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SUMMARY

In the mouse neocortex, neural progenitor cells generate both differentiating neurons and daughter
cells that maintain progenitor fate. Here, we show that the TRIM-NHL protein TRIM32 regulates
protein degradation and microRNA activity to control the balance between those two daughter cell
types. In both horizontally and vertically dividing progenitors, TRIM32 becomes polarized in
mitosis and is concentrated in one of the two daughter cells. TRIM32 overexpression induces
neuronal differentiation while inhibition of TRIM32 causes both daughter cells to retain
progenitor cell fate. TRIM32 ubiquitinates and degrades the transcription factor c-Myc but also
binds Argonaute-1 and thereby increases the activity of specific microRNAs. We show that Let-7
is one of the TRIM32 targets and is required and sufficient for neuronal differentiation. TRIM32 is
the mouse ortholog of Drosophila Brat and Mei-P26 and might be part of a protein family that
regulates the balance between differentiation and proliferation in stem cell lineages.

INTRODUCTION

The mammalian neocortex develops from a pseudostratified epithelium (Gotz and Huttner,
2005). Initially, neuroepithelial cells divide symmetrically into two daughter cells that
maintain progenitor cell fate. Starting with embryonic day E10, however, neurogenesis
begins and an increasing number of divisions become asymmetric, giving rise to one
progenitor and one cell that differentiates into a neuron (Wodarz and Huttner, 2003). How
distinct fates are generated in the two daughter cells of these asymmetric divisions is one of
the key unresolved questions in developmental neurobiology (Knablich, 2008).

Neural progenitor cells occupy the apical-most part of the neuroepithelium, which lines the
ventricular cavity and is called the ventricular zone. They are called radial glia cells because
they express glial markers and extend long radial fibers that extend apically to the
ventricular surface and basally all the way to the pial surface (Fishell and Kriegstein, 2003;
Gotz and Huttner, 2005). Radial glia cells undergo a cell-cycle-dependent movement called
interkinetic nuclear migration: after completing S phase in the more basal areas of the
ventricular zone, their nuclei move apically and mitotic divisions happen close to the
ventricular lumen. After division, cells that retain progenitor fate remain in the ventricular
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zone while cells that exit the cell cycle migrate basally along the pial fiber to form the
cortical plate. Later during neurogenesis, daughter cells can also become intermediate
progenitors that migrate between the ventricular zone and the cortical plate and undergo one
or more terminal divisions to form two or four neurons (Noctor et al., 2004; Haubensak et
al., 2004).

In Drosophila, the asymmetric inheritance of cell fate determinants establishes distinct fates
in the daughter cells of neural progenitors (Doe, 2008; Knaoblich, 2008). In Drosophila
neuroblasts, the proteins Numb, Prospero, and Brat are inherited by one of the two daughter
cells. In this cell, Numb regulates endocytosis (Berdnik et al., 2002) and inhibits Notch
signaling (Guo et al., 1996), while Prospero controls the transcription of cell-cycle and
differentiation genes (Li and VVaessin, 2000; Choksi et al., 2006). Brat can act as a
posttranscriptional regulator and controls the transcription factor dMyc, but how it acts on a
molecular level is currently unclear (Lee et al., 2006b; Bello et al., 2006; Betschinger et al.,
2006).

Prospero, Brat, and Numb as well as the proteins governing their asymmetric segregation
have homologs in vertebrates. Numb is required for mouse neurogenesis (Zhong et al., 1996,
2000; Petersen et al., 2002; Li et al., 2003), but unlike in Drosophila, it is involved in
recycling E-Cadherin in adherens junctions (Rasin et al., 2007). Mouse Prospero controls
proliferation in the retina (Dyer et al., 2003) but has not been described to segregate
asymmetrically. Finally, the stereotypic apical-basal orientation of the mitotic spindle does
not seem to be conserved, and most neural progenitor divisions occur with a planar
orientation (Kosodo et al., 2004; Noctor et al., 2008; Konno et al., 2008). Thus, it is
currently not clear whether the asymmetric segregation of protein determinants is important
for vertebrate neurogenesis at all.

Here, we analyze the functional conservation of Brat. Brat is an inhibitor of cell proliferation
(Frank et al., 2002) whose asymmetric segregation restricts self-renewal to only one of the
two daughter cells in Drosgphila larval neuroblasts (Bello et al., 2006; Betschinger et al.,
2006; Lee et al., 2006b). Brat can bind to the RNase Argonaute 1 (Agol), but the functional
significance of this interaction has not been determined (Neumuller et al., 2008). The Brat
paralog Mei-P26, however, can inhibit microRNA activity by binding to Agol and thereby
regulates proliferation in the Drosophila ovarian stem cell lineage (Neumuller et al., 2008).
It reduces cell growth in cells that have lost contact with the ovarian stem cell niche. Since
microRNAs are essential for self-renewal in ovarian stem cells (Hatfield et al., 2005; Park et
al., 2007; Jin and Xie, 2007), this mechanism prevents uncontrolled proliferation in the
Drosophila ovary. Our data show that the inhibitory effect on stem and progenitor cell
proliferation is conserved in the Brat/Mei-P26 homolog TRIM32. In dividing cortical
progenitor cells, TRIM32 is enriched in one of the two daughter cells and becomes
upregulated during neuronal differentiation. TRIM32 is required and sufficient for
suppressing self-renewal and inducing neuronal differentiation and acts both by degrading
the transcription factor c-Myc and by activating certain microRNAs, among them the well-
characterized stem cell regulator Let-7a (Bussing et al., 2008; Rybak et al., 2008; Wulczyn
et al., 2007). Since Let-7a is required and sufficient for neuronal differentiation it might be a
key target of TRIM32. Thus, we provide a potential explanation for the asymmetric outcome
of mouse brain progenitor divisions and show that regulation of microRNA activity is
important for the control of self-renewal.
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RESULTS

TRIM32 Can Inhibit Proliferation

In Drosophilathe TRIM-NHL proteins Brat and Mei-P26 control stem cell proliferation in
neuroblasts and ovaries, respectively. TRIM-NHL proteins contain a C-terminal NHL
domain, a coiled-coil region, one or more B boxes, and sometimes an N-terminal RING
finger (Reymond et al., 2001; Figure S1A available online). In vertebrates, the TRIM-NHL
proteins TRIM2, TRIM3, and TRIM32 are equally distant from Brat and Mei-P26. Since
TRIM32 has previously been implicated in several inherited diseases (Frosk et al., 2002;
Chiang et al., 2006), we decided to analyze its function in controlling mouse stem cell
division.

To test whether TRIM32—Iike Brat—can inhibit proliferation, we overexpressed the gene
in mouse NIH 3T3 fibroblasts (Figures SIB-S1G). In control fibroblasts overexpressing
EGFP, 81% (n > 300) of all cells are positive for the proliferation marker anti-Ki67. 10.5%
(n > 300) of these control cells are in mitosis and positive for anti-phospho-Histone H3.
Forty-eight hours after transfection with an N-terminal EGFP-TRIM32 fusion, however, the
number of Ki67-positive cells is reduced to 22% (n = 150) and only 2.5% (n > 300) of the
cells are in mitosis. Anti-Fibrillarin staining reveals that the size of the nucleolus is reduced
by 89% upon EGFP-TRIM32 transfection (Figures S1F and S1G). Since the nucleolus is the
site of ribosomal RNA synthesis and its size often correlates with ribosome biogenesis
(Frank et al., 2002), this might indicate that TRIM32—Ilike Brat—can inhibit protein
biosynthesis. However, TRIM32 expression does not induce apoptosis as the number of
cells expressing activated Caspase-3 is not increased (Figure S1H). We conclude that
TRIM32 can act as an inhibitor of cellular proliferation.

TRIM32 Distribution Is Polarized in Mitotic Mouse Neural Progenitors

To test the TRIM32 expression and localization, we raised an N-terminal peptide antibody.
The antibody is specific since it detects a single band in immunoblots that disappears after
TRIM32 RNAI (Figure S4, see below) and since anti-TRIM32 immunofluorescence
disappears after preincubation of the antibody with the antigenic peptide (Figure S2B). At
E14.5, the peak of mouse cortical neurogenesis (Gotz and Huttner, 2005), TRIM32 is
strongly expressed in the cortical plate where it colocalizes with the neuronal marker TuJ1
(neuronal class Il B-Tubulin). TRIM32 is also found in the ventricular zone (Figure 1A)
starting at E12.5 (Figure S2A), while at later stages of development (E18.5, Figure S2A),
expression becomes progressively stronger in the developing cortical layers and disappears
from the ventricular zone. Thus, TRIM32 is highly expressed in differentiating neurons and
at a lower levels in dividing progenitors.

Since Drosophila Brat segregates asymmetrically (Betschinger et al., 2006; Lee et al.,
2006b; Bello et al., 2006), we followed the subcellular distribution of TRIM32 in dividing
neural progenitors. In pro- and metaphase, TRIM32 is concentrated on the more basal side
of the cell (Figures 1D and S2E-S2H). At E14.5, TRIM32 is preferentially inherited by one
of the two daughter cells in 69% of the dividing progenitor cells during ana- and telophase
(Figure S2C), while in other cells, it is equally inherited by both daughter cells (Figure 1E).
The fraction of cells where TRIM32 is asymmetric is lower during earlier (E12.5) and later
(E16.5) stages of neurogenesis and at E9.5 when most neuroepithelial cells divide
symmetrically (Yingling et al., 2008) TRIM32 asymmetry is essentially never observed
(Figure 1C). Quantification of imunofluorescence intensities in the two emerging daughter
cells reveals that TRIM32 fluorescence is 4.7 times stronger in the basal half of the cell
(Figure S2D, see Experimental Procedures for details) while intensities are not significantly
different for Hsp70 (ratio 1.25 £ 0.42), a uniformly cytoplasmic protein (Butcher et al.,
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2000). Costaining of TRIM32 and Actin (outlining the whole cell cortex) reveals that this is
not due to cell damage on the apical side (Figure S2G). A similar asymmetric localization is
observed with a second, unrelated TRIM32 antibody (Figure S2E). Although TRIM32 is
also highly expressed in basal progenitors, less than 5% (n > 100) of these cells show a
polarized Trim32 staining (Figures 1C and S2J). TRIM32 asymmetry can also be seen in
cultured neural stem cells (NSCs) undergoing asymmetric cell division (Qian et al., 1998,
2000). When stem cells are grown under conditions supporting progressive neuronal
differentiation, 14.2% (n > 100) of the mitotic cells show an asymmetric TRIM32
distribution (Figures 2A and 2B). TRIM32 asymmetry is never observed when cells are
grown under proliferative conditions where they divide symmetrically and do not give rise
to differentiating neurons (data not shown). Thus, TRIM32 segregates asymmetrically in
dividing mouse neural progenitor cells, although increased transcription or translation could
also contribute to its higher expression level in differentiating neurons.

To test whether TRIM32 asymmetry correlates with spindle orientation, we costained brain
sections for TRIM32 and the centrosomal marker -y-Tubulin (Figure S2F). In metaphase,
TRIM32 localization is not correlated with the metaphase plate (Figure S2F), and in ana-
and telophase TRIM32 asymmetry can be seen in divisions of any orientation (Figure 1C).
Costaining for Nestin shows that TRIM32 is concentrated in the wider, apical-most part of
the basal (pial) fiber and is nearly always inherited by the cell that inherits this fiber (Figure
S2l). Thus, the asymmetric inheritance of TRIM32 is not instructed by epithelial apical-
basal polarity but may be directed by the morphology of neural precursor cells.

TRIM32 Induces Differentiation in Cultured Neural Stem Cells

To address the effect of TRIM32 on neuronal differentiation and self-renewal, we
electroporated TRIM32 overexpression or RNAI constructs in utero at E14.5 (Tabata and
Nakajima, 2002). Electroporated brains were dissected and cells were grown in dissociated
culture for 4 days. We used anti-Nestin to identify progenitor cells, anti-TuJ1 for early
differentiating neurons, anti-MAP2 for late differentiating neurons, and anti-phospho-
Histone H3 (p-H3) to determine mitotic activity. Electroporated cells were identified by
cotransfection of EGFP or expression of TRIM32-EGFP.

In control experiments (EGFP transfection), colonies consist of four to six cells, 9% (n >
100) of which are typically in mitosis (Figures 3E and 3F). Seventy-five percent of the
transfected cells are Nestin positive (n > 100) while only 4% are TuJ1 positive and only 3%
are MAP2 positive (Figures 3A-3D and S3). Upon TRIM32-EGFP transfection, however,
GFP-positive cells remain individual and do not form colonies and only 1.5% of the
transfected cells are p-H3 positive (n > 100). Only 12% of the transfected cells are Nestin
positive (n > 100), while 51% of the cells become TuJ1 positive and 41% are positive for
MAP2 (n > 100) (Figures 3A-3F). Thus, TRIM32 inhibits proliferation and induces
differentiation in mouse neural progenitors.

To ask whether TRIM32 is also required for neuronal differentiation, we used a hairpin
RNA. construct that strongly reduces TRIM32 expression (Figures S4A and S4B). After 4
days, the differentiation pattern of progenitor cells lacking TRIM32 (71% Nestin-positive
cells, 3% TuJ1-positive cells, n > 100) is very similar to that of controls (expressing EGFP
or EGFP with a nonfunctional TRIM32 shRNA construct). However, colonies are larger (9
cells on average, n > 100) and have a higher mitotic index (18% p-H3-positive cells). After
6 days, however, control cells start to differentiate (30% Nestin-positive, 37% TuJ1-positive,
n > 50) while cells lacking TRIM32 still retain progenitor status (68% Nestin-positive,
10.5% TuJ1-positive) (Figures 4A-4D). When cultured for longer times, EGFP transfected
cells typically appear as small clusters of one to six cells with neuronal morphology while
cells lacking TRIM32 grow into huge colonies of actively proliferating cells (Figure S4C).
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A second functional TRIM32 RNA. construct yields similar results (data not shown) while
nonfunctional constructs and constructs expressing an unrelated shRNA have no effect.
Thus, TRIM32 inhibits proliferation and is required for neuronal differentiation in cultured
cortical progenitors.

To ask whether TRIM32 levels are indeed higher in the differentiating neuron, we used a
culture system where neural progenitors can divide symmetrically into two progenitors (P/P
divisions) or two neurons (N/N divisions) or undergo an asymmetric division to create one
neuron and one progenitor cell (P/N divisions) (Qian et al., 1998, 2000) (Figures 2C-2E).
Neural progenitors were electroporated at E14.5 with an EGFP expression construct. Single
individual cells were identified by live imaging of EGFP expression after 6 hr and
investigated by immunofluorescence after 20 hr when most of them had divided and
appeared as doublets. Under our culture conditions (see Experimental Procedures), N/N
divisions are not observed as TuJ1 levels are never high in both cells. In 79% of the
analyzed cell pairs (n > 100), TuJ1 and TRIM32 expression are low in both daughter cells,
indicating a P/P division (P/P Sym. TRIM32,Figures 2D and 2E). In 4% of the divisions,
both daughter cells are negative for TuJ1 although TRIM32 levels are higher in one (P/P
Asym. TRIM32, Figures 2D and 2E). In these cells, insufficient time might have passed
after mitosis to allow significant upregulation of TuJ1. In 17% of the divisions, TuJ1 is
upregulated in one of the two daughter cells (Figures 2D and 2E) indicating a P/N division.
In all these cell pairs, TRIM32 levels are higher in the TuJ1-positive cell. Thus, TRIM32
levels are higher in the daughter cell that undergoes neuronal differentiation.

TRIM32 Regulates Neurogenesis In Vivo

To ask whether TRIM32 also controls neurogenesis in vivo, we analyzed the consequences
of TRIM32 overexpression or depletion for mouse brain development. EGFP or a TRIM32-
EGFP fusion was introduced into cortical progenitors by in utero electroporation at E14.5.
After 1 day, 83% (n > 100) of the EGFP transfected cells are still located in the ventricular
or subventricular zone (Figures 5A and 5C) and express Nestin (Figure S5). In contrast,
more than 53% (n > 50) of the TRIM32-EGFP transfected cells have entered the cortical
plate (Figures 5A and 5C) and have become TuJ1 positive (Figure S5). Thus, TRIM32
overexpression induces neuronal differentiation in vivo.

To test whether TRIM32 is also required for differentiation, we analyzed mice 4 days after
in utero electroporation (Figures 5B and 5C). At this stage (E18.5), most control cells have
migrated into the cortical plate (Figures 5B and 5C) and are TuJ1 positive (Figure S5). Upon
TRIM32 inhibition by RNAI, however, only 25% (n > 100) of the cells have reached the
cortical plate while 53% are still located in the ventricular or subventricular zone (Figures
5B and 5C) and are Nestin positive (Figure S5). Similar observations are made with a
second functional TRIM32-RNAI construct while nonfunctional constructs and constructs
expressing an unrelated shRNA are without effect (Figure 5C). Taken together, our data
suggest that the higher levels of TRIM32 in one of the two daughter cells of dividing neural
progenitors contribute to the differentiation of this cell into a cortical neuron while lower
TRIM32 levels cause the other daughter cell to retain progenitor status.

TRIM32 Acts as an Ubiquitin Ligase to Mark c-Myc for Degradation

Since Brat can inhibit expression of the transcription factor dMyc (Betschinger et al., 2006),
we tested whether TRIM32 has a similar activity. TRIM32 and c-Myc can be
coimmunoprecipitated from mouse brain lysates indicating that the two proteins are present
in a robust complex (Figure 6A). TRIM32 contains a RING finger that has ubiquitin ligase
activity (Kudryashova et al., 2005) and might induce Myc degradation. Indeed, c-Myc levels
are significantly reduced upon TRIM32 coexpression in 293T cells (Figure 6B). Upon
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proteasome inhibition by clasto-lactacystin-beta-lactone (Schwamborn et al., 2007) (Figure
6B) or MG-132 (data not shown), c-Myc degradation is prevented. Instead,
polyubiquitinated forms of c-Myc appear that can be visualized by anti-HA staining upon
cotransfection of HA-tagged ubiquitin (Treier et al., 1994). Thus, TRIM32 is a ubiquitin
ligase for c-Myc that controls c-Myc protein stability.

To test the functional significance of c-Myc degradation, we mutated a catalytically
important cysteine in the RING finger. The resulting mutant TRIM32-C24A no longer
ubiquitinylates c-Myc and no longer targets c-Myc for degradation (Figure S6A). While
TRIM32 transfection reduces the number of Ki67-positive fibroblasts to 22.1% (n > 100)
TRIM32-C24A is less potent (40.2% Ki67-positive cells, n > 100) (Figures S6C and S6E).
However, TRIM32 and TRIM32-C24A are equally potent in reducing the number of p-H3-
positive mitotic cells (5.2% versus 7.3% p-H3-positive cells, respectively, Figures S6B and
S6D). Thus, c-Myc degradation is essential for TRIM32 to induce cell-cycle exit, but other
targets prevent mitosis even when c-Myc is not degraded.

To test the relevance of c-Myc degradation for neuronal differentiation, we coelectroporated
TRIM32 and c-Myec or electroporated the mutant construct TRIM32-C24A. In both cases,
electroporated cells still do not form colonies and do not divide 4 days after in utero
electroporation (Figure 6C). Whereas TRIM32 increases the number of TuJ1-positive cells
from 4.3% (control, EGFP transfection) to 51%, TRIM32-C24A or TRIM32 plus c-Myc
cause only a mild increase to 18.9% or 16.7%, respectively (Figures 6C and 6D). Thus, c-
Myc degradation is essential for TRIM32 to induce neuronal differentiation whereas mitotic
proliferation is inhibited via other downstream pathways as well.

TRIM32 Binds Agol and Activates the MicroRNA Let-7a

Brat and Mei-P26 interact with Agol (Neumuller et al., 2008). Using
coimmunoprecipitation from mouse brain lysates, we find that this protein interaction is
conserved in TRIM32 (Figure 7A). A deletion analysis reveals that the C-terminal NHL
domain is responsible for Agol binding (Figure 7B). Unlike c-Myc, however, Agol is not
ubiquitinated by TRIM32 (data not shown). By radioactive RNA end-labeling experiments,
we detect some large RNA fragments as well as RNA of approximately 21 nt, the size
typical for processed microRNAs in both the TRIM32 and Agol immunoprecipitations (IPs)
but not control IPs in which anti-TRIM32 is blocked by an antigenic peptide (Cont. IP)
(Figure 7C). Thus, TRIM32 exists in a complex with Agol containing processed
microRNAs.

To determine the identity and the abundance of individual TRIM32-bound microRNAs, we
used massive parallel sequencing (see Experimental Procedures). Bar-coded cDNA libraries
were generated from 19-30 nucleotide long RNAs isolated from E14.5 mouse brain lysates
or from Agol, TRIM32, or control immunoprecipitates. While microRNAs are detected in
all libraries, a set of 34 microRNAs is more than 4-fold enriched in the TRIM32
immunoprecipitate over the Agol immunoprecipitate (see Supplemental Data for all
microRNA frequencies and complete sequencing data). Filtering for absence in the control
immunoprecipitate and for significant expression in total brain lysate identifies a set of eight
microRNAs that are strongly enriched in the TRIM32/Agol complex (Figure 7D). The
effect of TRIM32 on the activity of associated and nonassociated microRNAs was
determined in a luciferase assay (Schmitter et al., 2006). TRIM32 expression has no effect
on the efficiency of miR-138, a microRNA that is not found in the TRIM32/Agol1 complex,
but potentiates the efficiency of the associated microRNA Let-7a (Figure 7E) and all the
other microRNAs significantly enriched in the TRIM32 complex (Figure S7). A TRIM32
deletion lacking the NHL domain has no effect, suggesting that the interaction with Agol is
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responsible for enhancing microRNA efficiency. Thus, TRIM32 enhances the activity of
certain microRNASs.

One of the most prominent hits is the microRNA Let-7a. Because Let-7a controls
proliferation in normal and malignant cells (Yu et al., 2007; Peng et al., 2008; Johnson et al.,
2007) and is upregulated during neuronal differentiation (Sempere et al., 2004), we asked
whether it can induce neuronal differentiation. Inhibition of miR-138 (which is expressed in
brain but not regulated by TRIM32) by electroporation of LNAs (locked nucleic acids) does
not prevent neuronal differentiation. Six days after electroporation only 21% of the
transfected cells (n > 100) retain Nestin expression (Figures 7F and 7G). Transfection of
LNAs targeting Let-7a, however, results in the formation of large colonies containing many
Nestin-positive cells (54% of n > 100 cells), indicating that neuronal differentiation is
inhibited. Conversely, cells expressing a Let-7a overexpression construct fail to form
colonies 4 days after transfection (Figure 7H). 32.4% of these cells express the neuronal
differentiation marker TuJ1, while in a control experiment (empty vector) only 2.9% of the
cells are TuJ1 positive (Figures 7H and 71). This effect is significant but not as strong as
observed for TRIM32 overexpression (51% differentiating cells, see above). Together, these
experiments indicate that Let-7a is an important—but not the only—downstream target of
TRIM32.

DISCUSSION
Polarized Distribution of TRIM32 in Mitotic Neural Progenitor Cells

Our data suggest that the increased levels of TRIM32 in one of the two daughter cells
contribute to the decision of this cell to undergo neuronal differentiation. Like Brat, TRIM32
localizes asymmetrically in mitosis. Brat is localized by binding to Miranda, which, in turn,
is recruited to the basal side by the protein Lgl and excluded from the apical side by aPKC
(Knaoblich, 2008; Rolls et al., 2003). In fly neuroblasts, aPKC promotes self-renewal
whereas Lgl inhibits proliferation (Lee et al., 2006a). Although Miranda is not conserved,
mouse Lgl and aPKC have similar effects on neural progenitor proliferation. In Lgl
knockout mice, neural precursors overproliferate and eventually die by apoptosis
(Klezovitch et al., 2004). Removing one of the two aPKC mouse homologs does not affect
the rate of neurogenesis (Imai et al., 2006), but depletion of its binding partner Par-3 results
in premature cell-cycle exit of cortical progenitors (Costa et al., 2008). Despite these
similarities, the precise mechanism by which TRIM32 localizes may be quite distinct. In
Drosophila, the apical Par-3/6/aPKC complex directs the basal localization of Brat and
Miranda (Wirtz-Peitz et al., 2008) but also orients the mitotic spindle along the apical-basal
axis (Knoblich, 2008). In mice, however, the vast majority of progenitor divisions do not
occur along the apical-basal axis (Konno et al., 2008; Noctor et al., 2008). TRIM32 is
asymmetric even in those planar divisions and provides a suitable explanation for how
unequal fates can be generated independently of cleavage plane orientation. Therefore, the
relevance of TRIM32 segregation is independent of the somewhat conflicting results that
have been reported for the fraction of horizontal versus vertical divisions (Haydar et al.,
2003; Kosodo et al., 2004; Konno et al., 2008; Noctor et al., 2008). Since TRIM32
asymmetry does not follow the polarity set up by Par-3/6/aPKC, however, it is likely that it
is established by mechanisms distinct from Drosgphila.

What could those mechanisms be? TRIM32 often concentrates in the retracting basal fiber
(Figure S2), a structure that is not present in Drosophila neuroblasts. TRIM32 might be
present in the cytoplasm of the fiber and could be retained in the basal part of the cell during
mitosis, when the fiber becomes extremely thin (Noctor et al., 2001) and its cytoplasm flows
into the dividing progenitor. This would explain why TRIM32 is asymmetric even when the
spindle is not oriented along the apical-basal axis. Since TRIM32-GFP expression prevents
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mitosis even at low levels, we cannot verify this observation by live imaging. The model
would predict that the cell inheriting the basal fiber preferentially undergoes neuronal
differentiation. This is in good agreement with some previous live-imaging studies (Miyata
et al., 2001), but other studies have actually proposed that the fiber is maintained in mitosis
and serves as a guide for migration of the newly formed neuron (Noctor et al., 2001). At the
moment, we can therefore not exclude that other mechanisms contribute to the asymmetric
localization of TRIM32.

How Does TRIM32 Affect Proliferation and Differentiation?

Our data suggest that TRIM32 acts through two distinct pathways. Through its N-terminal
RING finger, TRIM32 ubiquitinylates c-Myc and targets it for proteasome-mediated
degradation. High levels of c-Myc are important for the ability of NSCs to self-renew and
make NSCs relatively easy targets for reprogramming into ES cells (Kim et al., 2008).
Furthermore, the bFGF-SHP2-ERK-c-Myc—Bmi-1 pathway is critical for the self-renewal
capacity of neural progenitor cells (Ke et al., 2007; Coskun et al., 2007), and Myc
overexpression is known to promote neural progenitor proliferation in the mouse CNS (Fults
et al., 2002). Therefore, a TRIM32-mediated reduction in the levels of c-Myc may well
serve as a first step to induce neuronal differentiation. In agreement with this,
overexpression of c-Myc in GFAP-positive astrocytes promotes formation of less
differentiated Nestin-positive progenitor-like cells (Lassman et al., 2004) while a conditional
ablation of the c-Myc ortholog N-Myc in mouse neuronal progenitor cells dramatically
increases neuronal differentiation (Knoepfler et al., 2002).

Through its C-terminal NHL domain, TRIM32 acts as a potent activator of certain
microRNASs. Although Drosophila Mei-P26 also binds Agol (Neumuller et al., 2008), it
inhibits rather than enhances microRNAs, and the mechanisms by which TRIM32 and its
invertebrate homologs regulate microRNAs may actually be quite distinct. This is consistent
with the observation that microRNAs support self-renewal in Drosophila stem cells
(Hatfield et al., 2005; Jin and Xie, 2007; Park et al., 2007) while they potentiate
differentiation in mammalian stem cells (Alvarez-Garcia and Miska, 2005; Kanellopoulou et
al., 2005; Yi et al., 2008; Esau et al., 2004; Tay et al., 2008). In particular, Let-7a has an
antiproliferative effect (Peng et al., 2008), and its expression reduces tumor growth
(Esquela-Kerscher et al., 2008) and can prevent self-renewal in breast cancer cells (Yu et al.,
2007). In NSCs, Let-7a is expressed and upregulated during differentiation (Rybak et al.,
2008). It is interesting to note that one of the targets for Let-7a is Myc (Sampson et al.,
2007). Protein degradation and concomitant translational inhibition through microRNAs
might be the key strategy through which TRIM32 induces differentiation in NSCs.

TRIM32 and Tumor Formation

Although bratand mei-P26 mutant flies develop tumors, TRIM32 has not been described as
a tumor suppressor. In fact, several reports have even suggested that TRIM32 might induce
rather than prevent tumor formation (Albor and Kulesz-Martin, 2007; Kano et al., 2008).
TRIM32 is mutated in patients carrying limb girdle muscular dystrophy type 2H (Frosk et
al., 2002). Since TRIM32 expression is upregulated during myogenic differentiation
(Kudryashova et al., 2005), the muscular dystrophy in these patients could be explained by a
differentiation defect in the satellite cell lineage analogous to the one we find in NSC
lineages. TRIM32 has also been described as a gene potentially responsible for Bardet-Biedl
syndrome and therefore has also been named BBS11 (Bardet-Biedl syndrome gene 11)
(Chiang et al., 2006). Distinct TRIM32 mutations are responsible for the two diseases, but
none of them seems to cause cancer since an increase in tumor formation is not described for
any of the two diseases. Since TRIM32 is a bifunctional molecule, mutating only the RING
or the NHL domain might not be sufficient to prevent the antiproliferative function of
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TRIM32. In Drosophila, tumors only form in a small subset of braf mutant neuroblasts
(Bowman et al., 2008). In other neuroblasts, redundancy with other tumor suppressors
prevents overproliferation. Should a similar degree of redundancy exist in vertebrates, this
might explain why TRIM32 is not a common target for oncogenic mutations. A similar lack
of a human tumor phenotype has been shown for the Drosophila tumor suppressor Lgl. In
Drosophila, fg/ mutant neuroblasts overproliferate and form brain tumors (Lee et al., 2006a).
In mice, however, /g/ mutant neural progenitors overproliferate initially but then die by
apoptosis (Klezovitch et al., 2004). A vertebrate-specific mechanism that prevents
tumorigenesis in response to stem cell overproliferation could provide an alternative
explanation for the lack of tumor formation when TRIM32 function is compromised.
Although such a mechanism has been suggested previously (Pan et al., 2007) the underlying
mechanism remains unclear.

Our data establish TRIM-NHL proteins as a family of conserved stem cell regulators. The
fact that Mei-P26 regulates stem cell proliferation in Drosgphila ovaries (Neumuller et al.,
2008) suggests that the function of this protein family might extend way beyond the brain. If
this is the case, the presence of a catalytically active RING finger domain that could be
inhibited by pharmaceutical compounds might make these proteins attractive targets for the
manipulation of stem cell proliferation and the stimulation of regeneration in vivo.

EXPERIMENTAL PROCEDURES

Materials and Plasmids

The used plasmids and antibodies are listed in the Supplemental Experimental Procedures.

The rabbit anti-Trim32 antibody was raised against the N-terminal amino acids
MESFTEEQLRPKLLH (Gramsch Laboratories). The final bleed was purified by affinity
chromatography with the corresponding peptide. Except for Figure S2E (where the
commercially available anti-TRIM32 antibody from Abnova was used), whenever a
TRIM32 staining is shown, this antibody was used.

In Utero Electroporation

NSCs in the intact brain were transfected via in utero electroporation as described (Tabata
and Nakajima, 2002). To transfect NSCs for dissociated cultures the in utero electroporation
was followed by a dissociation of the brain tissue as it has been described previously (Saito
and Nakatsuji, 2001). Briefly, after electroporation the complete brain was disintegrated and
the dissociated cells were cultured in Neurobasalmedium with 2 mM L-glutamine, 100 U/ml
penicillin, 100 pg/ml streptomycin, 10ng/ml bFGF-2, and 1% N2 supplement (all from
Invitrogen). Four days, six days, or ten days after transfection the cells were fixed with 4%
PFA and processed for immunohistochemistry. For the paired cell analysis electroporated
cells were seed into Labtek chambers (Labtek, Campbell). Six hours after electroporation
transfect cells were imaged live; 14 hr later the cells were fixed and stained as described
above. Transfected cells were reidentified according to their positions in the Labtek
chambers. All animals used in this study were maintained and treated according to approved
protocols and in accordance with institutional and national guidelines and regulations.
Immunhistochemistry of cryosections and cultured cells were performed according to
standard protocols (details are described in the Supplemental Experimental Procedures).

RNA End-labeling, Massive Parallel Sequencing of microRNAs, and microRNA Activity
Measurement

For the RNA end-labeling material from IP was incubated with pCP (Amersham, 3.3 pM,
3000 Ci/mmol, 10 mCi/ml), DMSO, PAN buffer (500 mM Tris pH 7.6, 100 mM MgClI2,
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100 mM MercaptoEtOH, 2 mM ATP, 1 mg/ml BSA), and RNA ligase (Roche) for 1 hr at 16
°C. Afterwards an RNA loading dye was added and the RNAs were separated on a 15%
acrylamide gel. For the massive parallel sequencing, RNA species in the IPs smaller than
500 bases were enriched with the mirVana miRNA isolation kit (Ambion). The RNA sample
was then separated on a denaturing 15% polyacrylamide (PAA) gel and stained with
SYBRgreenll. The population of small RNA with a length of 19-29 bases was obtained by
passive elution of the RNA from the gel. The eluted RNA was first poly(A)-tailed using
poly(A) polymerase followed by ligation of an RNA adaptor to the 5u-phosphate of the
RNA. First-strand cDNA synthesis was then performed using an oligo(dT)-linker primer and
M-MLV-RNase H-reverse transcriptase. The resulting cDNAs were then PCR-amplified to
about 30 ng/ul using a high-fidelity Tag DNA polymerase. The bar-coded primers used for
PCR amplification were designed for amplicon sequencing according to the instructions of
454 Live Sciences. The resulting cDNAs were obtained by fractionation on preparative 6%
PAA-gels. cDNAs of the correct size were eluted, finally extracted with phenol/chloroform,
and precipitated with Ethanol. These gel-purified cDNAs were submitted to 454 sequencing
(done by Vertis Biotechnology AG, Freising).

The activity of microRNAS Let-7a and miR-138 was determined as previously described
(Schmitter et al., 2006). Briefly the luciferase vectors pRL-let-7a or pGL3-miR-138 were
cotransfected with pEGFP, EGFP-tagged TRIM32, or EGFP-tagged TRIM32 deletion
constructs. To normalize the luciferase signal pRL-let-7a was coexpressed with a vector
coding for firefly luciferase and pGL3-miR-138 was coexpressed with a vector coding for
renilla luciferase.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. Trim32 s Asymmetrically Distributed during Neurogenic Cell Divisions

(A) Immunostainings of cryosections from the E14.5 mouse cortex labeled with the
indicated markers (upper gray boxes). The lower panels show a high magnification of the
ventricular zone (most apical), subventricular zone, and the apical part of the cortical plate
(most basal).

(B) The fraction of dividing neural progenitors in anaphase or telophase with the indicated
orientation of the cleavage plane is shown (mean + standard error of the mean [SEM]). The
angle of the cleavage plane was determined by calculating the angle between two virtual
lines drawn at the ventricular surface and half way between the two sister chromatids.

(C) Diagram shows the fraction of those neural progenitor cells that divide at the ventricular
surface or in the subventricular zone (basal progenitors [BP]) at the indicated stages, which
shows a significant enrichment of TRIM32 at the basal pole (mean = SEM).

(D and E) High-magnification immunostainings of dividing neural progenitor cells in
different phases of the cell cycle (upper gray boxes) labeled with the indicated markers (left
gray boxes). The dashed line highlights the cells that are in the indicated phase of cell cycle.
The cell-cycle phases were identified by Hoechst staining for DNA.
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Figure 2. Unequal Distribution of Trim32 during Neuronal Differentiation

(A) Immunostainings of NSCs in culture labeled with the indicated markers (upper gray
boxes). The upper panels show NSCs dividing with asymmetrically localized TRIM32,
while the lower panels show cells where TRIM32 is distributed symmetrically during the
different phases of mitosis.

(B) The fraction of mitotic NSCs in culture that show an asymmetric or symmetric TRIM32
distribution is shown (mean + SEM).

(C) The principle of the paired cell analysis is shown. Neural progenitors were
electroporated at E14.5 via ex vivo electroporation with a plasmid coding for EGFP. The
electroporation was followed by dissociation of the tissue and cultivation for 6 hr. Single
cells were imaged live after 6 hr and fixed as doublets after 20 hr.

(D) Cell doublets from the paired cell analysis were immunostained as indicated (upper gray
boxes) and grouped according to their TRIM32 and TuJ1 staining (left gray boxes). TuJ1-
positive cells were counted as neurons (N) and TuJ1-negative cells were counted as
progenitors (P). Red arrows point to transfected cells; the blue arrow points to a transfected
TuJ1-positive neuron.

(E) The fraction of cell doublets showing the indicated division pattern is shown (mean +
SEM).
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Figure 3. Trim32 I s Sufficient to Induce Neuronal Cell FateIn Vitro

(A and B) Neural progenitors were transfected at E14.5 via in utero electroporation with the
indicated constructs (left gray boxes). The electroporation was followed by dissociation of
the tissue and cultivation for 4 days. Immunostainings of the dissociated cells labeled as
indicated (upper gray boxes) are shown.

(C-F) Diagrams show the fraction of transfected cells that are positive for the progenitor
marker Nestin (C), the neuronal maker TuJ1 (D), the mitotic marker Phospho-Histone H3(P-
H3) (E), and the colony size of transfected cells (F) (mean = SEM; *p < 0.001 compared to
EGFP).
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Figure4. Knockdown of Trim32 Is Sufficient for the Maintenance of Progenitor Status

(A and B) Neural progenitors were transfected at E14.5 via in utero electroporation with the
indicated constructs (left gray boxes). The electroporation was followed by dissociation of
the tissue and cultivation for 6 days. Immunostainings of the dissociated cells labeled as
indicated (upper gray boxes) are shown.

(C and D) Diagrams show the fraction of transfected cells that are positive for the progenitor
marker Nestin (C) and the neuronal maker TuJ1 (D) (mean + SEM; *p < 0.001 compared to
EGFP).
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Figure5. Trim32 Regulates NeurogenesisIn Vivo

(A and B) Coronal cryosections of the cortex from embryonic brains at E15.5 (A) or E18.5
(B) that have been transfected as indicated (upper gray boxes) at E14.5. The indicated
constructs were transfected into the neural progenitors by in utero electroporation.
Transfected cells were identified by expression of EGFP. The cortical plate (CP) is the most
basal layer followed by the intermediate zone (1Z) and the subventricular zone/ventricular
zone, which is the most apical layer. Dotted lines indicate the lateral surface of the
ventricular zone and the surface of the cortical plate.

(C) Diagram showing the proportion of transfected cells in VZ/SVZ, 1Z, or CP at the
indicated time points.

Cell. Author manuscript; available in PMC 2010 November 19.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Schwamborn et al.

Page 20

& & & ¢ B i .« .

+ +
9) « EGFP + + - =
E a-Trim32 Trim32 - - + +
yc  + + + +
. - - +
S =~ I
- ]
. q o-HA

EGFP EGFP TuJ1
o-myc-2xIP

-
=
1Y
13
sz
3
23
'y

Myc-(Ubi)a

(9]

E/Trim32 C24A

a-myc

o-Trim32

)
AL

Lysate

S
=
-
S
&

o

60 1

40

20

Tud1 positive cells (%)

EGFP  E/Trim3z E/Tim32 E/Miim32+
C24A  Myc

Figure 6. Trim32 Ubiquitinates Myc

(A) Immunoblots of immunoprecipitations (IP) from embryonic brain lysates with
antibodies against TRIM32 and Myc. As control-IP the anti-Trim32 antibody was
preincubated with a blocking peptide.

(B) HEK293T cells were transfected as indicated and incubated overnight with clasto-
Lactacystin-B-lactone (p-Lactone), and Myc was immunoprecipitated twice (2x1P) with an
anti-Myc antibody. Ubiquitin-conjugated Myc (Myc-(Ubi)n) was detected with an anti-HA
antibody labeling cotransfected HA-tagged ubiquitin. Myc and Trim32 in the lysate were
detected with specific antibodies as indicated.

(C) Immunostainings of dissociated cells that have been transfected as indicated (left gray
boxes) via ex vivo electroporation as neural progenitors at E14.5. After 4 days in culture the
cells were fixed and labeled as indicated (upper gray boxes).

(D) Diagram showing the quantification for the relative amount of transfected cells that are
positive for the neuronal maker TuJ1 (mean + SEM; *p < 0.001 compared to EGFP).

Cell. Author manuscript; available in PMC 2010 November 19.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Schwamborn et al.

Page 21
A o fa%¢ B c .
¥ & QN ¢ o
PR Agol + + 4+ FEPEPR
WP @ + o FICIRRF
—— X EGFP s 8 & &
’d ‘ - = o-Trim32 E/Tim32 v s aw
) & 1
’.- |o-Agot
— w @ o-Agol | S

a-EGFP IP

e
- o-EGFP
L,g
[c -—— iu-Agm 20nd

Lysate

E

o
Now s

Fold enrichment

Log2 (TRIM32 IP / Ago1 IP)
Norm. Luciferase activity (%)

o

R AR T S
& & T

f £V v R S
S S E S
T S S >

Let-7a miR-138

F EGFP Nestin DNA H EGFP TuJ1 DNA

<
z
2 <3
8 8
I =
E £
5
= o
=3
o

TuJ1 positive cells (%)

Let-7a LNA

Figure 7. Neuronal Differentiation |s Regulated by TRIM 32-Associated miRNAs

(A) Immunoblots of immunoprecipitations (IP) from embryonic brain lysates with
antibodies against TRIM32 and Agol. As control-IP the anti-Trim32 antibody was
preincubated with a blocking peptide.

(B) HEK?293T cells were transfected as indicated and EGFP-tagged TRIM32 was
immunoprecipitated with an anti-EGFP antibody. TRIM32-associated Agol was detected
with an anti-Agol antibody. Agol and EGFP-tagged Trim32 in the lysate were detected
with specific antibodies as indicated.

(C) Radioactive RNA end-labeling of immunoprecipitations (IP) from embryonic brain
lysates with antibodies against TRIM32 and Agol. As control-1P the anti-Trim32 antibody
was preincubated with a blocking peptide. The Red arrow points to RNA with the size of
approximately 21 nt.

(D) Diagram showing the fold enrichment of microRNAs that are more than 2-fold enriched
in the TRIM32-1P compared to the Agol1-IP.

(E) Diagram showing the normalized activity of luciferase sensors for the microRNAS
Let-7a and miR-138 when they are coexpressed with the indicated constructs.

(F and H) Neural progenitors were transfected at E14.5 via in utero electroporation with the
indicated constructs (left gray boxes). The electroporation was followed by dissociation of
the tissue and cultivation for 6 days (F) or 4 days (H). Immunostainings of the dissociated
cells labeled as indicated (upper gray boxes) are shown.

(G and I) Diagrams show the fraction of transfected cells that are positive for the progenitor
marker Nestin (G) or the neuronal maker TuJ1 (1) (mean = SEM; *p < 0.001 compared to
EGFP).
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