 
opened a few years ago. The year I applied to college was the year 
Dolly the sheep was cloned, so there was a lot of excitement around 
molecular biology. Every year, my department would only get about 
15 students. The training was great, but doing research was difficult 
for economic reasons. So I followed the footsteps of the previous 
years’ classes, and went for an internship abroad. I actually went to 
graduate school at the same place abroad the next year.

 BSJ: Where was that?

EU: Johns Hopkins.

BSJ: Much of your current research is in kinetochore inacti-
vation. Could you elaborate on what a kinetochore is and 

why the activation and inactivation of kinetochores is important for 
meiosis?1

EU: A kinetochore is a large macromolecular structure that 
connects the chromosomes, which contain a cell’s DNA, to 

the division machinery, namely the microtubules and the cytoskele-
ton. Kinetochores are essential for genome segregation during both 
mitosis and meiosis. What’s interesting about meiotic cell divisions is 
that, prior to the divisions themselves, there are a lot of changes that 
occur to the chromosomes. The DNA is first shattered into pieces by 
programmed double-strand breaks, which then allow chromosomes 
to undergo recombination. Meiosis is unique because the genome 
size is reduced by half; chromosomes are replicated, and then segre-
gated twice. To accommodate that, the kinetochore also undergoes 
changes, and this is observed in any model that has been studied so 
far, from yeast to mice. It has been found that the kinetochore loses 
its ability to interact with microtubules during prophase, while chro-

mosomes are being repaired and undergoing recombination. Then 
prior to chromosome divisions it gains back that activity. 

In my postdoctoral work, we asked why it matters for the cell to 
go through this sort of inactivation and re-activation, and we found 
that of more than 40 kinetochore subunits, there was one protein 
called Ndc80 that dramatically changed in abundance between the 
two stages of kinetochore activity. We overexpressed this protein in 
a cell during a time when it’s normally not present, and we observed 
the cells revert from a meiotic to mitotic phase. That told us that 
kinetochore inactivation is probably important for establishing a 
meiosis-specific chromosome architecture during prophase. Since 
one lynchpin subunit dictated when this entire complex was func-
tional during meiosis, we really wanted to understand how this gene 
is regulated at all steps, and that’s how we got into this LUTI mRNA 
business.

BSJ: In addition to the main open reading frame (ORF) which 
codes for a specific protein, long undecoded transcript 

isoform mRNAs, or LUTI mRNAs, contain several upstream open 
reading frames (uORFs). What’s the difference between the ORF 
that codes for the Ndc80 protein and the uORFs we find in LUTI 
mRNAs?2

EU: The LUTI mRNA is basically a longer version of the ca-
nonical mRNA. It has an entire ORF for a given gene—in 

this case, the Ndc80 ORF. In addition to this, due to its extended 
5’ region, it has uORFs. These are short translation units that have 
their own start and stop codons. How the translational machinery 
normally works is that the 40S ribosome subunit engages with the 
mRNA and starts scanning from the 5’ end; when it finds an AUG 
start codon the ribosome is fully assembled and starts translating. 
Then, when the ribosome encounters a stop codon, it is released 
from the mRNA. In LUTIs, the uORFs compete with the main ORF, 
so the ribosome abortively engages with the short translation units 
but never gets to properly translate the actual ORF (Fig. 1). This mol-
ecule looks like an mRNA that would normally be decoded into pro-
tein, but in the case of LUTI, it does the opposite. The message itself 
is not translated, but when the LUTI is transcribed, the production 
of the canonical mRNA is repressed. In this way, by coupling both 
transcriptional and translational repression, mRNAs can effective-
ly shut down protein synthesis. Basically, the cell can use the same 
components that it employs to activate gene expression to repress 
gene expression. 

Figure 1: Translation diagram. 
Upstream ORF prevents the 
ribosome from translating the 
downstream NDC80 ORF.2
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are translated. Their translation may be temporally delayed, 
as is the case for CLB3 and SSP2 in budding yeast meiosis, 
or their translation may only occur under specific circum-
stances as is the case for the upstream open reading frame 
(uORF) repressed GCN4 and ATF4 transcripts (Harding 
et al. 2000; Jin and Neiman 2016; Mueller and Hinnebusch 
1986). In other words, translational repression is widely 
viewed as a switch-like mechanism, where translation of the 
ORF is repressed under certain conditions, but this repres-
sion can be bypassed under other conditions.

Recently, we uncovered a novel mechanism, where a 
developmental transcription factor induces the expression 
of an mRNA that serves a purely regulatory function. This 
mRNA is not translated into a functional protein due to the 
uORFs in its 5′ leader region (Chen et al. 2017). Instead, it 
serves to inactivate a gene through an integrated transcrip-
tional and translational mechanism (Chen et al. 2017; Chia 
et al. 2017). This new insight challenges the assumption that 
mRNA molecules must produce the gene product encoded in 
their open reading frames and provides a fresh perspective 
on gene regulation.

A 5′-extended mRNA represses kinetochore 
function

Our studies of kinetochore regulation during meiosis in bud-
ding yeast initially confirmed what we and others had seen 
previously: the essential kinetochore protein Ndc80 is down-
regulated during meiotic S-phase and prophase (Asakawa 
et al. 2005; Chen et al. 2017; Kim et al. 2013; Meyer et al. 
2015; Miller et al. 2012; Sun et al. 2011). This assists in 
kinetochore remodeling which allows homologous chromo-
somes to be segregated in meiosis I. A deeper investiga-
tion into the mechanism by which the Ndc80 protein level 
decreases led us to discover an initially counterintuitive 
mechanism by which cells can downregulate gene expres-
sion in a cell (Fig. 1).

At the NDC80 locus, a 5′-extended transcript isoform is 
expressed exclusively during meiosis. It is developmentally 
regulated by the master meiotic transcription factor Ime1 
and its binding partner Ume6 (Bowdish et al. 1995; Chen 
et al. 2017; Park et al. 1992; Washburn and Esposito 2001). 
The extended transcript contains 9 uORFs in addition to 
the entire NDC80 coding sequence. Using single molecule 
fluorescence in  situ hybridization, we have shown that 
this transcript is exported from the nucleus. Its translation 
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Fig. 1  Schematic description of luti-mRNA gene regulation at the 
NDC80 locus. In both panels, a depiction of the genomic NDC80 
locus is shown above a representation of the chromatin modifica-
tions and nucleosome positions at that locus. a NDC80luti is repressed 
by Ume6. The NDC80ORF promoter is depleted of nucleosomes. 
NDC80ORF is actively transcribed; it is exported to the cytoplasm 
and used by the ribosome to produce Ndc80 protein. b  NDC80luti 

is expressed upon interaction of Ume6 with the meiotic transcrip-
tion factor Ime1. Transcription of NDC80luti leads to an increase in 
both nucleosome occupancy and H3K4me2 and H3K36me3 chro-
matin modifications across the NDC80ORF promoter. Initiation of 
NDC80ORF is prevented. NDC80luti transcripts are exported to the 
cytoplasm and engaged by the ribosome. uORFs are translated, but 
Ndc80 protein is not translated from this mRNA
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BSJ: Why can we call LUTI a mRNA if it doesn’t encode a pro-
tein? 

EU: It has all the information we normally find in mRNAs. By 
all criteria, an mRNA should have a cap, a poly-A tail, and 

an open reading frame, and it should be transcribed by RNA poly-
merase II. LUTIs fit all that criteria. In an mRNA-seq experiment, 
these non-coding LUTIs will be clustered together with all the oth-
er mRNAs because they contain all the other necessary signatures. 
They still have a coding potential, but because of the uORFs they 
become non-coding. We classify it as a LUTI because even though all 
the essential components of mRNA are there, it’s not making protein.
 

BSJ: Could you elaborate on the transcriptional and transla-
tional mechanisms affected by LUTI-mRNA gene-regula-

tion, specifically in kinetochore inactivation?2

 

EU: For meiosis in yeast, there are two major transcription fac-
tors that drive meiotic progression. One turns on early in 

response to both intrinsic and extrinsic cues. This first transcription 
factor activates genes involved in double-strand break formation, 
recombination, and DNA replication, but it also turns on about a 
hundred of these LUTIs, one of which is this NDC80LUTI. The tran-
scription factor binds approximately 600 base pairs upstream of the 
ORF. When that happens, a message is transcribed that the mRNA is 
starting from an alternative upstream promoter. That message’s tran-
scription actually inhibits transcription from the canonical promot-
er. That’s how the transcriptional repression works. Then you make 
a longer version of an mRNA—a LUTI mRNA—which is different 
from the canonical mRNA due to an approximately 500-nucleotide 
upstream extension. That extension contains uORFs which repress 
translation.

The second key transcription factor is activated just prior to the 
meiotic divisions, as the first one’s activity goes down. It has a binding 
site in the canonical promoter, which codes for the regular NDC80 
mRNA. This leads to a switch in production between two different 
NDC80 isoforms, leading to re-activation of the kinetochores. So, a 
cell can turn on either an ORF-directed or uORF-directed transcrip-
tion factor, depending on whether it wants to activate or inactivate 
kinetochores.

BSJ: Besides kinetochore inactivation, are there any other 
events in meiosis or elsewhere that may be regulated by 

LUTI expression?

EU: I have a team lab with another professor, Gloria Brar. 
We’re collaborators and basically best friends. Her group 

does a lot of global measurements of mRNA translation and quan-
titative protein measurements. When you look at meiotic prophase, 
NDC80 mRNA is expressed very highly, but because it’s a LUTI it 
actually has a negative impact on protein production. Following our 
lab’s work on NDC80, she used these global datasets taken over time 
during meiotic progression to see if there are other mRNAs that an-
ti-correlate with their protein levels. Her lab found that 389 genes, 
about eight percent of the yeast genome, are expressed at different 
times through these luti-mRNAs, recognized by their signature 

uORFs. We’re specifically looking at the genes regulated by this first 
meiotic transcription factor to understand the genome-wide rules 
for both transcriptional and translational repression. Beyond that, 
we looked at individual transcripts in human and fly cells, to see 
whether this kind of combinatorial integrated mechanism exists in 
other species.  It seems to be conserved, and any kind of transcrip-
tion factor-dependent gene expression program (which is pretty 
much every process in the cell) can, in theory, be regulated this way. 
It’s just a matter of looking with a different lens and not making the 
assumption that mRNAs needs to make proteins. If you drop that 
simple assumption, then you start finding these mechanisms.

BSJ: How do you think the LUTI mRNA mechanism is evolu-
tionarily advantageous?

EU: I think there is a nice parsimony in the system, in that the 
same trans-acting machinery is used to coordinate up-reg-

ulation and down-regulation of genes at the same time. Normally, 
when we think about anything in the cell that is dependent upon 
transcription factor regulation, like differentiation or sensing envi-
ronmental stresses, we mostly think about how the cell activates a 
group of genes. But there are also genes that need to be inactivated. 
Cells can evolve a transcription factor and repressor separately to 
turn on and off genes at the same time. In this case, however, you 
evolve a single transcription factor, and the cis binding sites on the 
DNA sequence are what determine gene expression. If the transcrip-
tion factor binds an upstream promoter, a LUTI mRNA can be pro-
duced; if it activates a downstream promoter, a normal protein-pro-
ducing mRNA will be produced.

The other trans-acting factor is the ribosome. Ordinarily, we as-
sume the ribosome always makes proteins. However, in this case, the 
ribosome associates with cis elements within the mRNA, which then 
prevent productive translation. Thus, the body is relying on the same 
toolkit to do both jobs, which is evolutionary advantageous.    

BSJ: Like a transcriptional Swiss Army knife?   

EU: Exactly!  

BSJ: The meiotic mechanisms you study are critical to ensur-
ing healthy cell progeny in yeast. Kinetochores are not the 

only cellular structures subject to this regulation, and your research 
also focuses on mitochondrial inheritance. Cells allocate half of their 
mitochondria to pass down to their daughter cells. Where are mito-
chondria normally found in the cell?3 

“By coupling both transcriptional 
and translational repression, 

mRNAs can effectively shut down 
protein synthesis.”
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EU: Mitochondria normally reside in the cytoplasm of cells, 
but unlike the textbook picture of individual organelles 

floating around in the cell, the mitochondria form an interconnected 
network. When the cell undergoes division, it needs to inherit mi-
tochondria. Besides being the major ATP production centers in the 
cell, mitochondria are also involved in many other metabolic reg-
ulation processes. The mitochondrial genome co-evolves with the 
nuclear genome, which contains most of the mitochondrial proteins 
that are imported into the organelle. So there is a symbiotic-type re-
lationship. In organisms that have sex-specific gametes, the oocyte 
brings all of its mitochondria into the embryo at the end of fertiliza-
tion, whereas single-celled organisms like yeast act like oocytes by 
inheriting a group of mitochondria, but also act like sperm by elim-
inating 50% of their genome, which won’t be inherited. Ultimately, 
we are interested in whether there are differences between what is 
segregated into the gametes and what is left behind. We wanted to 
start by defining distinct stages where there are stereotypical mor-
phological changes in mitochondria towards the segregation.  

One of my students discovered that the first step of regulated 
mitochondrial detachment occurs at the molecular level. Mitochon-
dria are connected to the cell cortex in the plasma membrane by 
a molecular organelle tether called the mitochondria-ER-cortex an-
chor (MECA) that binds to the mitochondrial outer membrane on 

one hand and the plasma membrane on the other. We knew that 
these contact sites are destroyed during meiosis because we see a 
very timed change in mitochondrial morphology when the cell is in 
transition during meiosis. After this, the mitochondria start associ-
ating with the nuclear membrane. The nuclear genome needs to get 
inherited somehow, so the mitochondrial genome “hitchhikes” with 
the nuclear genome to make it into the gametes. For this reason, we 
believe that the subset of the mitochondria that interacts with the 
nucleus is the part that makes it into the gametes, and the subset that 
does not interact with the nucleus is left behind and degraded. 
 

BSJ: How does phosphorylation of protein kinase Ime2 pro-
mote the degradation of MECA and allow proper segrega-

tion of mitochondria during meiosis?3

 

EU: In mitotic cells, the MECA complex is very stable—it 
locks the mitochondria to the plasma membrane without 

dynamically changing. However, during meiosis, mitochondrial de-
tachment occurs by modulating the activity of this tether. The kinase 
Ime2 phosphorylates the MECA subunits, changing the structure of 
these tethers and making them more amenable to proteasome deg-
radation. Because phosphorylation is required for the degradation, 
we know that degradation occurs at the post-translational level. One 

Figure 2: Formation of luti-mRNA during meiotic prophase. It inactivates kinetochores. During meiosis, Ndt80 transcription factor 
prevents transcription of uORFs.1

NDC80luti is an mRNA that does not produce protein
A key aspect of the work presented here is the surprising finding that an mRNA can serve a purely

regulatory function. Indeed, NDC80luti is a bona fide mRNA. It is poly-adenylated, is engaged by the

ribosome and, most importantly, when the uORF start codons are ablated, Ndc80 protein is trans-

lated from this extended mRNA isoform (Brar et al., 2012 and Figure 3). Moreover, NDC80luti is

likely a RNA Polymerase II transcript because its promoter is occupied by the pre-initiation complex
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Figure 9. Model of NDC80 gene regulation in budding yeast. During vegetative growth, a stage in which kinetochores are active, a short NDC80

mRNA isoform NDC80ORF is expressed, and the 5’ extended isoform NDC80luti is repressed by Ume6. Translation of NDC80ORF results in Ndc80

protein synthesis (top panel). At meiotic entry, the master transcription factor Ime1 induces expression of NDC80luti. Transcription from this distal

NDC80luti promoter silences the proximal NDC80ORF promoter through a mechanism that increases H3K4me2 and H3K36me3 marks over the

NDC80ORF promoter (See the accompanying paper Chia et al., for details). NDC80luti does not support Ndc80 synthesis due to translation of the

uORFs. The overall synthesis of Ndc80 is repressed in meiotic prophase, and the kinetochores are inactive (middle panel). As cells enter the meiotic

divisions, the transcription factor Ndt80 induces NDC80ORF re-expression, allowing for Ndc80 re-synthesis and formation of active kinetochores (bottom

panel).

DOI: https://doi.org/10.7554/eLife.27417.030

The following figure supplements are available for figure 9:

Figure supplement 1. Clustal analysis for the upstream intergenic region of the NDC80 locus across five Saccharomyces species.

DOI: https://doi.org/10.7554/eLife.27417.031

Figure supplement 2. Clustal analysis for the upstream intergenic region of the NDC80 locus across five Saccharomyces species.

DOI: https://doi.org/10.7554/eLife.27417.032

Chen et al. eLife 2017;6:e27417. DOI: https://doi.org/10.7554/eLife.27417 19 of 31
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reason this probably happens is because a functional MECA is need-
ed prior to meiotic division. Because it is a stable structure, shutting 
down its synthesis would not be enough for mitochondrial morpho-
genesis to be activated. 
 

BSJ: Mitochondrial functions decline with age but are renewed 
during gametogenesis. How might this be possible?3

 

EU: Even in old cells undergoing meiosis, we see the cellular 
rejuvenation that occurs as part of meiosis. These progeni-

tor cells are “replicatively aged” since they have undergone prior cell 
divisions to produce daughter cells through mitosis. They display 
some defects at the cellular level, but they are still partially function-
al. This is because aging is a progressive phenomenon. 

Before meiosis, we anticipate that some mitochondria are more 
functional than others. Our question right now is whether the more 
functional ones are somehow selected over the others at the level of 
meiotic segregation. We can look at the quality control aspect of this 
by making basic fusions between young and aged cells or by damag-
ing a subset of mitochondria. We want to find out whether there is 
selection in these mixed populations. Probably there is, but we don’t 
know for sure.

BSJ: Many of your studies use a budding yeast model. What 
characteristics of budding yeast that make it an ideal or-

ganism for studying meiosis?1,2,3

EU: When it comes to meiosis, most of what we know comes 
from a very chromosome-centric perspective. But meiosis 

is a full cell differentiation program. Meiosis is an evolutionarily con-
served process, which involves a lot of changes happening to the cell. 
If you want to understand those changes, you want to look at the 
most genetically tractable organism. When it comes to yeast, one big 
advantage is that we can induce meiosis. That’s very important for 
looking at population-based studies of gene expression. If cells are 
performing a differentiation or some other change synchronously, 
the population behavior is more reflective of individual cell behav-
ior. We can also live image meiosis in budding yeast cells from the 
very beginning to the very end of meiosis—it takes about 24 hours. 
Whereas in other cells like oocytes, we can’t observe that refined 
framework or synchronous manner. Because there are so many un-
answered questions, we want to start with the most simple and trac-
table organism—from there, we can begin to look for conservation 
and divergence in other systems.

BSJ: What motivates you to challenge canonical perspectives 
of gene regulation and cell differentiation in your research?

EU: In my mind, it’s more a sense of curiosity than a desire to 
challenge. If I make an odd observation, I think, “How does 

this happen?” In our lab, we have the ability to observe cellular pro-
cess in great detail, and I also have incredible graduate students. It 
all comes together because of their hard work, dedication, curiosity, 
and ability to make unique observations. When you do research, it 
mostly doesn’t work. But when a discovery comes, for example, you 
check something in the scope and you’re the first person to ever see 
it, you go back to childhood excitement. When that happens, you get 
the science high, which is better than any drug.
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Figure 3: Mitotic growth and meiotic differentiation. MECA tether is 
destabilized with phosphorylation by Ime2 during meiosis, untether-
ing mitochondria from cell cortex.3
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MECA subunits, persistence of MECA clusters, and retention 
of contacts between mitochondria and the plasma membrane 
throughout meiosis. Third, expression of a hyperactive IME2 
allele in prophase I leads to Num1 phosphorylation and results 
in the premature disassembly of MECA and untimely mitochon-
drial detachment. Finally, degradation of Num1 by artificial 
means rescues the mitochondrial detachment defect that occurs 
in IME2-inactivated cells. Our data, however, do not rule out 
the possibility that Ime2 can also influence MECA in an indirect 
manner (Fig. 10), for instance through its effect on other, yet to 
be identified, MECA regulators.

Ime2-dependent destruction of MECA shares similarities 
with another critical meiotic event: clearance of the translational 
repressor Rim4. Rim4 assembles into amyloid-like aggregates, 
which are thought to sequester a group of mRNAs away from 
ribosomes by binding to their 5′ UTRs (Berchowitz et al., 2013, 
2015; Carpenter et al., 2018). Degradation of Rim4 during meiosis 
II relieves the translational repression of its targets. Similar to 
MECA, high Ime2 kinase activity is both necessary and sufficient 
to disassemble Rim4 aggregates and promote their degradation 
(Berchowitz et al., 2013, 2015; Carpenter et al., 2018). Rim4 con-
tains a total of 114 serine and threonine residues (S/Ts). Although 
the initial MS suggested the existence of a single Ime2-dependent 
phosphorylation site, subsequent work identified 39 additional 
phosphorylation sites. Clearance of Rim4 assemblies is governed 
by multisite phosphorylation, with at least 36 S/Ts necessary for 
its degradation. Importantly, a threshold amount of phosphory-

lation, rather than modification of critical residues, is necessary 
for Rim4 clearance (Carpenter et al., 2018). By comparison, Num1 
contains 356 S/Ts. Thus far, MS identified four phosphorylated 
residues in Num1, one of which appears to be Ime2 dependent. 
However, this number is likely to be an underestimate, because 
the peptide coverage for Num1 was <60% in our immunoprecip-
itation (IP)-MS analysis. Moreover, unlike the Rim4 IP-MS, our 
experiments did not include a phosphopeptide enrichment step 
due to the low expression level of Num1. Adding further to the 
complexity is the observation that the second MECA subunit, 
Mdm36, also appears to be phosphorylated by Ime2. Therefore, 
MECA control by Ime2 is likely to be complex. More thorough 
analysis is needed to elucidate how phosphorylation affects 
MECA stability, mitochondrial organization, and inheritance.

Mitochondrial inheritance during gametogenesis
How does mitochondrial detachment lead to meiosis-specific 
inheritance of the organelle? In budding yeast, mitochondria 
exhibit four distinct behaviors during meiotic differentiation: 
(a) abrupt detachment from the mother cell plasma membrane, 
followed by (b) extensive contacts with the gamete nuclei, (c) 
limited inheritance, and (d) programmed elimination. Previous 
EM data suggested that only about half of the starting mitochon-
drial population is inherited by the four gametes (Brewer and 
Fangman, 1980). The remaining mitochondria are eliminated by 
mega-autophagy that commences at the end of gametogenesis 
(Eastwood et al., 2012; Eastwood and Meneghini, 2015). It will 
be interesting to determine whether the two populations of mi-
tochondria—namely, the inherited and discarded—are different 
from one another and whether quality control pathways exist to 
selectively transmit healthier mitochondria to gametes (Neiman, 
2011; Kraft and Lackner, 2018). Perhaps the ability of mitochon-
dria to form direct contact sites with the nuclear envelope, ev-
ident in Fig. 2 and previous studies (Stevens, 1981; Suda et al., 
2007), is part of this selection. Regardless, we propose that the 
contact sites between mitochondria and nuclear envelope ensure 
that the mitochondrial genome is inherited during yeast gameto-
genesis. We further posit that the regulated detachment of mito-
chondria from the progenitor cell plasma membrane in meiosis 
II is the first step toward mitochondrial segregation into gametes. 
Identifying the molecular nature of the mitochondria–nuclear 
contact sites and their regulation will enhance our understand-
ing of mitochondrial inheritance during meiotic differentiation.

Gametogenesis-specific changes to mitochondrial 
architecture and inheritance are ubiquitous in metazoan germ 
cells. For example, primary oocytes of animals contain a unique 
structure known as the Balbiani body that assembles adjacent 
to the nucleus (Kloc et al., 2004). The Balbiani body houses a 
collection of organelles, including mitochondria and protein–
RNA inclusions, and facilitates their segregation. In Drosophila 
melanogaster oogenesis, mitochondria are transported between 
cells, from nurse cells to the oocyte, via a polarized microtubule 
network that passes through ring canals (Cox and Spradling, 
2003). Later, mitochondria are actively tethered to the actin 
cytoskeleton at the posterior of the oocyte, in proximity to the 
pole cells that give rise to the germline. Importantly, in the 
absence of tethering, mtDNA transmission is compromised 

Figure 10. Mitochondrial inheritance in mitosis and meiosis. In mitosis, 
mitochondria remain associated with the cell cortex because of the mitochon-
dria–plasma membrane anchoring activity of MECA. In meiosis, mitochondrial 
organization is remodeled: Mitochondria detach from the plasma membrane 
and are transmitted to spores. This meiosis-specific mitochondrial remodeling 
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MECA subunits, persistence of MECA clusters, and retention 
of contacts between mitochondria and the plasma membrane 
throughout meiosis. Third, expression of a hyperactive IME2 
allele in prophase I leads to Num1 phosphorylation and results 
in the premature disassembly of MECA and untimely mitochon-
drial detachment. Finally, degradation of Num1 by artificial 
means rescues the mitochondrial detachment defect that occurs 
in IME2-inactivated cells. Our data, however, do not rule out 
the possibility that Ime2 can also influence MECA in an indirect 
manner (Fig. 10), for instance through its effect on other, yet to 
be identified, MECA regulators.

Ime2-dependent destruction of MECA shares similarities 
with another critical meiotic event: clearance of the translational 
repressor Rim4. Rim4 assembles into amyloid-like aggregates, 
which are thought to sequester a group of mRNAs away from 
ribosomes by binding to their 5′ UTRs (Berchowitz et al., 2013, 
2015; Carpenter et al., 2018). Degradation of Rim4 during meiosis 
II relieves the translational repression of its targets. Similar to 
MECA, high Ime2 kinase activity is both necessary and sufficient 
to disassemble Rim4 aggregates and promote their degradation 
(Berchowitz et al., 2013, 2015; Carpenter et al., 2018). Rim4 con-
tains a total of 114 serine and threonine residues (S/Ts). Although 
the initial MS suggested the existence of a single Ime2-dependent 
phosphorylation site, subsequent work identified 39 additional 
phosphorylation sites. Clearance of Rim4 assemblies is governed 
by multisite phosphorylation, with at least 36 S/Ts necessary for 
its degradation. Importantly, a threshold amount of phosphory-

lation, rather than modification of critical residues, is necessary 
for Rim4 clearance (Carpenter et al., 2018). By comparison, Num1 
contains 356 S/Ts. Thus far, MS identified four phosphorylated 
residues in Num1, one of which appears to be Ime2 dependent. 
However, this number is likely to be an underestimate, because 
the peptide coverage for Num1 was <60% in our immunoprecip-
itation (IP)-MS analysis. Moreover, unlike the Rim4 IP-MS, our 
experiments did not include a phosphopeptide enrichment step 
due to the low expression level of Num1. Adding further to the 
complexity is the observation that the second MECA subunit, 
Mdm36, also appears to be phosphorylated by Ime2. Therefore, 
MECA control by Ime2 is likely to be complex. More thorough 
analysis is needed to elucidate how phosphorylation affects 
MECA stability, mitochondrial organization, and inheritance.

Mitochondrial inheritance during gametogenesis
How does mitochondrial detachment lead to meiosis-specific 
inheritance of the organelle? In budding yeast, mitochondria 
exhibit four distinct behaviors during meiotic differentiation: 
(a) abrupt detachment from the mother cell plasma membrane, 
followed by (b) extensive contacts with the gamete nuclei, (c) 
limited inheritance, and (d) programmed elimination. Previous 
EM data suggested that only about half of the starting mitochon-
drial population is inherited by the four gametes (Brewer and 
Fangman, 1980). The remaining mitochondria are eliminated by 
mega-autophagy that commences at the end of gametogenesis 
(Eastwood et al., 2012; Eastwood and Meneghini, 2015). It will 
be interesting to determine whether the two populations of mi-
tochondria—namely, the inherited and discarded—are different 
from one another and whether quality control pathways exist to 
selectively transmit healthier mitochondria to gametes (Neiman, 
2011; Kraft and Lackner, 2018). Perhaps the ability of mitochon-
dria to form direct contact sites with the nuclear envelope, ev-
ident in Fig. 2 and previous studies (Stevens, 1981; Suda et al., 
2007), is part of this selection. Regardless, we propose that the 
contact sites between mitochondria and nuclear envelope ensure 
that the mitochondrial genome is inherited during yeast gameto-
genesis. We further posit that the regulated detachment of mito-
chondria from the progenitor cell plasma membrane in meiosis 
II is the first step toward mitochondrial segregation into gametes. 
Identifying the molecular nature of the mitochondria–nuclear 
contact sites and their regulation will enhance our understand-
ing of mitochondrial inheritance during meiotic differentiation.

Gametogenesis-specific changes to mitochondrial 
architecture and inheritance are ubiquitous in metazoan germ 
cells. For example, primary oocytes of animals contain a unique 
structure known as the Balbiani body that assembles adjacent 
to the nucleus (Kloc et al., 2004). The Balbiani body houses a 
collection of organelles, including mitochondria and protein–
RNA inclusions, and facilitates their segregation. In Drosophila 
melanogaster oogenesis, mitochondria are transported between 
cells, from nurse cells to the oocyte, via a polarized microtubule 
network that passes through ring canals (Cox and Spradling, 
2003). Later, mitochondria are actively tethered to the actin 
cytoskeleton at the posterior of the oocyte, in proximity to the 
pole cells that give rise to the germline. Importantly, in the 
absence of tethering, mtDNA transmission is compromised 

Figure 10. Mitochondrial inheritance in mitosis and meiosis. In mitosis, 
mitochondria remain associated with the cell cortex because of the mitochon-
dria–plasma membrane anchoring activity of MECA. In meiosis, mitochondrial 
organization is remodeled: Mitochondria detach from the plasma membrane 
and are transmitted to spores. This meiosis-specific mitochondrial remodeling 
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