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Asymmetric cell division during T cell development
controls downstream fate
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During mammalian T cell development, the requirement for expansion of many individual T cell clones, rather than
merely expansion of the entire T cell population, suggests a possible role for asymmetric cell division (ACD). We show
that ACD of developing T cells controls cell fate through differential inheritance of cell fate determinants Numb and
o-Adaptin. ACD occurs specifically during the p-selection stage of T cell development, and subsequent divisions are
predominantly symmetric. ACD is controlled by interaction with stromal cells and chemokine receptor signaling and uses
a conserved network of polarity regulators. The disruption of polarity by deletion of the polarity regulator, Scribble, or
the altered inheritance of fate determinants impacts subsequent fate decisions to influence the numbers of DN4 cells
arising after the p-selection checkpoint. These findings indicate that ACD enables the thymic microenvironment to orches-
trate fate decisions related to differentiation and self-renewal.

Introduction

The expansion and differentiation of cells during development
and homeostasis often involves asymmetric cell division (ACD),
in which a cell divides asymmetrically to produce two daughter
cells with different fate potential. ACD underpins many aspects
of Caenorhabditis elegans and Drosophila melanogaster devel-
opment, including facilitating the expansion of populations of
cells during development, enabling many founder cells to con-
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tribute several progeny to the final population (Knoblich, 2010;
Losick et al., 2011). Recent findings have suggested that ACD
plays a less important role in creating population-level diversity
in mammalian tissues, where individual clones can dominate the
population (Verzi and Shivdasani, 2010; Simons and Clevers,
2011; Edgar, 2012). In contrast to expansion of populations such
as those arising from the intestinal crypt (Simons and Clevers,
2011; Blanpain and Fuchs, 2014), expansion and differentiation
of individual clones during development of T and B cells of the
adaptive immune system is particularly important because each
clone contains genetically different receptors for antigen. This
opens the possibility that ACD might be required to facilitate
control at the clonal level. Cells of hematopoietic origin, includ-
ing hematopoietic stem cells and immune cells such as mature B
and T cells, can undergo ACD, but the role of ACD in immune
cell development is not known (Chang et al., 2007, 2011; Oliaro
et al., 2010; Barnett et al., 2012; King et al., 2012; Thaunat et
al., 2012; Ting et al., 2012; Buchholz et al., 2013; Gerlach et al.,
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2013; Yamamoto et al., 2013; Arsenio et al., 2014; Pham et al.,
2014; Zimdahl et al., 2014; Metz et al., 2015).

T cell development involves waves of proliferation inter-
twined with differentiation, apoptosis, and limited self-renewal
to produce mature T cells that each express a unique T cell re-
ceptor (TCR). A checkpoint that has profound importance for
subsequent immune function and prevention of leukemia is the
B-selection checkpoint (Yui and Rothenberg, 2014). Developing
T cells that enter the B-selection checkpoint orchestrate seem-
ingly conflicting processes: genomic recombination for TCR
rearrangement, cell proliferation with differentiation, and cell
proliferation without differentiation (self-renewal). The devel-
opmental stages before and after the p-selection checkpoint are
termed DN3a and DN3b stages, respectively, and the transition
between these stages involves dramatic changes in transcrip-
tional profile, with abrupt shutdown or initiation of key fate
regulators (Yui and Rothenberg, 2014). Transition through the
checkpoint also triggers a proliferative burst of six to eight di-
visions, changes in susceptibility to apoptosis, and subsequent
differentiation into mature T cells (Aifantis et al., 2006; Koch
and Radtke, 2011). Developing T cells traffic through the thy-
mus in a highly regulated manner such that each stage resides
in a different niche, which provides key environmental cues to
control fate (Aifantis et al., 2006; Koch and Radtke, 2011). Re-
cent evidence that cell competition within the thymus constrains
self-renewal to prevent leukemia suggests that the provision of
rate-limiting cues determines fate during T cell development
(Martins et al., 2014). However, it is not yet known how these
spatially constrained cues and signaling pathways converge to
orchestrate progression through the p-selection checkpoint.

ACD, which influences fate in many cell types, involves
the establishment and maintenance of polarity during division
that results in two daughter cells with different molecular com-
positions and fates (Knoblich, 2010). ACD is regulated by polar-
ity proteins such as atypical PKC (aPKC), discs large (DIg), and
Scribble and leads to the differential inheritance of fate determi-
nants to regulate the development and homeostasis of the brain,
muscle, gut, mammary gland, and skin (Li, 2013; Paridaen and
Huttner, 2014). In support of the notion that thymocytes might
undergo ACD, thymocyte differentiation requires the polarity
protein, Scribble, and there is some evidence that Numb is po-
larized during thymocyte division (Aguado et al., 2010; Pike
et al., 2011). Given the requirement for each clone to be rep-
resented in the final population, we proposed that ACD might
play an important role during the p-selection checkpoint of T
cell development. We show here that ACD occurs specifically
during the B-selection checkpoint of T cell development at the
DN3a stage to influence subsequent fate decisions and that this
is regulated via interactions with stromal cells. The control and
impact of ACD during f selection parallels many characteristics
of ACD previously found in D. melanogaster and C. elegans
model systems and offers a new mammalian model with unique
opportunities for elucidating how ACD controls cell fate.

Results

DN3 thymocytes asymmetrically localize
polarity proteins and cell fate determinants
during interphase

We first used an in vitro system of T cell development whereby
progenitor cells are cultured on a stromal cell line that stably ex-
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presses the Notch ligand Delta-like 1 (OP9-DL1). This is a trac-
table system of T cell development that recapitulates almost all
aspects of development and lineage commitment from thymo-
cytes to mature T cells particularly at the B-selection checkpoint
(Schmitt and Zafiiga-Pfliicker, 2002). To determine whether thy-
mocytes at the DN3 f-selection checkpoint exhibit cell polarity
and whether thymic stromal cells provide a cue for polarity, we
performed immunofluorescence microscopy to assess the local-
ization of a-tubulin on fixed DN3 thymocytes (comprised of
DN3a and DN3b cells, which represent the stages before and
after the p-selection checkpoint, respectively) that had been gen-
erated by culture of fetal liver hematopoietic precursors on the
OP9-DL1 stromal cell line. To assess polarity in relation to the
stromal cells, DN3 thymocytes were costained for polarity and
cell fate proteins, and thymocytes with a microtubule organiz-
ing center (MTOC) polarized to the stromal cell interface were
scored for protein polarization where polarization was defined
as a clear enrichment of fluorescence at the interface with the
stromal cell (Fig. 1). To validate this scoring approach, Notch1
polarization was quantified by manually dividing the image of
the cell in half along the axis perpendicular to the interface and
measuring the fluorescence in each hemisphere (Fig. S1). This
method showed clear polarization of Notch1 to the hemisphere
closest to the stromal cell, but not of the control protein CD25.
Similarly, blind scoring demonstrated strong polarization of the
cell fate determinant, Notchl, to the interface with the stromal
cell in 83% of thymocyte—stromal conjugates (Fig. 1 and Fig.
S1). The regulator of Notch, Numb, was also clearly polarized,
and a-Adaptin, previously shown to regulate ACD of hemato-
poietic stem cells (Ting et al., 2012), displayed both polarized
and nonpolarized distributions (Fig. 1). Polarity proteins such
as aPKC, Scribble, and Dlg displayed a variety of localization
patterns, although none as striking as Notch and Numb. These
mixed polarization patterns possibly reflected different stages
of interaction with stromal cells and are compatible with the
transient movement of polarity proteins observed during inter-
action of T cells with antigen-presenting cells (Xavier et al.,
2004; Ludford-Menting et al., 2005; Oliaro et al., 2006, 2010;
Gérard et al., 2007; Real et al., 2007). Expression during T cell
development of mRNA for these proteins was also confirmed
using the Immunological Genome Database (Fig. S2; Heng
et al., 2008). Collectively, these results demonstrate that DN3
thymocytes possess intracellular polarity, which appears to be
regulated by interactions with stromal cells.

Asymmetric partitioning of a-Adaptin and
Numb during DN3 thymocyte division

We focused on two molecules, a-Adaptin and Numb, both en-
docytic regulators of cell fate that were previously observed
to be polarized during ACD in other developmental systems.
a-Adaptin induces hematopoietic stem cell self-renewal in
vivo upon sequential transplantation assays and is segregated
asymmetrically in ~25% of dividing hematopoietic stem cells
(Ting et al., 2012). Numb regulates Notch vesicular traffick-
ing and signaling during ACD, and Notch is required for thy-
mocyte survival during the p-selection checkpoint (Ciofani
and Zuniga-Pfliicker, 2005; Koch and Radtke, 2011; Coutu-
rier et al., 2012). DN3 thymocytes were cultured overnight
on OP9-DL1 stromal cells, fixed, and stained for tubulin,
DNA, and a-Adaptin or Numb. Dividing DN3 thymocytes
were identified on the basis of nuclear shape and the pres-
ence of a mitotic spindle, and the distribution of a-Adaptin
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and Numb was scored as asymmetric or symmetric based
on blinded operator assessment of fluorescence distribution.
a-Adaptin and Numb were asymmetric in 17.6% and 12.0%,
respectively, of dividing DN3 thymocytes during late mitosis
(Fig. 2 A). These data suggest that some DN3 thymocytes po-
larize fate determinants during division, prompting further ef-
forts to quantify polarity.

To quantify the extent of asymmetry of a-Adaptin and
Numb during division, we used time-lapse microscopy and
a custom image analysis platform, TACTICS (Shimoni et
al., 2013). DN3 thymocytes transduced with Cherry-tagged
a-Adaptin and GFP were cultured on OP9-DL1 stromal cells,
imaged in cell paddocks (Day et al., 2009), and subjected to
image processing methods that we had previously developed
for identification of divisions and quantification of polarity
(Pham et al., 2013; Shimoni et al., 2013). Cells were reoriented
in silico using the long axis as a reference, and images from
sequential frames were compressed onto a line of single-pixel
width. This temporal analysis indicated that cell polarization
was sustained during and after division (Fig. 2 B and Fig. S3
A). These data provide reassurance that the polarization ob-
served in the mitotic cells was not an artifact of the imaging,
but genuine asymmetry that was transmitted to the daughter
cells. The absolute polarization ratios (PRs; calculated as the
difference in fluorescence between the two halves divided by
the sum of the fluorescence; Oliaro et al., 2010; Pham et al.,
2013) of Cherry—a-Adaptin and GFP were calculated for 51
DN3 divisions (Fig. 2 C). The PR was significantly greater for
Cherry—a-Adaptin than for the GFP control (P < 0.0005) but
was not uniform within the population, with the PR for Cher-
ry—o-Adaptin ranging from 0 to 0.76, indicating that some, but
not all, of the cells were asymmetric. The extent of polarity,
per se, does not indicate which divisions should be classified
as symmetric cell division (SCD) or ACD, but it is common
practice, particularly in studies of hematopoietic ACD, to arbi-
trarily designate a cutoff value with which to artificially cate-
gorize events as ACD or SCD so that comparisons can be made
between proteins or populations of cells (Chang et al., 2007;
Wau et al., 2007). For this purpose, in this study we assigned a
cutoff PR value of 0.27 based on the spread of control PR. A
cutoff PR value of 0.27 yielded <1% ACD for negative control
data from all the experiments combined and discriminated be-
tween two reasonably distinct groups of PRs for our first two
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Scribble Figure 1. DN3 thymocytes polarize during

stromal interactions at interphase. DN3 thymo-
cytes express and polarize cell fate and polar-
ity proteins. DN3-stromal cell conjugates were
fixed and costained with o-tubulin (red) and
either a cell fate or polarity protein (green).
Only cells in which the MTOC was recruited
to the stromal interface were analyzed. Of
these, the percentage of thymocytes is shown
displaying polarized localization if the protein
of inferest recruited to the stromal interface
(gray bars), or nonpolarized localization if it
did not colocalize with the MTOC at the thy-
mocyte-stromal interface. The asterisks indi-
cate the interface between the thymocyte and
stromal cell. Bar, 10 pm. n = 2 independent
experiments; n = 21-25 for each condition.
DIC, differential interference contrast. Also see
Fig. S2 for microarray analysis of expression
of polarity proteins and cell fate determinants
in the different stages of T cell development.
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test proteins. Thus, 0.27 was used as a cutoff for all subse-
quent analyses (Fig. S3 B). With this cutoff, 21.6% of DN3
cells were ascribed as polarized for Cherry—a-Adaptin (ACD
events), compared with 2% for GFP control. Similarly, DN3
thymocytes showed significantly greater polarization of GFP-
Numb compared with Cherry control (P < 0.0001), which was
sustained beyond cell division (Fig. 2, B and C, top), and the
same cutoff yielded 0% ACD for the control and 12.7% ACD
for GFP-Numb (Fig. 2 C, middle). Polarization of a-Adaptin
and Numb in dividing DN3 cells contrasted with GFP-LAT
(linker for activation of T cells), a TCR-associated molecule
that served here as a negative control and yielded 0% ACD
events (Fig. 2 C, bottom). These data indicate that a-Adaptin
and Numb, but not LAT or GFP and Cherry controls, were po-
larized before, during, and after DN3 division. Collectively,
DN3 thymocytes exhibit both symmetric and asymmetric dis-
tribution of Numb and o-Adaptin during division, and asym-
metry is sustained after DN3 division.

Given that asymmetry of cell fate determinants such as
Numb and a-Adaptin was only observed in a small proportion
of DN3 divisions, it was possible that the mode of DN3 divi-
sion (asymmetric or symmetric) depended on the stage of dif-
ferentiation. Whether or not DN3a cells undergo cell division
has been unclear until recently (Kreslavsky et al., 2012), so
we assessed whether purified DN3a cells remained as DN3a
after cell divisions using CellTrace violet (CTV) labeling and
indeed found that DN3a thymocytes were able to undergo at
least one division before becoming DN3b thymocytes (Fig.
S3 C). To investigate whether asymmetry preferentially oc-
curred at the DN3a stage before p selection, or at the DN3b
stage after f selection, DN3a and DN3b thymocytes were
sorted based on CD28 expression, recultured on OP9-DL1
stromal cells for 12 to 15 h, fixed, and stained for endogenous
o-Adaptin as a marker of polarity. 44.5% of the DN3a thy-
mocytes polarized a-Adaptin during division compared with
15.6% of dividing DN3b cells (Fig. 2 D). This difference was
not a result of the process of DN3a isolation because DN3a
cells that were cultured for 48 h (by which time most have
differentiated to the DN3b stage) showed only 17.1% ACD
(Fig. 2 D). There is still the possibility that ACD occurs at
early or late cell divisions of the DN3a stage, but together,
these data indicate that asymmetry during division occurs
preferentially at the DN3a stage.

Asymmetric cell division controls thymocyte fate *« Pham et al.
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Figure 2. DN3 thymocytes undergo ACD. (A) A proportion of DN3 thymocytes asymmetrically localizes a-Adaptin and Numb during division. Z-projected
images of dividing DN3 thymocytes cultured on OP9-DL1 stromal cells, fixed, and stained for o-tubulin, DNA, and either a:Adaptin or Numb. Images were
scored as SCD or ACD based on subjective operator assessment of fluorescence distribution (the operator was blinded as to the identity of each stain).
Scores are shown as percentages and analyzed from n = 3 independent experiments; n = 102 (a-Adaptin) and 150 (Numb). The white dotted lines depict
the outline of the dividing thymocyte. Bars, 10 pm. (B) Asymmetry is maintained beyond division. Heat map projection of both GFP and Cherry—a-Adaptin
(left) or Cherry and GFP-Numb (right) in a DN3 thymocyte tracked before and after division. The black dotted line indicates the time of cytokinesis. Scale
of absolute units of fluorescence infensity is shown. (C) Absolute PR plots in dividing DN3 thymocytes expressing GFP and Cherry—a-Adaptin (top), Cherry
and GFP-Numb (middle), and Cherry and GFP-LAT (bottom). Absolute PR is calculated as the absolute difference in fluorescence between the two halves
divided by the sum of fluorescence. n = 3 independent experiments. Total number of analyzed divisions: Cherry—a-Adaptin, n = 51; GFP-Numb, n = 63;
and GFP-LAT, n = 27. A paired t test comparing PR values for test and control protein and Pearson'’s linear correlation coefficient are shown. (D) DN3a
thymocytes preferentially undergo ACD compared with DN3b thymocytes. DN3a and DN3b thymocytes were cultured on OP9-DL1 stromal cells stained
for artubulin and a-Adaptin as a marker for asymmetry during division. The percentage of ACD events at 12 h and 48 h of culture as determined by po-
larization of a-Adaptin during DN3a and DN3b division; n = 4 independent experiments. (E) The majority of DN3 thymocytes interact with stromal cells
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Asymmetry during division of DN3
thymocytes is dictated by interaction with
the stromal cell

During activation of mature T cells, polarity during ACD is dic-
tated by contact with the antigen-presenting cell that bears a
foreign peptide (Oliaro et al., 2006). We reasoned that stromal
cells in vitro might provide a similar cue for thymocytes. To de-
termine stromal interactions and orientation of dividing thymo-
cytes, DN3 cells transduced with Cherry-tubulin were cultured
with OP9-DL1 stromal cells and imaged. Before division, 78.5%
of DN3 thymocytes were attached to the stromal cell, and the in-
teraction was clearly sustained, as a similar proportion (77.6%)
displayed attachment to the stromal cell during cell division
(Fig. 2 E). The DN3 thymocytes divided in a variety of orienta-
tions, with the mitotic spindle orientated parallel to the interface
in 25.5% of dividing cells and perpendicular to the interface in
32.1% of dividing cells (the other divisions were either burrowed
under the stromal cell or not interacting; Fig. S4). These data
indicate that DN3 thymocytes frequently interact with stromal
cells during interphase and division, but do not always divide
perpendicularly to the stromal cell. Given that only a proportion
of the DN3a cells exhibited asymmetry at division (44.5% as
per our arbitrary cutoff), we assessed whether the orientation of
the mitotic spindle might correlate with asymmetry. Time-lapse
videos of DN3 thymocytes transduced with GFP and Cherry—a-
Adaptin were reassessed to determine the correlation between
the orientation of division with respect to the stromal cells (as-
sessed by comparing the angle between a line through the long
axis of the dividing cell and a line along the stromal interface)
and polarity at division (as defined by polarization of Cher-
ry—o-Adaptin using the 0.27 cutoff to ascribe SCD and ACD).
Remarkably, there was a striking difference in the angles of di-
vision, with more frequent perpendicular divisions for ACD than
for SCD (P < 0.005; Fig. 2 F). The increase in asymmetry when
thymocytes divided perpendicular to the stromal cell indicates
that stromal interactions might coordinate polarity with spindle
orientation. Importantly, these findings indicate that polarity of
DN3a cells at division is not a result of stochastic distribution
of the protein, but is actively coordinated by extrinsic stromal
interactions, meeting the requirements for ACD.

Signaling through the chemokine receptor
CXRC4 is required for ACD in DN3
thymocytes

Having identified a role for the stromal cell in thymocyte ACD,
we asked what molecular cue might be provided by the stro-
mal cells to polarize DN3 thymocytes before and at division.
Three cell surface receptors are known to regulate DN3 fate
determination: pre-TCR, chemokine receptor type 4 (CXCR4),
and Notch. Pre-TCR signaling is the defining event of the -se-
lection checkpoint and is triggered by effective recombination
of the TCR-f chain but is ligand independent (Ciofani et al.,
2004), and so is unlikely to be regulated by stromal interactions.
The CXCR4 ligand (CXCLI12 or SDF1-a) can be soluble or

presented by the stromal cell and induces thymocyte polarity
(Plotkin et al., 2003; Janas et al., 2010), and Notch ligands must
be provided by the stromal cell (Ciofani et al., 2004; Trampont
etal.,2010). In fixed and stained DN3 thymocytes at interphase,
blind scoring showed recruitment to the stromal interface for
CXCR4 (50% of 150 thymocytes), similar to the previously ob-
served polarization of Notchl (83.3% of 150 thymocytes), but
not CD25 (27.7% of 88 thymocytes; Fig. 3 A).

To begin determining possible external cues that might
influence ACD, we focused on CXCR4 interactions with
CXCL12 from the stromal cells. We used a-Adaptin again as
a marker of polarity to discern whether chemokine signaling
through CXCR4 served as a polarity cue before ACD. DN3a
thymocytes were cultured on OP9-DL1 stromal cells, fixed,
and stained for tubulin and o-Adaptin. Disrupting CXCR4
signaling with the specific inhibitor AMD3100 decreased the
attachment of DN3a thymocytes to stromal cells as indicated
by the number of cells that remained on the slide after staining
(Fig. 3 B). Of the thymocytes that did interact, MTOC recruit-
ment to the stromal cell was not significantly reduced, indicat-
ing that localization of the MTOC does not depend on CXCR4
signaling (Fig. 3 B). To determine whether ACD was reduced
by treatment with the CXCR4 inhibitor, we stained DN3a di-
visions for either Numb or a-Adaptin and assigned ACD or
SCD based on blind scoring as in Fig. 2 A. First, as with the
quantitative time-lapse imaging, polarity was greater for the
fixed and stained DN3a cells than for the bulk DN3 cells with
56.7% of divisions scored as ACD for a-Adaptin (Fig. 3 C)
and 47.4% scored as ACD for Numb (Fig. 3 D; compare with
17.6% and 12.0%, respectively; Fig. 2 A). Second, polarity
at division was reduced by the addition of AMD3100 for
both a-Adaptin and Numb (P < 0.05), with 26.3% and 27.5%
scored as ACD for a-Adaptin and Numb, respectively (Fig. 3,
C and D). The reduction in ACD correlated with decreased
cell numbers, increased thymocyte death, and decreased dif-
ferentiation to the double-positive (DP) stage (Fig. 3 E). These
data indicate that CXCR4 signaling provides at least two func-
tions with respect to stromal interactions. CXCR4 signaling
facilitates recruitment to the stromal cell, and, once the thy-
mocyte has docked on the stromal cell, CXCR4 provides a cue
to promote a-Adaptin and Numb polarization, suggesting that
it is at least part of the polarity cue for ACD.

Polarity at division correlates with
functional downstream fates of daughter
thymocytes

To begin to determine whether ACD of DN3a cells influ-
ences fate determination, we assessed whether alterations in
polarization during division might correlate with alterations
in fate using three approaches to disrupt polarity. Because
ACD occurs preferentially at the DN3a stage, we consid-
ered that a functional role for ACD would be indicated by
an alteration in progression from DN3 to DN4 and subse-
quent differentiation stages.

during interphase and division. Time-lapse imaging of DN3 thymocytes transduced with Cherry-tubulin were cultured on OP9-DL1 stromal cells, and the
percent attachment of Cherry-tubulin DN3 thymocytes with stromal cells when not dividing or dividing are shown. n = 3 independent experiments; n = 450
(nondividing) and 78 (dividing). (F) Enrichment of perpendicular divisions in DN3 thymocytes undergoing ACD. Time-lapse imaging of DN3 thymocytes
transduced with Cherry—a-Adaptin and GFP during culture on OP9-DL1 stromal cells. A line was drawn through the axis of division based on the center
of each nascent daughter, and the angle of the spindle axis was calculated relative to a line through the interface with the stromal cell (depicted as the
horizontal axis in the left plot). The angles were compiled in a scatter plot on the right. n = 3 independent experiments and n = 54 divisions. An unpaired
Student's t test (P < 0.05) was used. Data are represented as +SEM. Also see Fig. S4.
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Figure 3. Intact CXCR4 signaling constitutes a molecular requirement for DN3 thymocyte polarity during ACD. (A) CXCR4 and Notch1, but not CD25, po-
larize to the stromal interface in DN3 thymocytes. Projected z stack images of DN3 thymocytes on OP9-DL1 stromal cells fixed and stained for a-tubulin and
either CXCR4, Notch1, or CD25. Percentage of thymocytes displaying nonpolarized localization if the protein of interest did not colocalize with the MTOC,
or polarized localization if it localized with the MTOC at the thymocyte-stromal interface. The interface is indicated by the asterisks. n = 4 independent
experiments; total cells analyzed, n = 388. (B) CXCR4 signaling is required for DN3 thymocyte attachment to the stromal cell but not MTOC polarization.
DN3 thymocytes were counted in randomly chosen fields of view (up to 25 fields of view). DN3 thymocytes that were still attached to a stromal cell (no
treatment or with 2 pg/ml AMD3100) were scored for thymocyte MTOC polarization to the thymocyte—stromal interface. An unpaired Student's ttest (P <
0.05) was used. (C and D) Inhibition of CXCR4 signaling reduces ACD in DN3 thymocytes as determined by loss of a-Adaptin (C) and Numb asymmetry
(D). Z-projected images were taken of DN3 thymocytes cultured on OP9-DL1 stromal cells (no treatment or with 2 pg/ml AMD300) stained for o-tubulin
and o-Adaptin or Numb. The percentage of ACD events, as determined by polarization of a-Adaptin and Numb, are shown during DN3 division. n = 3
independent experiments; total events, n = 256 (o-Adaptin) and 210 (Numb). An unpaired Student's ttest (P < 0.05) was used. (E) Intact CXCR4 signaling
is required for downstream DN3 thymocyte cell numbers, survival, and differentiation. Sorted DN3 thymocytes were cultured on OP9-DL1 stromal cells (no
treatment or 2 pg/ml AMD3100) for up to 16 d and assessed for cell numbers, death by propidium iodide-positive staining, and differentiation from DN3
to the DP stage (the proportion of cells in each differentiation stage expressed as a percentage of DN [top plots] or total thymocytes [bottom plots] is shown
in each quadrant for a single experiment and plotted as a bar graph for three combined experiments). n = 3 independent experiments, with flow cytometry
plots from one representative experiment shown. An unpaired Student's t test (P < 0.05 and P < 0.001) was used. The white dotted lines depict the outline
of the dividing thymocyte. Bars, 10 pm. All data are represented as +SEM.
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Figure 4. Levels of a-Adaptin correlate with functional differences in downstream DN3 fate. (A) Overexpression of the endocytic molecule a-Adaptin
increases proliferation and differentiation of DN3 thymocytes to the DP stage. DN3 thymocytes expressing either Cherry or Cherry—a-Adaptin were sorted
and cultured on OP9-DL1 stromal cells for 5 d. The fold proliferation and differentiation to DP was assessed (numbers in each quadrant of the flow cytometry
dot plots represent the proportion of cells in each differentiation stage, expressed as a percentage of DN [top plots] and as a percentage of all thymocytes
[bottom plots], and the mean of these proportions over seven independent experiments is represented in the bar graphs). Representative plots are shown
from n = 7 independent experiments. An unpaired Student’s t test (P < 0.05 and P < 0.001) was used. (B) Cherry—a-Adaptin® DN3a thymocytes undergo
enhanced proliferation, signaling, and differentiation. Cherry and Cherry-o-Adaptin DN3a thymocytes labeled with CTV were cultured on OP9-DL1 stromal
cells overnight. Daughters expressing hi or lo Cherry fluorescence (top) were sorted and recultured on OP9-DL1 stromal cells for 6 d and then assessed for
proliferation (CTV dilution; middle) and intracellular (ic) TCR-B (bottom) as a percentage of DN thymocytes, and differentiation to DP. n = 3 independent
experiments, with representative flow cytometry plots shown. An unpaired Student’s t test was used (P < 0.05 and P < 0.001). (C) Ectopic expression
of a-Adaptin partially rescues blocks in DN3 thymocyte differentiation in the absence of CXCR4 signaling. Cherry and Cherry-o-Adaptin-sorted DN3
thymocytes were recultured on OP9-DL1 stromal cells for 6 d in the presence or absence of AMD3100 and then harvested for flow cytometry analysis. An
unpaired Student’s ttest was performed to compare Cherry + AMD3100 versus Cherry-a-Adaptin + AMD3100 (DN and DP; P < 0.0001; the proportion
of each differentiation stage expressed as a percentage of total thymocytes [bottom plots] is displayed in each quadrant of the flow cytometry dot plots,
and the mean of these values over four independent experiments is shown in the bar graphs below). n = 4, and representative replicates are shown.
Data are represented as +SEM.

a-Adaptin inheritance alters downstream thy-
mocyte proliferation, signaling, and differentiation.
o-Adaptin regulates hematopoietic stem cell self-renewal and
segregates asymmetrically in dividing hematopoietic stem cells
and sensory organ precursors of D. melanogaster (Berdnik et
al., 2002; Ting et al., 2012). a-Adaptin is best known as a regu-
lator of endocytosis (Aguet et al., 2013), and it alters fate deter-
mination via effects on Notch and Numb trafficking during and
after ACD (Smith and Chircop, 2012; Ting et al., 2012; Cotton
et al., 2013; Couturier et al., 2013; Reichardt and Knoblich,
2013). Having identified a-Adaptin as differentially inherited
by the two daughters during ACD at the DN3a stage, we next
assessed whether a-Adaptin levels might also alter thymocyte
fate. DN3 thymocytes ectopically expressing Cherry or Cher-
ry—o-Adaptin were cultured on OP9-DL1 stromal cells for 5 d,
and proliferation and differentiation were assessed. Cherry—a-
Adaptin overexpression increased both thymocyte expansion
and the proportion of thymocytes that differentiated from the
DN3 to the DP stage (Fig. 4 A). These data indicate that in-
creased levels of o-Adaptin enhanced thymocyte ex-
pansion and differentiation.

To correlate levels of a-Adaptin with downstream fate and
to confirm the developmental stage at which a-Adaptin exerts

its effects, Cherry or Cherry—a-Adaptin—expressing DN3a thy-
mocytes were labeled with CTV to mark proliferation, and thy-
mocytes that had undergone cell division were sorted for Cherry
“hi” and “lo” fluorescence and cultured in equal numbers on
OP9-DL1 stromal cells (Fig. 4 B, top and middle). After 6 d of
culture, Cherry—a-Adaptin™ DN3a thymocytes had proliferated
more than Cherry—a-Adaptin® cells (Fig. 4 B, top and middle)
and showed increased TCR signaling, as defined by increased
levels of intracellular TCR- staining and enhanced differenti-
ation to the next thymocyte stage (DP; Fig. 4 B, bottom). Dif-
ferences in levels of a-Adaptin expression in DN3a thymocytes
can therefore influence proliferation and differentiation. To
determine whether a-Adaptin overexpression and CXCR4 sig-
naling were functionally linked, we compared the effect of the
CXCR4 inhibitor, AMD3100, on DN3a thymocytes expressing
Cherry or Cherry—a-Adaptin. After 6 d, inhibition of CXCR4
signaling impeded the transition from double negative (DN) to
DP (reduced from 56.4% DP to 16.6% DP; Fig. 4 C). In contrast,
ectopic expression of a-Adaptin increased differentiation to DP
and partially rescued the differentiation defect, significantly in-
creasing the proportion of CXCR4-inhibited DN3 thymocytes
that reached the DP stage (from 16.6% to 30.4%; P < 0.0001;
Fig. 4 C). These data suggest that a-Adaptin and CXCR4 func-
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tionally interact to orchestrate polarization and differentiation
or survival. CXCR4 appears to function upstream of a-Adaptin
because it provides a cue for a-Adaptin polarization before di-
vision. Collectively, these data suggest the possibility that ACD
of DN3a thymocytes might allow for populations with differ-
ent levels of a-Adaptin to influence fate choices such as prolif-
eration and differentiation.

Numb requires aPKC phosphorylation sites
for polarity during DN3 division. In a second approach
to determine the functional relevance of ACD in thymocytes,
we explored the effect on thymocyte fate of alterations in po-
larity of the cell fate determinant, Numb. We have previously
shown that although ectopic expression of wild-type Numb
has minimal impact on DN3 fate decisions (Aguado et al.,
2010; Pham et al., 2013), expression of a mutated form of
Numb (Numb2A) that lacks two serine substrates for phos-
phorylation by the polarity protein aPKC showed defective
progression from DN3 to DP (Pham et al., 2013). aPKC regu-
lates the polarization of Numb during ACD of many cell types
including T cells (Oliaro et al., 2010), suggesting the possibil-
ity that aPKC might also regulate Numb polarization in DN3
cells to control DN3 fate decisions. Indeed, aPKC was polar-
ized in ~12% of dividing DN3 cells (Fig. 5 A). In contrast to
wild-type Numb (12.7% ACD; Fig. 2 D), Numb2A was not
polarized during division in DN3 thymocytes (4% scored as
ACD compared with 4% in the control protein; Fig. 5 B).
These results, combined with our previous finding that ectopic
expression of Numb and Numb2A exerts different effects on
DN3 fate (Pham et al., 2013), suggest that the asymmetric dis-
tribution of Numb during division of DN3 thymocytes is reg-
ulated by evolutionarily conserved mechanisms involving
aPKC and that optimal progression from DN to DP requires
asymmetric distribution of Numb.

Scribble is required for polarity and optimal
thymopoiesis. In some examples of ACD, asymmetry of the
Par3 complex (of which aPKC is a member) is regulated by
antagonistic effects of the Scribble polarity complex, which in-
cludes Scribble, Dlg, and Lethal giant larvae (Albertson and
Doe, 2003; Pham et al., 2014). However, staining for endoge-
nous Scribble in dividing DN3 thymocytes showed little, if any,
polarization during division (Fig. 6 A). Time-lapse imaging of
ectopically expressed Scribble fused to GFP also showed little
or no asymmetry, and PRs for GFP-Scribble and Cherry were
not significantly different (Fig. 6 B). A previous study of
D. melanogaster neuroblast ACD has shown that the Scribble
complex is transiently polarized in early mitosis, disperses
during telophase, but is crucial for mitotic spindle asymmetry
and cortical polarity at division (Albertson and Doe, 2003). This
precedent suggests that Scribble might regulate ACD of thymo-
cytes by polarizing before division to influence the mitotic spin-
dle and the polarity of cell fate determinants.

To assess whether polarization and T cell development
required Scribble, we assessed thymocytes of mice in which
the Scribble gene had been deleted in all cells (Pearson et al.,
2011). Scribble~~ mice die before birth, so Ly5.1* mice were
reconstituted with embryonic day (E) 13-14.5 Ly5.2* fetal
liver cells from Scribble™~ embryos and wild-type littermate
controls as performed previously (Hawkins et al., 2013). 12
wk after reconstitution, the proportion of thymocyte subpopu-
lations was analyzed. The number of thymocytes (>95% donor
derived) and the proportion of bulk DN, DP, single-positive
(SP) CD4, and SP CDS8 cells were all normal in Scribble ™'~ thy-

JCB » VOLUME 210 « NUMBER B » 2015

A Nucleus Tubulin aPKC Merge
[a) 100
U
v 80
860
o ;40
::) 20
0
B _ 0.27
0.8 5 P=n.s.
g 971 R°=0.002
o 064 n=50
§ 05>
a 04 —.
("'5 03 emgmi—_ _ _ _ _ _ ____._ 0.27
X 02-one®® ¢! °
o '. % o
0.1 s ®.8
0.0

00 01 02 0.3 04 0.5 06 0.7 0.8
PR Cherry

Figure 5. Intact aPKC phosphorylation is required for polarization of
Numb during DN3 division. (A) aPKC polarization during DN3 thymo-
cyte division. Z-projected images of dividing DN3 thymocytes cultured on
OP9-DL1 stromal cells fixed and stained for a-tubulin, DNA, and aPKC.
The white dotted lines depict the outline of the dividing thymocyte. Im-
ages were scored as SCD or ACD based on blind assessment of aPKC
fluorescence distribution. Scores as a percentage are shown. n = 3; total
cells analyzed, n = 102. Bars, 10 pm. (B) Mutation of phosphorylated
serine abrogates Numb asymmetry during DN3 thymocyte division. Ab-
solute PR plots of dividing DN3 thymocytes expressing Cherry and GFP-
Numb2A. Total divisions, n = 50. A paired t test comparing PR values for
test and control protein and Pearson’s linear correlation coefficient are
shown. n.s., not significant.

mocytes (Fig. 6 C). However, Scribble™~ mice had increased
DN4 cells (on average 58.6% more; P < 0.05) despite having
fewer DN2 cells than wild-type littermates (42.7% fewer; P
< 0.005; Fig. 6 D). The grossly normal T cell development is
compatible with our earlier findings that Scribble depletion
does not affect peripheral T cell composition or responses to
infection (Hawkins et al., 2013), and the subtlety of the DN de-
fect might reflect the fact that compensatory mechanisms fre-
quently hamper phenotypic analysis of polarity-deficient mice,
in which phenotypes are often only evident in very young mice
or acute knockouts (Pham et al., 2014). We assessed whether
the increase in DN4 thymocytes was compatible with an im-
pact in changes in the proportion of cells undergoing ACD.
We developed three mathematical models (described in Mate-
rials and methods section Mathematical models of thymocyte
development . . .) that can predict how asymmetry in divid-
ing DN3a cells could impact the numbers of DN4 cells in the
steady state. We took into account that DN3a cells can remain
DN3a even after a cell division (Fig. S3 C) and that all DN3a
cells must undergo at least one cell division before progress-
ing to the DN4 stage (Kreslavsky et al., 2012). This implies
that the first division is unique, as cells before this division are
not permitted to differentiate, so two separate populations of
DN3a cells were defined (termed DN3a-pre and DN3a-post)
with the criteria that both populations could die and divide,
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Figure 6. In vivo and in vitro thymopoiesis is
perturbed in the absence of Scribble. (A) Scrib-
ble does not strongly polarize during DN3
thymocyte division. Representative z-projected
images are shown of dividing DN3 thymo-
cytes cultured on OP9-DL1 stromal cells fixed
and stained for o-tubulin, nucleus, and Scrib-
ble, with the percentage of SCD or ACD using
a-Adaptin as a marker. n = 4; total divisions, n
= 84. The white dotted lines depict the outline
of the dividing thymocyte. (B) Litfle polarization
of Scribble was observed during timelapse
imaging of dividing DN3 thymocytes. Paired t
test of PR values and Pearson’s linear regression
coefficient (R2) are shown. n = 3; n= 105 divi-
sions. (C and D) Scribble loss in vivo (C) does
not alter gross thymocyte numbers but alters the
balance of DN and DP cells in vivo. (D) Scrib-
ble*/+ and Scribble~/~ DN3a thymocytes were
isolated from reconstituted mice and analyzed
by flow cytometry for the proportions of DN,
DP, and SP stages of differentiation. Numbers
in each quadrant of the flow cytometry dot
plots represent the proportion of cells in each
differentiation stage, expressed as a percent-
age of DN (top plots) and as a percentage of
all thymocytes (bottom plots), and the mean of
these proportions over seven experiments is
represented in the bar graphs. (E) Scribble is re-
quired for coordination of CXCR4-mediated po-
larity cues. Scribble*/+ and Scribble~/~ DN3a
thymocytes were isolated, fixed, and stained for
CXCR4 during inferphase. Representative z-pro-
jected images are shown. n = 2 independent
experiments; n = 100. The white asterisks indi-
cate the inferface between the thymocyte and
stromal cell. (F) Scribble is required for efficient
DN3a ACD. Scribble*/+ and Scribble~/- DN3a
thymocytes were isolated, fixed, and stained
for o-Adaptin as a marker of asymmetry during
division. Representative z-projected images are
shown. n = 2 independent experiments; n =
84. The white dotted lines depict the outline of
the dividing thymocyte. (G) Scribble is required
for DN3 thymocyte attachment to the stromal
cell and asymmetric polarization of a-Adaptin
during division. DN3 thymocytes were counted
in randomly chosen fields of view for up to
25 fields of view. DN3 thymocytes that were
still attached to a stromal cell were scored for
a-Adaptin polarization as a marker for ACD.
n = 3; total cells analyzed, n = 84. (H) Loss
of CXCL12-directed migration in the absence of
Scribble. DN3 thymocytes were placed in Tran-
swell plates containing 40 ng/ml SDF-a. The
percent migrated shown is normalized to the
BSA control. n = 3, and an unpaired Student’s
ttest (P < 0.05) was used. (I and J) Proliferation
() and differentiation (J) of thymic progenitors
on OP9-DL1 stromal cells are impeded in the
absence of Scribble. Scribble*/+ or Scribble~/~
E14.5 fetal liver cells were cultured on OP9-DL1
stromal cells for 16 d and assessed for prolifer-
ation at 0, 4, and 16 d after culture, with differ-
entiation at 16 d after culture shown. Numbers
in each quadrant of the flow cytometry dot plots
represent the proportion of cells in each differ-
entiation stage, expressed as a percentage
of DN (upper plots), and as a percentage of
all thymocytes (lower plots), and the mean of
these proportions over five independent exper-
iments is represented in the bar graphs. n = 5.
Data are shown as +SEM. KO, knockout; n.s.,
not significant; WT, wild type. Bars, 10 pm.
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but only the DN3a-post could differentiate. Assuming standard
rules for rates of proliferation, death, and differentiation, we
then modeled the impact on DN4 numbers in three scenarios:
(1) divisions are symmetric, (2) ACD occurs at the DN3a-pre
stage, and (3) ACD occurs at the DN3a-post stage (see Ma-
terials and methods section Mathematical models of thymo-
cyte development . . . for details). Our mathematical analysis
demonstrates that assuming the per cell proliferation rate of
the DN3a-post cells is larger than their death rate, a decrease
in the proportion of DN3a cells undergoing ACD observed in
the Scribble knockout mice would lead to an increase in the
number of DN4 cells in the steady state if the asymmetry oc-
curred in the DN3a-post cells. The increased DN4 cells in the
steady-state Scribble knockout mice would also be compatible
with asymmetry in the DN3a-pre cells if the rate of death was
greater than proliferation for DN3a cells. However, we suggest
that this is an unlikely scenario because DN3a cells express
high Bcl2 levels and are protected from cell death (Voll et al.,
2000). Of the three models, the data appear most consistent
with ACD occurring in DN3a-post cells after an obligatory
DN3a division. Elucidating this complex process will clearly
require substantially more experimentation, but such mathe-
matical models provide a robust framework to further explore
the timing and effects of DN3a ACD.

To investigate T cell development in which steady-
state T cell development had not yet been reached, progeni-
tor cells from Scribble”~ E13-14.5 fetal liver were cultured
on OP9-DL1 stromal cells. Scribble”~ DN3a thymocytes
displayed several defects in polarity and migration: reduced
polarization of CXCR4 in interphase from 82% to 26% (P <
0.05; note that the polarization at interphase was also higher
in DN3a cells than in the total DN3 cells assessed in Fig. 3 A,
suggesting that DN3a cells exhibit greater polarity at all phases
of the cell cycle; Fig. 6 E); reduced ACD as indicated by re-
duced polarization of a-Adaptin from 41% to 30% (P < 0.01;
Fig. 6 F); reduced adherence to stromal cells from 10.3 cells to
2.7 thymocytes attached per field of view (P < 0001; Fig. 6 G);
and 53.7% reduced migration across a membrane in response
to the CXCR4 chemokine, CXCL12, in a Transwell assay (P
< 0.05; Fig. 6 H). To determine whether these alterations in
polarity correlated with differences in fate, we cultured Scrib-
ble~'~ fetal liver progenitors on OP9-DL1 stromal cells for 16
d to assess in vitro thymopoiesis. The most striking impact on
the fate of the thymocytes was severely abrogated cell expan-
sion (Fig. 6 ). At day 16, when most of the wild-type cells
had progressed through the DN stages, Scribble”~ cells were
impaired in their progression past DN3, and this was associ-
ated with a reduction in DP thymocytes (Fig. 6 J). Our findings
are compatible with a previous study in which RNAi-mediated
depletion of Scribble reduced cellularity and the DN3 to DP
transition (Pike et al., 2011). These data indicate that Scribble
is required for polarity during cell division and that loss of po-
larity correlates with altered expansion and differentiation of
thymocytes both in vitro and in vivo.

Discussion

We demonstrate that ACD occurs at the p-selection check-
point during T cell development in thymocytes. Stromal cells
and chemokines provide cues to DN3a cells that control the

asymmetric distribution of Numb and o-Adaptin during cell
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division, and both ACD and subsequent fate are controlled by
Scribble as has previously been shown in neuroblasts (Albert-
son and Doe, 2003). These findings indicate that ACD during
T cell development uses conserved mechanisms that have
previously been elucidated in cells of solid tissues and in ma-
ture T cells, providing clues as to the functional role of ACD
during the p-selection checkpoint. Alterations in the polarity of
Numb, alterations in inheritance of a-Adaptin, the deletion of
Scribble, and consequent reduction in ACD all correlate with
changes in differentiation and proliferation of DN3 thymocytes.
This indicates that ACD of DN3a thymocytes influences cell
fate decisions (Fig. 7 A).

Why might DN3a cells undergo ACD? ACD at the p-se-
lection checkpoint might regulate self-renewal and expansion
at the level of the individual cell, mitigate the high risk of
leukemia caused by combining gene rearrangement with sub-
sequent expansion, and/or enable abrupt transitions in differ-
entiation state and growth signal dependencies (Rothenberg,
2014). These possible roles are compatible with the role of
the Scribble complex and ACD in other cell types (Mar-
tin-Belmonte and Perez-Moreno, 2012), where a switch be-
tween ACD and SCD can control subsequent differentiation
and tumorigenesis (Morin and Bellaiche, 2011). Therefore,
the extent of ACD could mediate control of thymocyte fate
determination by stromal interactions and the strength of
Notch and CXCR4 signaling. In addition, a switch from ACD
to SCD after the p-selection checkpoint might enable a lim-
ited expansion of individual clones that are already destined
for terminal differentiation.

We propose two nonmutually exclusive cellular processes
by which ACD of DN3a cells might facilitate the balance of
self-renewal and expansion of individual clones at the p-selec-
tion checkpoint (Fig. 7 B). (1) Studies have suggested that the
limited proliferation of DN3a cells might facilitate expansion of
a particular partial TCR rearrangement (Tourigny et al., 1997,
Petrie et al., 2000). It has also been shown that DN3a cells abso-
lutely require progression through the cell cycle to differentiate
to DP, whereas DN3b cells are capable of differentiation without
cell division (Dose et al., 2006; Kreslavsky et al., 2012). ACD
in this context could allow one daughter to remain undifferen-
tiated and perhaps self-renew, whereas the other differentiates
and proliferates. Asymmetry in the first division of DN3a cells
might release a brake on differentiation by segregating away
fate determinants that inhibit differentiation. Our modeling sug-
gests that DN3a ACD does not need to be restricted to this first
division, but quantitative knowledge of proliferation and death
rates is required to definitively assess this. (2) A second cellular
process that could be controlled by ACD relates to apoptosis,
analogous to D. melanogaster sensory organ precursors where
the differential inheritance of Numb is regulated by ACD and
leads to death of one of the daughters (Orgogozo et al., 2002).
Before the p-selection checkpoint, thymocytes are protected
from cell death by expression of Bcl2, but after f§ selection Bcl2
is down-regulated, and apoptosis follows unless productive pre-
TCR signaling induces expression of Bcl2-Al. Unlike Bcel2,
Bcl2-Al does not delay proliferation (Mandal et al., 2005).
Coordinating the change in susceptibility with chromosomal
rearrangements and differentiation potential must be intricately
orchestrated (Mandal et al., 2005; Aifantis et al., 2006; Kee,
2009), and ACD at the DN3a stage might enable partitioning
of apoptosis regulators or their upstream signaling compo-
nents to ensure appropriate apoptotic responses. One possibil-
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Figure 7. A model for ACD of DN3a thymocytes. (A) During interphase,
engagement of the DN3a thymocyte with the stromal cell is mediated by
CXCR4 and provides the cue for localization of several cell fate- and
polarity-associated molecules, in particular a-Adaptin and Numb, which
also asymmetrically localize during division. Notch ligand interactions
also provide important survival cues. ACD occurs preferentially when the
cell divides perpendicularly to the stromal cell, indicating that cues from
the stromal cell orchestrate the division. Inhibition of CXCR4 signaling,
differential inheritance of a-Adaptin, disruption in Numb phosphorylation,
(circled P = phosphorylation) and Scribble deficiency all influence ACD
and alter the balance of polarity, downstream proliferation, differentiation,
apoptosis, and possibly self-renewal. (B) Two nonexclusive possible roles
could exist for ACD of DN3a cells. (1) Niche availability might allow one
DN3a thymocyte daughter cell to self-renew, whereas the other daughter
cell commences differentiation. (2) Differential segregation of molecules
(such as Bcl-2 and/or Bcl2-A1) into the daughters might orchestrate dif-
ferential susceptibility to apoptosis. One or both of these immediate ef-
fects on cellular activities of the two daughter cells would differentially
impact the probability and timing with which they progress to further
differentiation and expansion.

ity is that such partitioning is mediated through a-Adaptin and
Numb, which are polarized in DN3 thymocytes and regulate
endocytosis (Berdnik et al., 2002; Couturier et al., 2012). These
two nonmutually exclusive processes would then set the stage
for subsequent proliferation and progression through the final
stages of thymocyte differentiation. The loss of ACD and strik-
ing effect on thymocyte proliferation upon deletion of Scribble
supports such a role for ACD in coordinating proliferation and
self-renewal. Thus, ACD of DN3a cells provides a potential
means to reconcile the seemingly contradictory requirements
of thymocyte development, enabling limited self-renewal and
expansion alongside chromosomal rearrangement.

The finding that ACD is controlled by CXCR4 signaling
and stromal interactions provides a mechanistic explanation
for recent findings of the role for CXCR4 in thymocyte fate
determination and that a stromal niche enables self-renewal of
DN3 cells (Martins et al., 2012; Peaudecerf et al., 2012). This
is reminiscent of the competition for niches that regulates ACD
and self-renewal of D. melanogaster germline stem cells (Los-
ick et al., 2011). ACD can control fate by allowing only one
daughter access to the niche, as in D. melanogaster ovarian
germline cells (Losick et al., 2011), or can involve the asym-
metric segregation of fate determinants as in D. melanogaster
neuroblasts (Knoblich, 2010). Our findings indicate that the
latter scenario is true in thymocytes, as fate determinants are
asymmetrically distributed such that the daughters are molecu-
larly distinct. However, this does not exclude the possibility that
stromal access is also restricted to only one daughter. CXCR4 is
required for survival of DN3 cells after p selection by induction
of Bcl2-Al (Janas et al., 2010; Trampont et al., 2010). In this
instance, ACD of DN3a cells might allow induction of Bcl2-Al
by CXCR4 only in one of the daughters, leaving the other to
inherit the remaining Bcl2 protein (Fig. 7 B). A recent finding
that Bcl2 is down-regulated in older DN3 cells only under phys-
iological conditions of cell competition within the thymic niche
(Martins et al., 2014) provides support for the notion that ACD,
restricted by interactions with stromal cells, induces differen-
tial susceptibility to apoptosis in DN3 progeny. Elucidating
whether the two daughters exhibit differential self-renewal, sus-
ceptibility to apoptosis, differentiation, or cell divisions will re-
quire longitudinal analysis of cell differentiation, division, and
death as cells progress beyond DN3a. However, the dramatic
changes in proliferation observed in the Scribble-deficient cells
in vitro, and the shifts in proportions of cells before and after the
[-selection checkpoint both in vitro and in vivo, suggest that the
alterations in fate of the DN3a progeny can profoundly impact
the subsequent expansion of B-selected cells.

Together, these findings indicate that DN3a thymocytes
undergo ACD to regulate downstream fate determination and
begin to elucidate the mechanisms by which ACD is regulated.
Interactions between the stromal cell and the DN3a thymocyte
orchestrate polarity that is dependent on CXCR4 signaling.
This interaction leads to polarization of the cell fate regula-
tors Numb and a-Adaptin and alignment of the polarity axis
with the mitotic spindle to ensure their differential inheri-
tance into the two daughter cells and subsequent differences
in fate programming in each daughter cell. The tractability
of experimental systems for the study of T cell development,
combined with the rich knowledge of molecular pathways
involved (Yui and Rothenberg, 2014), mean that this model
system is likely to prove extremely useful for dissecting how
ACD controls fate decisions.
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Materials and methods

Primary thymocyte co-culture and mouse strains

E13.5-14.5 mouse fetal liver cells or bone marrow cells (isolated
from C57BL/6 or littermate-matched Scribble~~ mice) were used as
hematopoietic progenitors and seeded onto OP9-DL1 stromal cells
(received from Juan-Carlos Zufiga-Pfliicker, University of Toronto,
Sunnybrook Health Sciences Centre, Toronto, Ontario, Canada) at a
1:1 ratio in a 6-well plate (2 x 10°) or a 12-well plate (10°) for differ-
entiation of fetal liver cells into thymocytes in MEM Alpha modifica-
tion supplemented with 10% vol/vol FCS, 1-nM L-glutamine, 50-uM
B-mercaptoethanol, 1-nM sodium pyruvate, 10-mM Hepes, 100 ng/
ml penicillin/streptomycin, 1 ng/ml mouse interleukin 7, and 5 ng/
ml mouse Feline McDonough strain sarcoma virus—like tyrosine ki-
nase 3. Thymocytes were harvested via forceful pipetting and co-cul-
tured on freshly seeded OP9-DL1 stromal cells every 3-8 d. C57BL/6,
B6-Ptprca, and Scribble~'~ (C57BL/6 background) 6-12 wk old were
used. All mice were maintained in a specific pathogen-free environ-
ment with food and water freely available. C57BL/6 and Ptprca mice
were obtained from the Walter and Eliza Hall Institute of Medical Re-
search animal breeding facility, and Scribble mice were obtained as
described previously (Pearson et al., 2011). All experiments on mice
were performed in accordance with the Animal Experimentation Eth-
ics Committee of the Peter MacCallum Cancer Centre. For analysis
of differentiation and proliferation, purified DN3 thymocytes were
co-cultured on OP9-DLI stromal cells and treated in the presence
or absence of 2 ug/ml AMD3100 (Sigma-Aldrich) before harvesting
and assessment of proliferation and differentiation by flow cytometric
analysis of fixed confocal analysis.

Retroviral transduction

Phoenix E cells (provided by Garry Nolan, Stanford University, Stan-
ford, CA) were maintained at 37°C and at 10% CO, in Dulbecco’s min-
imal essential medium supplemented with 10% vol/vol FCS and 1-mM
L-glutamine. Calcium phosphate transfection was performed on Phoe-
nix E cells with 5 ug of the following pMSCV retroviral constructs:
Cherry, GFP, Cherry-tubulin, GFP-Numb, GFP-Numb2a, Cherry—a-
Adaptin, and GFP-Scribble in 10-cm dishes (Corning). Viral super-
natant was harvested 48 h after transfection, concentrated, and added
to 6-well plates that had been precoated with 15 pg/ml RetroNectin
(Takara Bio Inc.) and blocked in 2% BSA/PBS. After addition of the
viral supernatant, plates were spun at 2,000 g for 1 h and incubated for
4hat37°C. 1-4 x 10° bone marrow/E14.5 fetal liver cells or 1-4 x 10°
thymocytes (day 6-8 co-culture) were added, and plates were spun for
1 h at 1,200 g and sorted by flow cytometry after 24 h for live imaging,
re—co-culture, or reconstitution into sublethally irradiated B6-Ptpcra
mice. For assessment of protein level inheritance by flow cytometry,
transduced thymocytes were labeled with 2.5-uM CTV (Invitrogen)
before flow cytometric sorting and culture on OP9-DL1 stromal cells.

Flow cytometry

Retrovirally transduced cells were sorted on the basis of GFP or Cherry
fluorescence on a FACS (FACSVantage; BD). DN3 thymocytes were
isolated on the basis of surface expression (CD25+/CD44°9/CD4-/
CDS8-, lineage negative: Macl-/CD37/RB6-8C5-/NK1.1-/Ter1197),
and DN3a and DN3b were further discriminated on the basis of CD28
expression (all antibodies were either anti-rat or anti-mouse and pur-
chased from eBioscience or BD unless otherwise specified). DN3 or
DN3a cells were also sorted for GFP or Cherry fluorescence if trans-
duced. Proliferation and viability were analyzed by staining with
CTYV and Fluorogold, and/or thymocyte subsets were characterized by
staining lineage negative (Macl=/CD3-/RB6-8C5-/NK1.1-/Ter119-)
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for the cell surface markers CD44/CD25 to determine the percentage
of DN1-4 subsets, CD28 to determine the percentage of DN3a and
DN3b, and CD4 and CD8 to determine the percentages of DN and
DN and SP populations. Before antibody staining, Fc receptors were
blocked by incubation with 2.4G2.

Immunofluorescence and fixed image acquisition by confocal
microscopy

7 x 10° OP9 or OP9-DL1 stromal cells were seeded in each well of
an 8-well chamber slide (Thermo Fisher Scientific) and left to adhere
overnight. 1-4 x 10* thymocytes were added with fresh media and
co-cultured for 1-2 d. Cells were then fixed, permeabilized, and stained
as previously described (Ludford-Menting et al., 2005). All cells were
then labeled with primary antibodies as mentioned, labeled with sec-
ondary antibodies, and mounted in ProLong gold antifade (Molecular
Probes). The slides were examined at room temperature using a confo-
cal microscope (FluoView FV1000 BX61; Olympus) and a UIS2Pla-
nApoN 60x 1.42 NA oil immersion objective. 3D images of the cells
were acquired with a z distance of 0.5 um. Maximum intensity projec-
tions of z sections spanning the entire cell were used for all analyses
using FluoView software (version 1.7b; Olympus).

Image acquisition and quantification using TACTICS software platform
DN3 thymocytes were seeded at a 1:1 ratio onto stromal cells (2 x
10* cells) in an 8-well chamber slide (ibidi) containing 250 x 250—
um cell paddocks prerinsed with ethanol and filled with MEM Alpha
modification (Daniel Day, Swinburne University and Microsurfaces,
Melbourne, Australia; Day et al., 2009). Multiple stage positions were
acquired on a confocal microscope (TCS SP5 CLSM; Leica) using a
63x 1.3 NA glycerol immersion objective (corresponding to a pixel
size of 0.481 x 0.481 pm) for every 2 min for up to 24 h, with five-slice
z stacks of 2-3-um thickness taken at every time point. Thymocytes
were imaged in a temperature-controlled chamber at 37°C with 10%
CO, delivered to the chamber.

Images of the parent cell and daughters were used to create mon-
tages orientated along the major axis to enable qualitative assessment
of fluorescence distribution. To quantify fluorescence in all divisions,
we applied a PR equation to the thymocytes, PR = (XH1 — XH2)/(ZH1
+ XH2), where the difference in total intensity between daughter 1
(£H1) and daughter 2 (£H2) was divided by the sum of intensities in
both daughter 1 (H1) and daughter 2 (H2) one frame after division,
similar to that previously described (Oliaro et al., 2010; Pham et al.,
2013). However, as it was unknown which daughter thymocyte was
HI1 or H2 (i.e., proximal or distal), absolute PR values were taken
to obtain PR values between 0 (completely symmetric) and 1 (com-
pletely asymmetric). Additionally, the control protein allowed control
for differences in the focal plane for H1 and H2. The PR values for
the test proteins were plotted against the respective Cherry PR values
for each division (Shimoni et al., 2014), and the significance was as-
sessed using a paired ¢ test.

Transwell chemotaxis assay

24-well Transwell plates and 5-um pore size inserts (Corning) were
coated in 500 pl (plate) and 100 pl (insert) of 0.1% BSA/PBS over-
night at 4°C. Plates and inserts were dried at room temperature be-
fore adding media (as described in the first Materials and methods
section) containing either 40 pg/ml CXCL12/SDFla (PeproTech) or
1% BSA. 10° sorted thymocytes (in 100 ul in the same media) were
overlaid on top of each Transwell plate and allowed to migrate for
2 h at 37°C with 10% CO,, to which the percent migrated (output)
was calculated as a proportion and fold change from the original input
numbers of sorted thymocytes.
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Statistics

All data from flow cytometry, immunofluorescence staining, time-lapse
microscopy, and mouse data were assumed to have normal distribu-
tions. Unpaired Student’s ¢ tests were performed with the exception
of the PR scatterplots, in which paired ¢ tests were performed between
control and test PR values.

Mathematical models of thymocyte development from DN3a to DP:
SCD and ACD

Experimental evidence that guides mathematical model development.
In this section, we introduce some hypotheses to build a mathematical
model of the evolution of the populations of thymocytes (from DN3a
to DP). These hypotheses are introduced in light of the experimental
results of the manuscript. We consider the following five thymocyte
populations. (1) x, are DN thymocytes at stage 3a-pre describing the
stage before the first DN3a division and so are not permitted to progress
to DN4 (Kreslavsky et al., 2012). These cells die and divide but do not
differentiate. (2) y, are DN thymocytes at stage 3a-post. These cells
originate from the 3a-pre thymocytes after one round of division. These
cells die, divide, and differentiate into DN3b thymocytes. (3) x;, are DN
thymocytes at stage 3b. These cells die, divide, and differentiate into
DN4 thymocytes. (4) x, are DN thymocytes at stage 4. These cells die,
divide, and differentiate into DP thymocytes. (5) x, are DP thymocytes.
These cells die, divide, and differentiate into SP thymocytes (which are
not included in the model).

Cell death. We assume all five populations can die (in princi-
ple): (1) x, cells have a per cell death rate of uf™; (2) y, cells have a
per cell death rate of u?°; (3) x,, cells have a per cell death rate of u,
; (4) x, cells have a per cell death rate of u,; and (5) x, cells have a
per cell death rate of u,.

Cell proliferation. We assume the following proliferation rules.
x , cells can proliferate with a per cell rate of A , P. This proliferation
event can be SCD (producing two daughter cells that are identical to
each other but of type DN3a-post), or it can be ACD (producing one
daughter cell that is identical to the mother cell, of type DN3a-pre, and
a second daughter cell of type DN3a-post). y, cells can proliferate
with a per cell rate of A ,P*t. This proliferation event can be SCD
(producing two daughter cells that are identical to the mother cell, of
type DN3a-post), or it can be ACD (producing one daughter cell that is
identical to the mother cell, of type DN3a-post, and a second daughter
cell of type DN3b). n ,, cells can proliferate with a per cell rate of A .
This proliferation event is assumed to be SCD (producing two daugh-
ter cells that are identical to the mother cell). n , cells can proliferate
with a per cell rate of A ,. This proliferation event is assumed to be
SCD (producing two daughter cells that are identical to the mother
cell). n , cells can proliferate with a per cell rate of A ,. This prolifer-
ation event is assumed to be SCD (producing two daughter cells that
are identical to the mother cell).

Cell differentiation.We assume the following differentiation
rules. x, cells are assumed not to be able to differentiate. They only die
or proliferate. y, cells differentiate to yield cells of type x, with a per
cell rate of &,. x, cells differentiate to yield cells of type x, with a per
cell rate of &,. x, cells differentiate to yield cells of type x, with a per
cell rate of &,. x, cells differentiate to yield cells of another type (SP),
not considered in the model, with a per cell rate of £,,.

Source term of DN3a-pre thymocytes.We assume that DN3a-
pre cells are generated from DN2 cells as follows: DN2 cells provide
an overall flux of DN3a-pre cells (as they differentiate from DN2 to
DN3a-pre) given by ¢, (number of cells per unit of time).

Dynamical equations for the thymocyte populations. Model 1:
SCDs only. In this model, we assume that all divisions, at any stage of
differentiation, are symmetric. In this case, the equations are given by

dx“ = — Jpre — gy pre
dr Da o Xa a0 Xas

dyq
dt =2 )"gre Xy +}'(5)OSL Ya ™ 551 Ya _'u‘rlmsl Yas

dx,,
o = % Yo+ Ay Xp =y Xy iy Xy

dx,

ar Cp Xy Ay X4 =&y X4~ 1y Xy,
and

dx, )

a Sa Xyt Ay X, =G, X, My X,

Model 2: One ACD (from DN3a-pre thymocytes). In this model, we
assume that all divisions (but one), at any stage of differentiation, are
symmetric. We allow for ACD to take place when DN3a-pre thymo-
cytes proliferate. In this case, the equations are given by

dx,
dt = (pu - Ere xm
dy,
Tyt = A X F AN YT G Va T 1 Ve
dx,
a Ca VaT Ay Xy = &y X~ [y X,
dx, . ;
T = S Xt A xa— Xy Xy
and
dx,
o T S Xa Ty X, TG X, T, X,

Model 3: One ACD (from DN3a-post thymocytes). In this model, we
assume that all divisions (but one), at any stage of differentiation, are
symmetric. We allow for ACD to take place when DN3a-post thymo-
cytes proliferate. In this case, the equations are given by

dx" = — )pre — 4, pre
dt = Qg o Xa T Mo X

dy,
dt = Zj'gre xaiiayai gOStya’
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dx,, .
T = MVt & yat A Xy G Xy 1y X
dx
7; = Gxyt Ay xg— &y Xy py Xy,
and
dx, ) )
- S Xa Ay X, =G X, Tty Xy

Steady-state solutions and their stability. Model 1: SCDs only. If
we assume steady-state conditions, we obtain

0 = Pa _/‘Lgre Xa ™ l;])re Xa>

Pa

#(sym) — "4
‘xa 4 (i[},)re +Iu5re)a

0 = 2207 x, T A0 ¥, =& Vo= 18 Voo
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yaem = (CARSF &+ o)y

2 )Lgre (pﬂ
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& it
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Yo At &t )

& 228 Pa
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S Ca
(A&t ) CA+ &t )
2 0.
(ZAZO A &yt ppost) (A + pe)?

x:(sym) =
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2 x(sym)
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r A+ +um)
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& &
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& 275 Pa
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The existence of this steady state requires the following conditions (on
the parameters of the model):

7/1}190& + é,; +Iuapost > 0 = é’a +Iugost > /‘Lgost’

~hy TG, > 0= Gty > Ay,

Iyt éitu, > 0= Gtuy > Ay,
and

“hrote, > 0= gt > A,

We do not provide the details here, but it is easy to show that the previ-
ous conditions guarantee that the steady state defined by x;ym, yxym
xpeym | xieym and x;Y™ is a stable steady state.

Model 2: One ACD (at the stage of DN3a-pre thymocytes). If we
assume steady-state conditions, we obtain

= — e
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The existence of this steady state requires the following conditions (on
the parameters of the model):

_/L]lmst + é:a +Iugost > 0 = éa +Iu‘]1)051 > j“]z)ost,

Ayt G, > 0= Gt > A,

gt &ty > 0 = Stuy > Ay,
and

—Ap+§p+ﬂp > 0 > §p+,up > ip.
We note that these conditions are the same as those required in the

SCD model (model 1). Finally, we do not provide the details here,
but it is easy to show that the previous conditions guarantee that

the steady state defined by x;@¥ym2)  yx@ym2) = ysasym2) - y«@sym) = apd
x;@sym2) is a stable steady state.

Model 3: One ACD (from DN3a-post thymocytes). If we assume
steady-state conditions, it is easy to show, as described in the previous
two sections, that the steady state in this case is given by

Pa

#(asym3 = ——re
xa (d ym ) )H(I‘)TE +ﬂ‘]l)fe’

jpre
245 P

yasmd) - = (& upot) e+ e

sy LI 2,
o oy + &+ i) G ) A+
&
x(asym3) — =
4 (A + &+ uy)
GUrE) 20 g,
(2t ) (&t pE™) 287 + gt
and
&
x*(asym}) = =
P (fﬂp + fp +u p)
$ A +<,) 278 Pa

(Aot &t pg) (CAp+ &G ) (St pf™) AR+ e
The existence of this steady state requires the following conditions (on
the parameters of the model):

At ST, > 0= Gt > A,

Iyt &ty > 0 = Sty > Ay,
and

Iyt &, > 0= & tu, > 4,
Finally, we do not provide the details here, but it is easy to show that the
previous conditions guarantee that the steady state defined by x;@ym3)
yalasymd) - ypasym3) | yx@symd) and xevm3) is a stable steady state.

Model comparison. Models 1 and 2: Comparison between SCD
and ACD at the DN3a-pre stage. We introduce the following ratios:

xgom e 1 1
pre  — = = S
ry X2 - xr(asym2) TR+ 2 e = < 2
e
ppost = yatrm = 2up*
a y;(sym) +y;(asym2) /‘L}Iare + 3#};&3
- xjom 3 2
y = =

XYM+ pasym2) TP+ 3 pupre
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xi«(sym) 2‘ugre

'y = x:(sym) + x;(asyml) = A{]’:re + 3/1},“3’
and
., _ xp*(Sym) _ 2 upre
P x,j(Sym) + xp*(asymZ) /‘L}Iare + 3#51@-

The previous equations indicate that if AP<© > uPre, then
ry < 1/2 and thus x;®&™ < x;@ym2  Conversely, if A < upr, then
ry > 1/2 and thus x;&™ > x;@ym2) The experimental observations
show that Scribble™~ mice have increased DN4 thymocyte counts
when compared with wild-type littermates. That is, ACD events reduce
the population of DN4 thymocytes when compared with a scenario in
which only SCD events are allowed. Mathematically, this implies that
xovm > yx@ym2) Swhich can only hold if A2 < upPr. This requires the
(per cell) proliferation rate of DN3a-pre thymocytes to be smaller than
their death rate. We note that this constraint is not the only one required.
In order for the mathematical model to ensure the existence of a steady-
state solution, the following constraints are also required (as discussed
in the previous Model 1 and Model 2 sections): &, + uPost > APt &, + u,
>Nyy Eg+ 1y >hy, and §, +p, > M,

In summary, if ACD reduces DN4 thymocyte counts (as sup-
ported by the experimental work) and ACD takes places at the DN3a-
pre stage, mathematical modeling predicts the following conditions on
the parameters: ubr > Mre, €+ ubost > APOSU &+ py > Ny, Ey + 1y >
Ay, and &, +pu,> M,

Models 1 and 3: Comparison between SCD and ACD at the
DN3a-post stage. We define the following ratios:
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post = yasm _ Gt ug o1
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_mem (AT
ry, = x;(sym) +x;(asyn13) - A;“S‘(—A,g"’ﬂ +ﬂ£os‘)+2 f,,(f,, +/ugnsl)5
- xgovm _ (Gt
Iy x:(sym) + x:(asymS) /"Lupost(fiupost + H(]fos!)+2 é:a(él + Iuaposl)a
and
P & e,
)4 x;(sym) + Xp*(asym}) }L)I)osl(f}ﬁ}l)ost + #}‘)osl)+2 fq(éu + lugos!) .

The previous results indicate that if AR > upost, then r, > 1/2
and thus x;&™ > x;@ym3  Conversely, if AR < upost, then r, < 1/2
and thus x;®™ < xj@ymd) If Apost = ypost  the ratios are all equal to
1/2 and both models generate the same number of cells (Models 1 and
3). The experimental observations show that Scribble~~ mice have in-
creased DN4 thymocyte counts when compared with wild-type litter-
mates. That is, ACD events reduce the population of DN4 thymocytes
when compared with a scenario in which only SCD events are allowed.
Mathematically, this implies that x;®™ > x;@ym3 = which can only
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hold if Apst > ppost. This requires the (per cell) proliferation rate of
DN3a-post thymocytes to be larger than their death rate. We note that
this constraint is not the only one required. In order for the mathe-
matical model to ensure the existence of a steady-state solution, the
following constraints are also required (as discussed in sections Model
1: SCDs only and Model 2: One ACD): &, + upo' > A, €, + py, > Ay,
Estuy>hy,and &+, > A,

In summary, if ACD reduces DN4 thymocyte counts (as sup-
ported by the experimental work) and ACD takes places at the DN3a-
post stage, mathematical modeling predicts the following conditions
on the parameters: &, + ufot > APOSU> yPost &+, > Ny, E4 + 1y >
Ay, and &, +u, > A,

Online supplemental material

Fig. S1 shows that blinded qualitative or quantitative assessment yields
similar information regarding the polarization during interphase in im-
munofluorescence experiments. Fig. S2 (related to Fig. 1) shows gene
expression analysis of polarity and cell fate proteins in major thymo-
cyte subsets, as derived from the Immgen database. Fig. S3 (related to
Fig. 2) shows further examples of asymmetry during thymocyte divi-
sion, shows how cutoff values to assign each division as ACD or SCD
were derived, and shows the relationship between cell division and
differentiation of DN3a cells as determined by CTV labeling and flow
cytometry. Fig. S4 (related to Fig. 2) demonstrates, with time-lapse im-
aging of DN3 thymocytes transduced with Cherry-tubulin OP9-DL1
stromal cells, that DN3 thymocytes divide in a variety of orientations.
Online supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.201502053/DC1.
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