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SUMMARY

Tissue homeostasis depends on precise yet plastic
regulation of stem cell daughter fates. During growth,
Drosophila intestinal stem cells (ISCs) adjust fates by
switching from asymmetric to symmetric lineages to
scale the size of the ISC population. Using a combi-
nation of long-term live imaging, lineage tracing,
and genetic perturbations, we demonstrate that this
switch is executed through the control of mitotic
spindle orientation by Jun-N-terminal kinase (JNK)
signaling. JNK interacts with the WD40-repeat pro-
tein Wdr62 at the spindle and transcriptionally re-
presses the kinesin Kif1a to promote planar spindle
orientation. In stress conditions, this function be-
comes deleterious, resulting in overabundance of
symmetric fates and contributing to the loss of tissue
homeostasis in the aging animal. Restoring normal
ISC spindle orientation by perturbing the JNK/
Wdr62/Kif1a axis is sufficient to improve intestinal
physiology and extend lifespan. Our findings reveal
a critical role for the dynamic control of SC spindle
orientation in epithelial maintenance.

INTRODUCTION

In many tissues, somatic stem cells (SCs) maintain regenerative

capacity. SC population size and proliferative activity are tightly

regulated to ensure effective regenerative responses to damage,

without causing ectopic growth. Processes to expand or restore

SC populations have been described in various tissues and may

be evolutionarily conserved (O’Brien et al., 2011; Tata et al.,

2013; Yan et al., 2017). These processes include de-differentia-

tion of differentiated cells into tissue SCs (Lucchetta and Ohl-

stein, 2017; Tata et al., 2013; Tetteh et al., 2016; Tian et al.,

2011), as well as changes in SC division modes (O’Brien et al.,

2011). SC division modes in which both daughter cells become

SCs (symmetric outcomes) can increase the proportion of SCs

in the tissue, whereas division modes in which SCs self-renew

and generate a differentiating daughter cell (asymmetric out-

comes) maintain a homeostatic balance of SCs to differentiated

cells (Keyes and Fuchs, 2018; Morrison and Spradling, 2008;
Cell Repo
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Venkei and Yamashita, 2018). The ratio of symmetric to

asymmetric outcomes must be carefully regulated to properly

respond to environmental perturbations and maintain

homeostasis.

Intestinal stem cell (ISC) divisions in Drosophila represent an

ideal model system to study the regulation of SC division modes

during regeneration, growth, damage, and aging. TheDrosophila

intestine is linedwith a pseudo-stratified epithelium that is regen-

erated by ISCs after damage to ensure tissue function (Buchon

et al., 2009b; Micchelli and Perrimon, 2006; Ohlstein and Spra-

dling, 2006). Delta (D1)-expressing ISCs give rise to either enter-

oblasts (EBs), which terminally differentiate into enterocytes

(ECs), or enteroendocrine cells (EEs) (Li and Jasper, 2016; Mic-

chelli and Perrimon, 2006; Ohlstein and Spradling, 2006). These

asymmetric ISC divisions are predominant during homeostasis,

but in periods of growth, most ISC division modes can change to

lead to symmetric outcomes, increasing the number of ISCs

(O’Brien et al., 2011). This switch in division modes is critical to

ensure appropriate epithelial cell composition. During aging,

and in response to excessive oxidative stress, ISC proliferation

and differentiation become deregulated, and the number of

D1-expressing cells increases substantially, reflecting a possible

mis-regulation in the switch from asymmetric to symmetric fates

(Biteau et al., 2008). The molecular and cellular mechanisms

executing this switch have not yet been elucidated.

The cell fate of many dividing cell types during development,

ranging from Drosophila neuroblasts to mammalian radial glial

and epidermal basal cells, is determined by spindle orientation

during mitosis (Lancaster and Knoblich, 2012; Lechler and

Fuchs, 2005; Morin and Bellaı̈che, 2011; Siller and Doe, 2009).

In these cells, cell polarity and spindle orientation are tightly

linked, and a complex composed of polarized cortical proteins

(Baz/Par3, Par6, and aPKC) aligns the mitotic spindle during

asymmetric division through the interaction of cytoplasmic

dynein with a series of scaffolding proteins (Insc, Pins/LGN,

and Mud/NuMA) (Bellaı̈che et al., 2001; Costa et al., 2008; Hao

et al., 2010; Wodarz et al., 1999). In Drosophila neuroblasts,

cell fate determinants promoting differentiation are then segre-

gated along the apical-basal axis into the two daughter cells dur-

ing anaphase to drive cell fate specification (Doe et al., 1991;

Knoblich et al., 1995; Shen et al., 1997). Although the role of spin-

dle orientation in driving symmetric versus asymmetric divisions

is conserved among many developing epithelial tissues (Siller

and Doe, 2009; Williams and Fuchs, 2013), in adult tissue, the
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Figure 1. Spindle Orientation Responds to Different Environmental Perturbations

(A) Diagram representing different modes of ISC division in response to different environmental challenges.

(B) Timeline of fasting and refeeding conditions.

(C) Percentage of D1+ cells (ISCs) increased after short-term refeeding but returned to baseline levels after long-term refeeding. Insets depict a likely clone.

(D and E) Quantification of spindle orientation after refeeding conditions (D) and Paraquat treatment versus Ecc15 infection (E).

(F) Percentage of D1+ cells increased after paraquat treatment, but not after Ecc15 infection.

(G) Intestines imaged live ex vivo (hours:minutes). Insets depict 3D reconstruction.

(H) Spindle orientation in live ISCs mimicked that of fixed cells.

(I) Changes in spindle orientation between metaphase and anaphase.

(legend continued on next page)
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role of spindle orientation during cell fate specification remains

unclear. In the adult Drosophila intestine, the spindle orientation

of dividing ISCs has been implicated in controlling fate specifica-

tion (Goulas et al., 2012), but the extent to which spindle orienta-

tion affects fate is unclear and controversial: a role for integrins

has been proposed to determine spindle orientation and pro-

mote asymmetric segregation of Par3, Par6, and aPKC, resulting

in asymmetric activation of Notch in the two daughter cells (Gou-

las et al., 2012), while other studies have observed an initial sym-

metric segregation of D1 and Notch in the two daughter cells and

repression of Notch target genes in ISCs to preserve their iden-

tity (Bardin et al., 2010; Li and Jasper, 2016; Micchelli and Perri-

mon, 2006; Ohlstein and Spradling, 2006). These models are not

mutually exclusive, yet a deeper understanding of the dynamics

of spindle orientation and cell fate is critical.

Here, we demonstrate that SC spindle orientation and cell fate

in the adult Drosophila intestine are tightly linked. We find that

transient Jun-N-terminal kinase (JNK) activation promotes the

symmetric outcome of ISC divisions during intestinal growth.

JNK regulates spindle orientation both directly, through recruit-

ment ofWdr62 to the spindle, and transcriptionally, by repressing

the expression of Kif1a (Unc-104), a kinesin implicated in promot-

ing asymmetric divisions in rat radial glial cells (Carabalona et al.,

2016). Chronic activation of this regulatory process by stress and

aging results in cell fate defects by orienting ISC spindles planar

to the basal surface. Accordingly, restoring normal spindle orien-

tation in aging and stress conditions restores normal cell fates,

preserves thebarrier functionof the intestine, and increasesover-

all longevity. Our results deepen our understanding of cell fate

regulation in barrier epithelia and identify potential intervention

strategies toward preserving long-term tissue homeostasis.

RESULTS

Dynamic Spindle Orientation in Intestinal Stem Cells
To gain deeper insight into the cellular mechanisms controlling

ISC cell fate, we asked whether the previously described switch

from asymmetric to symmetric lineages during adaptive tissue

resizing (O’Brien et al., 2011) (Figure 1A) would be reflected in

the spindle orientation of mitotic ISCs. We induced adaptive re-

sizing by fasting flies for a week, followed by refeeding (Fig-

ure 1B). The low-level mitotic activity observed in the intestine

of normally fed flies in homeostasis (quantified by phospho-his-

tone H3 [PH3] staining) declined after 7 days of protein depriva-

tion on 1% sucrose (fasting) (Figure S1A) but was restored after a

3-day refeeding period (short-term refeeding). Consistent with

this fluctuation in mitotic activity, intestinal size decreased after

fasting but returned to normal after refeeding for 7 days (long-

term refeeding) (Figure S1B). Consistent with previous studies

(O’Brien et al., 2011), these changes in intestinal size were

accompanied by an increase in the percentage (relative

numbers) of ISCs, as determined by D1 expression after

3 days of refeeding and a return to normal levels after 7 days (Fig-
Mean ± SD (C and F); n = 9 flies (C and F) and n = 11 cells from 6 flies (H and I), wit

*p < 0.05, **p < 0.01, ***p < 0.001, based on a Kruskal-Wallis test (C–F) or Mann-W

5 mm (G).

See also Figure S1 and Videos S1 and S2.
ure 1C). These transient feeding-induced changes in Dl+ cell

numbers have been described as a consequence of transitions

between symmetric and asymmetric outcomes (O’Brien et al.,

2011). To test whether they are accompanied by changes in

mitotic spindle orientation, we performed immunostaining

against a- and g-tubulin (microtubules and centrosomes,

respectively) and assessed spindle orientation in relation to the

basement membrane by using 3D reconstruction (Figures 1D

and S1C–S1E). The orientation of the epithelial basement mem-

brane was visualized either using Viking-GFP (a protein-trap line

reporting expression of the Drosophila collagen Viking) (Buszc-

zak et al., 2007) or using fluorescently tagged phalloidin (which

visualizes the visceral muscle underlying the basement mem-

brane) (Figures S1D and S1E). Consistent with previous reports

(Goulas et al., 2012; Ohlstein and Spradling, 2007), mitotic

ISCs in homeostatic conditions displayed both planar spindles

(�0�–15� relative to the basement membrane) andwidely distrib-

uted, oblique spindle angles (Figure 1D). After short-term refeed-

ing, however, nearly all ISC spindles were planar. After long-term

refeeding, spindles returned to amix of planar and oblique orien-

tations, suggesting that spindle orientation responds dynami-

cally to growth cues and may be associated with the change

from asymmetric to symmetric outcomes.

We asked whether dynamic ISC spindle reorientation would

also be observed during damage-induced regeneration by in-

fecting flies with Erwinia carotovora carotovora 15 (Ecc15), a

gram-negative bacterium that damages differentiated entero-

cytes and induces a rapid but controlled regenerative response

in the Drosophila intestine, before being cleared from the gut

(Ayyaz and Jasper, 2013; Buchon et al., 2009b). Ecc15 exposure

increased mitotic activity (Figure S1F) but did not affect spindle

orientation or relative D1+ cell numbers substantially from

homeostatic conditions (Figure 1E), suggesting that oblique

spindles are preferred for regenerative conditions, in which pre-

dominantly asymmetric outcomes of ISC divisions are

necessary.

However, we observed a significant shift in ISC spindle orienta-

tion when subjecting flies to more severe stress conditions.

Oxidative stress triggered by exposure to paraquat induces a

well-described response that is long lasting, resulting in dysplastic

epithelial phenotypes reminiscent of age-related epithelial

dysfunction (Biteau et al., 2008). In these conditions, ISC prolifer-

ationwas also increased, but spindles reoriented planar relative to

the basement membrane (Figure 1E). Paraquat exposure also led

to an increase in relative numbers of Dl+ cells, suggesting a sym-

metric outcome of these divisions (Figures 1F and S1G). In these

conditions, the relative numbers of fully differentiated cell types

(ECs and EEs) in the epithelium decreased (Figure S5A).

Spindle Orientation Determines Symmetric versus
Asymmetric Fate Specification
Our quantifications of Dl+ cells in different conditions indicated

that changes in spindle orientation correlate with changes
h spindle orientation quantified from 15–30 flies (D and E); N.S., not significant;

hitney test (H and I). Red bar, mean (D, E, H, and I). Scale bars, 20 mm (C) and
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between symmetric and asymmetric outcomes of ISC divisions.

To test this, we first explored the kinetics of spindle dynamics in

real time, visualizing spindle orientation dynamics using an

ex vivo culture system for the fly intestine (Deng et al., 2015).

We imaged mitotic events in live intestines of flies expressing a

GFP-tagged version of themicrotubule plus-end tracking protein

EB1 in ISCs (Figures 1G and 1H) (Rogers et al., 2002). EB1-GFP

labels the mitotic spindle throughout M phase, allowing dynamic

tracking of spindle orientations (Figure 1H; Videos S1 and S2). In

response to Ecc15 exposure, the spindle often rotated between

metaphase and anaphase, suggesting dynamic realignment of

the spindle during mitosis (Figures 1G and 1H), similar to obser-

vations in homeostasis (Martin et al., 2018). This rotation was

less common and dramatic after paraquat treatment and re-

sulted in a more planar spindle orientation during anaphase,

consistent with our observations in fixed tissue. We also

measured spindle orientation in live tissue after short-term re-

feeding and observed largely planar spindles with minimal rota-

tion (Figure S1H).

To ask whether the observed changes in spindle orientation

correlate with fate switches in the ISC lineage, we performed

twin-spot mosaic analysis (Yu et al., 2009). In this approach,

the two daughter cells of an ISC division are differentially labeled

with GFP or RFP. Subsequent lineage tracing of each daughter

cell then allows retroactive specification of the fate of the two

cells (Figures 2A and S2). ISCs from flies exposed to either

mock treatment or Ecc15 infection exhibited largely asymmetric

divisions (resulting in lineages in which all cells were given the

same color, because the differently labeled daughter cell differ-

entiates and is eventually shed without generating a labeled

clone of cells), confirming the asymmetric outcome of divisions

with oblique spindle orientations (Figure 2A). Paraquat treat-

ment, in turn, resulted in largely symmetric divisions, as repre-

sented by closely associated cell clones in different colors.

Short-term refeeding also resulted in largely symmetric divisions,

consistent with the observed shift from oblique to planar spin-

dles (Figures 1D and 2A). Similarly correlating with a return to ob-

lique spindles, we observed largely asymmetric divisions after

long-term refeeding.

To establish causality between spindle orientation and cell fate

in the ISC lineage, it is essential to directly visualize the connec-

tion between spindle orientation and SC division outcome. We

devised an ex vivo system to capture mitotic ISCs and measure

spindle orientation while following the cell fate of daughter cells.

Enhanced yellow fluorescent protein (eYFP) is expressed specif-

ically and inducibly in ISCs using the Temporal and Regional

Gene Expression Targeting (TARGET) system, involving the

ISC/EB driver escargot::Gal4 in combination with the EB-specific

expression of theGal4 inhibitor Gal80 (Su(H)::Gal80) (Wang et al.,

2014) and ubiquitous expression of temperature-sensitive Gal80

(tub::Gal80ts) (McGuire et al., 2004). A daughter EB is identified

by mCherry driven by the Su(H) promoter. As such, asymmetric

division generates a YFP+/mCherry+ cell and a YFP+ cell, while

symmetric division generates two YFP+/mCherry� cells (Figures

2C, S3, S4A, and S4B; Videos S3, S4, S5, S6, S7, and S8). After

an asymmetric outcome, mCherry fluorescence was, on

average, initially visible in one of the daughter cells 8 h post-

mitosis before increasing in intensity throughout the time lapse
2810 Cell Reports 28, 2807–2823, September 10, 2019
(Figure S4B). Symmetric outcomes were only scored at the

end of the time lapse, averaging 12 h post-mitosis (Figure S4B).

We followed ISC daughter cells, determined their fate, and

then retroactively measured spindle orientation. Neighboring

stem cells line the basement membrane and were used to esti-

mate its location, whereas the spindle was estimated by

measuring the vector bisecting the two segregating cell bodies

(Figures 2B, 2C, S3, and S4C). All asymmetric lineages were

generated from oblique spindles (>15�; n = 12/12), and nearly

all symmetric lineages were generated from planar spindles

(%15�; n = 32/34) (Figures 2B, 2C, and S3). Consistent with pre-

vious observations, spindles were mostly oblique after Ecc15

infection, whereas spindles were mostly planar after paraquat

treatment or short-term refeeding (Figure S1C) (homeostatic

conditions were not examined, because mitotic events are rare).

Altogether, these data support the idea that changes in spindle

orientation are associated with the transition from asymmetric to

symmetric SC outcomes in the adultDrosophila intestine. Exces-

sive stress seems to prevent the acquisition of oblique spindles

and thus result in disproportionate amounts of symmetric divi-

sions. We hypothesized that stress-induced regulators of ISC

activity may be involved in the physiological control of ISC spin-

dle orientation to promote excessive symmetric fate specifica-

tions. To test this hypothesis, we asked whether JNK signaling

may be influencing ISC spindle orientation.

Activation of the JNK Pathway Promotes Planar Spindle
Orientation
The JNK pathway is evolutionarily conserved and induces ISC

divisions in response to stress, including paraquat, through

both cell-autonomous mechanisms (Biteau et al., 2008, 2010)

and non-autonomous mechanisms (Jiang et al., 2009; Patel

et al., 2015). Chronic or excessive activation of JNK can lead

to epithelial dysplasia that is characterized by ISC overprolifera-

tion and the excessive production of Dl+ cells (Biteau et al.,

2008). The mitotic response to JNK activation is mediated by

the transcription factor Fos (Biteau et al., 2011), yet how JNK

promotes the excess production of Dl+ cells remains unclear.

We assessed the presence of phosphorylated JNK (pJNK) in

mitotic ISCs under varying conditions using immunohistochem-

istry with a previously described antibody that cross-reacts with

Drosophila pJNK (Igaki et al., 2009; Wang et al., 2014). As ex-

pected, pJNK could not be detected in mitotic ISCs under ho-

meostasis (in normally fed animals) (Figures 3A and S5D). After

fasting and short-term refeeding and paraquat treatment, how-

ever, pJNK was detected at the mitotic spindle in dividing

ISCs. This signal was not observed after long-term refeeding

or in Ecc15-infected animals (Figures 3A and S5D). The differ-

ence in JNK activity in ISCs of Ecc15- and paraquat-exposed an-

imals is consistent with the notion that Ecc15 infection is a less

severe and transient form of stress, whereas paraquat exposure

leads to significant and long-lasting oxidative stress. Consis-

tently, paraquat resulted in long-lasting epithelial dysplasia

(characterized by increases in PH3+ cell numbers and in D1+

cell numbers) that was observed even 24 h after transferring flies

to normal food (Figures S5B and S5C). In contrast, both PH3+

and D1+ cell numbers returned to baseline numbers after a

24-h recovery from Ecc15 infection.
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Figure 2. Spindle Orientation Is an Indicator of Cell Fate

(A) Quantification and representative image of twin-spot clones.

(B and C) Quantification (B) and montage (C) of symmetric versus asymmetric outcomes after live imaging of ex vivo intestines. Telophase-cytokinesis was set at

00:00 (hours:minutes). During a symmetric outcome, the dividing cell (�00:30–00:00) forms two daughter cells that remain mCherry� for the duration of the video

(08:00). During an asymmetric outcome, the dividing cell (�01:15–00:00) forms two daughter cells. One of the daughter cells remains mCherry�, whereas the

other daughter cell becomesmCherry+ (arrow, 06:30). Cell bodies are outlined with green for mCherry� and red for mCherry+. Insets depict 3D reconstruction of

the two segregating cell bodies (arrowhead and outlined).

Mean ± SD; n = 133 (young), 112 (short-term refeed), 63 (long-term refeed), 42 (paraquat), and 84 (Ecc15) clones from R10 flies per condition (A), with spindle

orientation quantified from 26 flies (B); N.S., not significant; ***p < 0.001, based on a chi-square test (A) or Mann-Whitney test (B). Red bar, mean (B). Scale bars,

20 mm (A) and 5 mm (C).

See also Figures S2–S4 and Videos S3, S4, S5, S6, S7, and S8.
Because the recruitment of pJNK to the spindle correlated

with the reorientation of spindles, we asked whether JNK activ-

ity controlled spindle orientation. Using the TARGET system

(Wang et al., 2014), we activated JNK inducibly and specifically

in ISCs, either by overexpressing JNK (Drosophila hemipterous

[Hep]) or by knocking down puckered (puc), which encodes a

JNK phosphatase (Jiang et al., 2011; Martı́n-Blanco et al.,

1998; Nam et al., 2012; Wang et al., 2003). Overactivating

JNK in ISCs shifted spindles toward planar orientations and

increased the relative numbers of D1+ cells, phenocopying
growth and stress conditions (Figures 3B and 4E). Long-term

live lineage tracing experiments revealed that depletion of

Puc resulted in only symmetric lineages (all of which were

derived from planar spindles) (Figure 4F). Conversely, disrupt-

ing the JNK pathway in ISCs by expressing a kinase-dead,

dominant-negative form of the Drosophila JNK Basket (BskDN)

(Jasper et al., 2001) prevented the shift to planar orientation af-

ter paraquat treatment (Figure 3B) (this did not cause

apoptosis, as determined by cleaved caspase-3 staining; Fig-

ures S6B and S6C). Expression of BskDN also prevented the
Cell Reports 28, 2807–2823, September 10, 2019 2811
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Figure 3. JNK Activity Promotes Planar

Spindle Orientation

(A) Triple staining with anti-phosphorylated-JNK

(pJNK), anti-phospho-histone H3 (PH3), and anti-

a-tubulin revealed pJNK localization at the spindle

after paraquat or short-term refeeding.

(B) Quantification of spindle orientation.

(C) Quantification of mitotic ISCs in whole gut after

BskDN expression.

Mean ± SEM (C); n R 20–28 cells from R16 flies

(A), n = 9 flies (BskDN Short RF), or nR 16 flies (C),

with spindle orientation quantified from 18–35 flies

per condition (B); N.S., not significant; **p < 0.01,

***p < 0.001, based on a chi-square test (A),

Kruskal-Wallis test (B), or Mann-Whitney test (C).

Red bar, mean (B). Scale bar, 5 mm.

See also Figure S5.
shift to planar orientation during short-term refeeding, confirm-

ing that JNK activation is required for the dynamic change in

spindle orientation during adaptive resizing. Expression of lucif-

erase double-stranded RNA (dsRNA) or cytoplasmic GFP alone

did not affect spindle orientation (Figure 3B). Consistent with

previous observations that increasing JNK activity increased

mitotic activity (Biteau et al., 2008), we found that conversely,

disrupting JNK activity using BskDN expression was sufficient

to decrease mitotic events in paraquat-treated or short-term

refed animals (Figure 3C). Altogether, our results suggest that

the association of phosphorylated JNK with the spindle is crit-

ical for the reorientation of mitotic spindles in ISCs during

stress conditions and adaptive resizing.
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JNK Biases Symmetric Lineages by
Decreasing Kif1a-Mediated
Spindle Orientation
JNK can regulate cell function by phos-

phorylating transcription factors to

change the transcriptome. We asked

whether JNK-dependent changes in

spindle orientation may also be influ-

enced in part by the transcriptional in-

duction or repression of selected target

genes. We previously explored the

transcriptome of isolated ISCs from in-

testines exposed to tunicamycin, which

triggers JNK activation in ISCs (Wang

et al., 2014, 2015). Although the expres-

sion of scaffolding proteins involved in

recruiting the spindle (Baz, Insc, Pins,

and Mud) during asymmetric divisions

was largely unaffected, Kif1a, a kinesin

reported to promote asymmetric divi-

sions in embryonic neural stem cells

(Carabalona et al., 2016), was downregu-

lated more than 4-fold (Wang et al., 2014,

2015). Confirming this, qPCR on RNA ex-

tracted from fluorescence-activated cell

sorting (FACS)-sorted ISCs revealed a

6-fold decrease in Kif1a RNA levels after
increasing JNK activity by knocking down puc (Figure 4A). To

assess whether this repression of Kif1a would contribute to the

JNK-induced changes in spindle orientation, we tested the effect

of Kif1a knockdown on spindle orientation of ISCs. Depleting

Kif1a increases planar spindles while overexpressing Kif1a res-

cues the shift in planar spindle orientation caused by paraquat

or puc depletion (Figures 4B, 4C, and S6G). Kif1a-mediated

rescue of oblique spindles in paraquat-treated intestines was

also observed with live imaging (Figure S6A). Kif1a overexpres-

sion did not significantly affect spindle orientation in conditions

in which JNK was not activated (Figure 4B). These data suggest

that Kif1a repression is required downstream of JNK activation

to promote planar spindles. Accordingly, the percentage of
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Figure 4. Wdr62 RNAi and Kif1a Overexpression Rescues Stressed-Induced Effects on Spindle Orientation

(A) Relative mRNA levels of Kif1a, normalized to Actin5c, in ISCs were decreased after pucRNAi.

(B and C) Quantification of spindle orientation after genetic perturbation. Expressing full-length Kif1a or Wdr62RNAi prevented the shift to planar spindles normally

observed after Paraquat (B) or pucRNAi (C). Untreated, mock-treated, and paraquat-treated pucRNAi control data and were taken from Figure 3B, because ex-

periments were done in parallel.

(D and E) Quantification of the percentage of D1+ cells after expressing full-length Kif1a or Wdr62RNAi in Paraquat-treated flies (D) or after genetic perturbations

that promoted planar spindles (E).

(F) Long-term live imaging lineage tracing experiments revealed that PucRNAi generated symmetric lineages, whereas expressing full-length Kif1a in paraquat-

treated flies gave rise to asymmetric lineages.

(G) wdr62 loss of function restored oblique spindles despite paraquat treatment.

(legend continued on next page)
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D1+ cells increased after Kif1a knockdown, while in paraquat-

treated intestines, the percentage of ISCs decreased after

Kif1a overexpression, consistent with increased asymmetric di-

visions after promoting oblique spindles (Figures 4D and 4E). We

ruled out the possibility of mitotic arrest and apoptosis affecting

ISC numbers, observing that all mitoses in Kif1a-overexpressing

ISCs from live-imaged guts continued to completion (n = 21

cells), and overexpressing Kif1a did not affect the mitotic index

or increase the number of cleaved caspase-3+ ISCs (Figures

S6C and S6D; Video S9). We performed long-term live lineage

tracing experiments to directly test whether preventing the shift

to planar spindles in paraquat-treated intestines would restore

asymmetric outcomes. After Kif1a overexpression, 8/9 observed

divisions were asymmetric, even after paraquat exposure

(Figure 4F).

JNK Is Recruited to ISC Spindle by Wdr62 to Promote
Planar Spindles
A role for JNK signaling in modulating spindle orientation has

previously been described in the developing mammalian

neocortex, in which JNK was shown to be recruited to the spin-

dle of mitotic radial glial cells by the WD40-repeat protein Wdr62

(Xu et al., 2014). Wdr62 is a centrosome-associated protein and

a phosphorylation target of JNK (Bogoyevitch et al., 2012; Co-

hen-Katsenelson et al., 2011; Williams et al., 2011, 2014). Loss

of Wdr62 was reported to cause cell fate defects in both

Drosophila and mammalian neural stem cells (Jayaraman et al.,

2016; Lim et al., 2017; Ramdas Nair et al., 2016; Xu et al.,

2014), but the role of Wdr62 in spindle orientation has yet to be

examined in non-neuronal tissue. Given the observed role of

JNK in regulating ISC spindle orientation, we tested whether

Wdr62 would also influence spindle orientation. Overexpression

of Wdr62 in ISCs shifted spindle orientation planar to the basal

surface, while depleting Wdr62 by RNAi in ISCs was sufficient

to prevent the JNK- or paraquat-induced shift toward planar

spindles (in live and fixed tissue) (Figures 4B, 4C, and S6A).

Depleting Wdr62 in mock-treated conditions did not significantly

change average spindle angles (Figure 4B), suggesting that

Wdr62 is specifically engaged to control spindle orientation in

conditions that also activate JNK. Consistent with these changes

in spindle orientation, the percentage of D1+ cells decreased af-

ter Wdr62 depletion in intestines of paraquat-treated animals

and increased after Wdr62 overexpression (Figures 4D and

4E). As an alternative strategy to test Wdr62 function, we gener-

ated ISC lineages homozygous for a wdr62 loss-of-function

allele (wdr62D3-9) (Ramdas Nair et al., 2016) using MARCM

(mosaic analysis with a repressible cell marker) (Lee and Luo,

2001) and compared spindle orientation between mitotic cells

within clones (i.e., Wdr62-deficient ISCs) and outside clones

(i.e., wild-type ISCs). After paraquat treatment, spindles from

control crosses were largely planar in mitotic cells both inside

and outside clones (Figure 4G). In MARCM clones homozygous

for wdr62D3-9, however, spindles were largely oblique even after
Mean ±SD (A, D, and E); n = 3 samples, with 100 flies per sample (A), and n = 9 flies

PucRNAi and 6 flies for Kif1aOE (F), orR15 flies (G) per condition; N.S., not significan

or Kruskal-Wallis test (B–E). Red bar, mean (B, C, F, and G). Scale bar, 20 mm.

See also Figure S6 and Videos S9 and S10.
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paraquat exposure, whereas spindle orientation of mitotic ISCs

outside of clones in flies of the same genotype shifted planar

as expected.

In mouse embryonic neural stem cells, loss of Wdr62 has been

reported to cause defects in spindle assembly, in addition to

changes in spindle orientation, although its exact role remains

controversial (Jayaraman et al., 2016). In the Drosophila intes-

tine, spindle assembly was not obviously affected after Wdr62

knockdown (Figure S6E). Furthermore, all observed mitoses in

live-imaged guts continued to completion (n = 12 cells) (Video

S10), and the number of mitotic cells in whole fixed guts was

no different compared with controls (Figure S6D), suggesting

that in ISCs, Wdr62 plays a specific role in the orientation of

the mitotic spindle. Wdr62RNAi did not seem to cause apoptosis,

because the number of cleaved caspase-3+ ISCs did not in-

crease (Figure S6C). Clone sizes from wdr62 mutant ISCs were

reduced compared with controls (Figure S6F), yet it remains un-

clear whether this is caused by defects in mitotic progression or

decreased symmetric fate outcomes.

We then examined the relationship of JNK and Wdr62 at the

spindle. Paraquat-mediated accumulation of pJNK at the spin-

dle was not observed in animals expressing BskDN or Wdr62RNAi

(Figure 5A), while knockdown of puc resulted in pJNK localiza-

tion to the spindle in untreated animals. Similar to pJNK,

Wdr62 was present at the spindle after paraquat treatment, but

not after Ecc15 infection (Figure 5B) or in paraquat-exposed an-

imals expressing BskDN (Figure 5C). Depletion of Wdr62 also re-

sulted in loss of the Wdr62 signal, confirming the specificity of

the antibody (Figure 5C). Furthermore, increasing JNK activity

by depletion of Puc was sufficient to promote Wdr62 localization

to the spindle. Elevated JNK activity is thus sufficient and

required to recruit Wdr62 to the ISC spindle, and phosphorylated

JNK and Wdr62 depend mutually on each other for their translo-

cation to the spindle under stress conditions, during which they

promote planar spindle orientation.

Mud Is Sequestered from the Cortex in Stressed ISCs
To better understand how JNK regulates spindle orientation, we

examined proteins involved in anchoring astral microtubules and

thus in linking the spindle with the cell cortex. We tested the role

of two such proteins, Pins and Mud (LGN and NuMA in mam-

mals) (Lancaster and Knoblich, 2012; Siller and Doe, 2009).

Depleting either Pins or Mud through RNAi increased planar

spindles and relative D1+ cell numbers, suggesting that both

proteins are required to orient oblique spindles (Figures 4E,

5D, and S6G). Because Mud plays additional roles at the spindle

pole during spindle assembly (Bosveld et al., 2017; Du et al.,

2002; Izumi et al., 2006; Silk et al., 2009), we expressed GFP-

taggedMud (using a Bac-based transgene in which GFP-tagged

Mud is integrated at landing site 50E1, 62E1, and 65B2) (Bosveld

et al., 2016) to visualize its localization and differentiate between

the two functions of Mud. After inducing a regenerative response

by Ecc15 treatment, we found that 55% of ISCs had Mud
(D and E), with spindle orientation quantified fromR25 flies (B andC), 4 flies for

t; *p < 0.05, **p < 0.01, ***p < 0.001, based on aMann-Whitney test (A, F, andG)
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(legend on next page)
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Figure 6. Regulation of Spindle Orientation

during Adaptive Growth Depends on Wdr62

and Kif1a

(A) Quantification of spindle orientation after short-

term refeeding. Control data for feeding and short-

term refeeding were taken from Figure 3B and

justified by pooling cells from 18+ flies over 5+ in-

dependent experiments.

(B) Percentage of D1+ cells (ISCs) was reduced after

Wdr62RNAi or Kif1a overexpression in short-term

refed conditions. The number of PH3+ cells in the

gut was not affected.

(C) Gut length was decreased after Wdr62RNAi or

Kif1a overexpression.

Mean ± SD (B, %D1+ cells, and C) or mean ± SEM

(B, #PH3+ cells); n R 9 flies (B, %D1+ cells, and C)

and n R 18 flies (B, #PH3+ cells), with spindle

orientation quantified fromR19 flies per condition (A);

N.S., not significant; *p < 0.05, **p < 0.01, ***p < 0.001,

based on a Kruskal-Wallis test (A–C). Red bar, mean

(A). Scale bars, 20 mm (B) and 500 mm (C).
localization at both the spindle pole and the cell cortex (Fig-

ure 5E). After paraquat treatment, however, Mud was largely

lost from the cell cortex and only localized to the spindle pole,

suggesting a potential role for JNK-mediated modulation of

Mud localization to promote planar spindles. puc depletion

was sufficient to cause a loss of cortical Mud in untreated condi-

tions, while Mud was retained at the cell cortex after paraquat

treatment when BskDN was expressed (Figure 5E). These data
Figure 5. pJNK and Wdr62 Localization to the Spindle Prevents the Recruitment of Cortical M

(A) Triple staining with anti-pJNK, anti-phospho-histone H3 (PH3), and anti-a-tubulin to test for pJNK loca

(B and C) Triple staining with anti-Wdr62, anti-PH3, and anti-a-tubulin revealed Wdr62 localization at the

induction (C).

(D) Depletion of Mud and Pins caused a loss of oblique spindles.

(E) Overexpression of GFP-Mud revealed localization at the centrosome (arrow) and the cell cortex (arrowh

Mud was quantified.

n R 20 cells from R12 flies (A, B, C, and E), with spindle orientation quantified from R15 flies per cond

***p < 0.001, based on a chi-square test (A, B, C, and E) or Kruskal-Wallis test (D). Red bar, mean (D). Sca

See also Figure S6.
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suggest that the activity of JNK promotes

release of Mud from the cell cortex and

thus prevents oblique spindles.

Wdr62 and Kif1a Regulation Is
Required for Symmetric Fate
Specification during Periods of
Growth
Altogether, these results suggest that JNK

promotes symmetric divisions by at least

two mechanisms: (1) through its direct

function at the spindle, where it promotes

Wdr62 recruitment and modulates Mud

localization, and (2) through its downregu-

lation of Kif1a expression. We asked

whether this interaction of JNK with

Wdr62 and Kif1a would also be observed

during adaptive resizing, a condition that
engages JNK activity in a more physiological setting. Similar to

BskDN expression (Figure 3B), Wdr62 depletion, or Kif1a overex-

pression, prevented the planar shift of spindles after fasting and

short-term refeeding (Figure 6A) and resulted in a lower percent-

age of D1+ cells compared with controls (Figure 6B). Wdr62

depletion or Kif1a overexpression did not affect the mitotic index

during the refeeding process (Figure 6B). We then examined

the consequences of preventing symmetric outcomes during
ud

lization at the spindle after genetic perturbations.

mitotic spindle after Paraquat treatment (B) or JNK

ead). The percentage of anaphase cells with cortical

ition (D); N.S., not significant; *p < 0.05, **p < 0.01,

le bar, 5 mm.
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Figure 7. Rescuing Age-Associated Spindle Orientation Defects Restores Intestine Physiology

(A) Mitotic activity, the ratio of D1+ cells, and planar spindles increased in 40-day-old flies. Spindle orientation for young flies was taken from Figure 1H (fed flies),

because young and fed flies have the same condition, and data were pooled from 16 flies over 8 independent experiments.

(B) Quantification of spindle orientation. RU486 was fed to 36-day-old flies, and intestines were dissected from 40-day-old flies.

(C) Quantification of the percentage of D1+ cells. RU486 was fed to 36-day-old flies, and intestines were dissected from 40-day-old flies.

(D) RU486, mixed with blue dye no. 1 in normal food, was fed to 30-day-old females continuously. Intestinal barrier function was assayed by the presence of blue

dye strictly in the intestine versus the entirety of the fly. Quantification of the ratio of Smurf flies was performed at day 60.

(legend continued on next page)
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growth. Because JNK activity plays a role in mitotic entry during

stress and growth (Figure 3C) (Wang et al., 2014) and would

affect tissue growth regardless of its effect on spindle orienta-

tion, we focused on Wdr62 and Kif1a. After subjecting ISCs to

Wdr62 knockdown or Kif1a overexpression during the refeeding

process, intestines failed to return to normal size, resulting in

decreased tissue length compared with controls (Figure 6C).

Spindle Orientation in Aging ISCs Is Chronically Shifted
Planar to the Basal Surface
Our results suggest that cell fate decisions in the ISC lineage are

altered depending on the mitogenic stimulus: symmetric divisions

prevail during growth, whereas asymmetric divisions predominate

during regeneration. We hypothesized that this regulation is

crucial in maintaining tissue homeostasis. Supporting this view,

when ISCs favor symmetric divisions in response to excess stress

signals (such as after paraquat treatment), dysplasia is observed

(Figure S5C) (Biteau et al., 2008). A similar phenotype is observed

in aging animals, in which chronic activation of JNK triggers

increased ISCproliferation andmis-differentiation of ISCdaughter

cells, resulting in increased numbers of Dl+ cells (Guo et al., 2014;

Li et al., 2016). This epithelial dysplasia impairs overall metabolism

of the fly, disrupts intestinal barrier function, and ultimately

shortens lifespan (Biteau et al., 2010; Rera et al., 2012).

Because this age-related dysplasia is reminiscent of the conse-

quences of promoting a planar spindle orientation in ISCs, we

askedwhether the intestinal epitheliumofold animals (40days) ex-

hibits increased planar spindles. Although the epithelium is more

disorganized in the aging animal, the mitotic ISCs, despite being

more abundant, still lined the basement membrane, and spindle

orientation was easily measurable (Figure S7A). We confirmed

that mitotic activity and the percentage of D1+ cells are increased

in 40-day-old animals and found that spindle orientation in most

ISCs was planar in 40-day-old flies compared with the oblique

orientation predominantly found in ISCs of young animals (Fig-

ure 7A). We also observed by live imaging a dominance of planar

spindleswithminimal rotation in old animals (Figure S7B). We per-

formed live lineage tracing and twin-spot analysis in aging animals

and confirmed that these changes are associated with increased

symmetric outcomes (Figures 2BandS7C). Similar to other condi-

tions that promote planar spindles (paraquat, short-term refeed-

ing, and JNK activation), pJNK localized to the spindle of aging

ISCs (Figure S7D). We then tested whether the overactivation of

JNKand itsdownstreameffectscontributed toexcessive symmet-

ric outcomes and expressedBskDN in ISCs using the ISC/EB-spe-

cific, RU486-inducible, 5961-Geneswitch expression system

(Mathur et al., 2010). RU486 did not change spindle orientation in

young or old ISCs in wild-type backgrounds, yet after inducing

BskDN expression at 36 days of age, spindle orientation was
(E) RU486 was fed to 10-day-old females continuously until the end of the analy

analysis is in the chart.

(F) Model of JNK-mediated regulation of spindle orientation through its interaction

transcript levels.

Mean ±SD (A,%D1+ cells; C; and D) or mean ±SEM (A, #PH3+ cells); n = 9 flies (A

flies per cohort (D) and spindle orientation data collected from 15–25 flies per c

***p < 0.001, based on a Mann-Whitney test (A–D). Scale bar, 20 mm.

See also Figure S7.
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rescued in 40-day-old animals (Figure 7B). Similarly, depleting

Wdr62 or overexpressing Kif1a was sufficient to rescue spindle

orientation defects in old animals. Restoring spindle orientation

in old animals was also sufficient to lower the abnormally high per-

centage of D1+ cells (Figure 7C). Therefore, our data provide evi-

dence that chronic JNK activation, and its interaction with Wdr62

and repression of Kif1a expression, causes aberrant cell fates in

theaging intestinal epitheliumbypromotingplanar spindle orienta-

tions. Furthermore, successful rescue after only short-term inter-

vention suggests that the defects in spindle orientation are

reversible.

Suppressing Chronic Planar Spindle Orientation
Extends Tissue Function and Lifespan
As the fly ages, barrier function of the intestine declines, resulting

in loss of intestinal integrity and imminent death (Rera et al.,

2012). We tested whether maintaining proper cellular composi-

tion by modulating spindle orientation would prevent this barrier

dysfunction. To visualize the loss of barrier function, flies were

fed with a non-absorbable blue dye starting from 30 days of

age. In a healthy fly, only the intestine is stained blue, but when

barrier function is lost, the entire fly turns blue, a phenotype

called Smurf (Rera et al., 2011) (Figure 7D). When Wdr62 deple-

tion or Kif1a overexpression was induced starting at 30 days of

age, a significant decrease of Smurf flies was observed by

60 days of age (Figure 7D). RU486-treatment in control flies did

not significantly affect the number of Smurf flies.

Because intestinal health strongly influences Drosophila life-

span, we examined whether restoring spindle orientation could

extend lifespan. Flies were fed RU486 to induce expression

starting at 10 days of age, and although RU486 treatment in

the control cross caused only minor changes in median lifespan

(1.6%), Kif1a expression increasedmedian lifespan by 12% (Fig-

ure 7E), comparable to a previously reported 14.5% median

lifespan increase after BskDN expression (Biteau et al., 2010).

However, depletion of Wdr62 inconsistently affected lifespan in

different cohorts (Figure S7E).

In the long-lived survivors overexpressing Kif1a, spindle orien-

tation was rescued even at 60 days of age, but the percentage of

Smurf flies increased between 60 and 65 days (Figures S7F and

S7G). Mitotic activity in the intestine still increased after Kif1a

overexpression, likely contributing to the progression of barrier

function (Figure S7F). Kif1a overexpression is thus sufficient to

restore oblique spindles and asymmetric divisions regardless

of age, but evidently, age-related degeneration of the intestinal

epithelium through other mechanisms contributes to the loss

of barrier function and mortality at older ages.

Altogether, our results show that manipulating spindle orienta-

tion is sufficient to delay the loss of tissue homeostasis and
sis. Kif1a expression resulted in a 12% increase in medial lifespan. Statistical

with Wdr62 to prevent recruitment of cortical Mud, and downregulation of kif1a

,%D1+ cells, and C), nR 20 flies (A, #PH3 cells), and n = 3–4 cohorts, withR30

ondition (A, spindle angle, and B); N.S., not significant; *p < 0.05, **p < 0.01,



demonstrate the feasibility of perturbing spindle orientation to

extend tissue function and increase longevity.

DISCUSSION

Our study directly demonstrates that cell fate and spindle orien-

tation are tightly linked and identifies a function for JNK signaling

in promoting symmetric lineages through the realignment of the

mitotic spindle. Our data support a model in which the mutual

recruitment of phosphorylated JNK (pJNK) and Wdr62 to the

spindle, as well as the JNK-dependent transcriptional repression

of Kif1a, is required for spindle positioning toward a planar orien-

tation. Because the activation of JNK also prevents cortical

localization of Mud, we propose that JNK activity disrupts

engagement of the spindle with cortical determinants of spindle

orientation and limits the force exerted on astral microtubules by

repressing Kif1a expression (Figure 7F).

Cell Fate Regulation by Spindle Orientation
Our live long-term lineage tracing results reveal that planar spin-

dles result in symmetric division outcomes, whereas oblique

spindles precede asymmetric outcomes. As such, changes in

spindle orientation (after paraquat, short-term refeeding, and

age) reflect changes in division modes. Although live imaging is

a powerful tool to directly visualize spindle orientation and fate

outcomes, the lower resolution compared with fixed imaging

could potentially cause a wider error range in spindle angle mea-

surements. Nonetheless, the ability to clearly visualize the vector

bisecting the segregation of the two cell bodies during telophase

and the vector lining the basal region of neighboring stem cells

helps alleviate this issue. Another potential caveat in our analysis

is that fates of ISC daughter cells may have been mis-scored

because of a delay in Su(H) activation. However, an asymmetric

outcomewas never observed to derive from planar spindles, and

we scored division outcomes as symmetric only if Su(H) activity

was not observed at the end of the time-lapse recording, which

was �4 h after Su(H) activation was first observed in divisions

with outcomes scored as asymmetric (Figure S4). In paraquat-

exposed animals that overexpressed Kif1a in ISCs (Figure 4F),

we detected Su(H) expression in outcomes scored as asym-

metric at roughly the same time frame as in control conditions,

suggesting that stress conditions like paraquat exposure do

not grossly perturb regulation of Su(H) expression.

The spindle angle that separates symmetric and asymmetric

divisions is �15�, and it is unclear whether cell fate specification

during divisions with spindle orientation around that angle is

deterministic or stochastic. A small subset of spindle orienta-

tions above 20� (2 of 22 examples) resulted in 2 YFP+ cells rather

than 1 YFP+ cell and 1 YFP+/mCherry+ cell. It is possible that

these divisions still result in an asymmetric outcome but may

have generated an mCherry� EE cell rather than an mCherry+

EB cell. The rare occurrence of these events is consistent with

the smaller population of EEs compared with EB/ECs in the in-

testine (Figure S5A) (Micchelli and Perrimon, 2006), and spindle

orientation during EE fate specification may be important to

segregate prospero (Guo and Ohlstein, 2015).

Although our results are thus compatible with a deterministic

model for cell fate specification, they do not rule out a role for
neutral drift. In a neutral drift model, the stem cell pool is main-

tained by a balance of ISC loss (by generating two differentiated

cells) and duplication (de Navascués et al., 2012; Jin et al., 2017).

It is unknown how regulation of spindle orientation affects neutral

drift and whether spindle orientation differs between divisions

leading to two ISCs or two EBs. Addressing these issues will

be important for comprehensive understanding of cell fate deter-

mination in this system.

The disparity between spindle behaviors after paraquat treat-

ment and those after Ecc15 infection shows that the nature of the

environmental trigger is critical. Although both stresses induce

strong proliferative responses, their effects on spindle orienta-

tion and the corresponding cell fate outcome are different.

Based on our data, this disparity is likely caused by differing

levels of JNK activity. JNK is activated by oxidative stress and

is thus strongly induced by paraquat exposure (Biteau et al.,

2008).Ecc15 infection, in turn, promotes ISC proliferation by pre-

dominantly stimulating JAK/signal transducer and activator of

transcription (STAT) activation in ISCs and only transiently acti-

vating JNK (Buchon et al., 2009a, 2009b). JNK was shown to

be activated immediately after Ecc15 infection (30 min post-

infection), but the genes encoding components of the JNK

pathway were no longer upregulated as early as 4 h post-infec-

tion (Buchon et al., 2009a, 2009b). These observations are

consistent with our analysis 16–20 h post-infection, particularly

the absence of phosphorylated JNK at the mitotic spindle in

Ecc15-infected animals. However, we cannot rule out a possible

role of JNK on spindle orientation at earlier time points after

infection.

Previous studies have reported that similar to our observations

with Ecc15, infection of another strain of bacteria, Pseudomonas

entomophila, largely promoted asymmetric fate outcomes (Jin

et al., 2017). However, JNK activity was still detected in the entire

gut 2 days post-infection, although the specific cell type (stem

cells versus differentiated cells) in which JNK was activated

was not examined (Jiang et al., 2009). We do not rule out the

possibility that JNK is activated in ISCs after P. entomophila

infection. The difference in pathology of P. entomophila—which

is lethal, unlike Ecc15—may contribute to a different response in

JNK activation. One hypothesis is that although JNK may be

activated after P. entomophila infection in ISCs, it is not recruited

to the mitotic spindle and therefore would not affect spindle

orientation. Future studies are needed to test this hypothesis

and explore possible mechanisms of a pathogen-specific

difference.

Role of JNK and Wdr62 at the Mitotic Spindle
We find that in recruitment to the spindle, pJNK and Wdr62

depend mutually on each other. Although JNK clearly plays a

critical role in this process, our data do not rule out a role for other

kinases that have been reported to recruit Wdr62 to the centro-

some, including Aurora A and Polo-like kinase (Lim et al., 2016,

2017; Miyamoto et al., 2017; Ramdas Nair et al., 2016). Unlike

other reports in neural stem cells (Jayaraman et al., 2016; Ram-

das Nair et al., 2016), we did not find an obvious role for Wdr62 in

maintaining bipolar spindles. Reports have also identified roles

for Wdr62 in stabilizing microtubules and centrosomes in inter-

phase neural stem cells (Jayaraman et al., 2016; Ramdas Nair
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et al., 2016), and although we did not explore the effects of

Wdr62 depletion during interphase, the absence of gross mitotic

defects suggests that in Drosophila ISCs, Wdr62 may function

selectively in spindle orientation. However, we have observed

somewhat smaller clone sizes of ISC lineages deficient for

Wdr62 and therefore cannot rule out a function for interphase

Wdr62. Disruption of Wdr62 activity during interphase may

also contribute to the inconsistent effect on lifespan observed

afterWdr62 depletion, despite the restoration of oblique spindles

in ISCs of old flies.

The consequences of the loss of Pins and Mud seem to vary

depending on the tissue: disrupting Pins and Mud in Drosophila

neuroblasts randomizes the mitotic spindle, but in the mamma-

lian skin, basal stem cells with depleted LGN favor planar spin-

dles, similar to our observations in Drosophila ISCs (Siller et al.,

2006; Williams et al., 2011). We observe a loss of cortical Mud af-

ter JNK activation, supporting the notion that JNK regulates the

interaction between the astral microtubules and the cell cortex to

promote planar spindles. The extent to which JNK or Wdr62 in-

teracts directly with Mud is an important question for further

study.

Role of Kif1a in Asymmetric Divisions
The mechanism by which Kif1a promotes oblique spindle orien-

tation in ISCs is unclear. Khc-73, a kinesin in the same Kinesin-3

family (Hirokawa et al., 2009), is believed to interact with Pins or

Disc Large in Drosophila S2 cells and neuroblasts to orient astral

microtubules to the cell cortex, andKif1amay play similar roles in

ISCs (Johnston et al., 2009; Siegrist and Doe, 2005). Although

our data suggest that JNK regulates Kif1a levels transcription-

ally, it is possible that JNK also regulates Kif1a at the protein level

and may direct its possible interaction with the spindle recruit-

ment machinery.

JNK Activity and Spindle Orientation during Tissue
Resizing and Aging
Our data reveal how a physiological role for JNK signaling in

regulating spindle positioning during periods of tissue resizing

becomes hijacked under stress and age, limiting tissue homeo-

stasis and shortening lifespan. It remains unclear how JNK is

activated in ISCs during starvation-refeeding, but insulin

signaling has been implicated in promoting symmetric out-

comes during adaptive resizing of the Drosophila intestine

(O’Brien et al., 2011). It will be interesting to test whether insulin

signaling and JNK interact to regulate spindle positioning in

ISCs, because elevated insulin signaling activity may also

contribute to the age-related chronic activation of JNK. The

age-related bias toward planar spindle orientations is reminis-

cent of the changes in spindle orientation of germline stem cells

in old male flies (Cheng et al., 2008), and restoring oblique spin-

dle orientation in aged ISCs by increasing Kif1a expression is

sufficient to improve intestinal physiology and extend lifespan.

Understanding the exact mechanisms and consequences of

ISC spindle positioning will be critical to identifying new inter-

vention strategies to allay age-related dysfunction in barrier

epithelia.

Such interventions are likely to have significant clinical rele-

vance, because barrier epithelia in mammals regenerate and
2820 Cell Reports 28, 2807–2823, September 10, 2019
age through mechanisms that are similar to the Drosophila in-

testinal epithelium (Guo et al., 2014; Haller et al., 2017; Li and

Jasper, 2016; Rock et al., 2011; Thevaranjan et al., 2017). How-

ever, although SC fate determination by changes in spindle

orientation is observed in multiple mammalian tissues during

development (Dumont et al., 2015; Lancaster and Knoblich,

2012; Williams and Fuchs, 2013), the extent to which similar

mechanisms determine cell fate in adult mammalian tissues is

unclear. Mouse ISCs within the adult intestine use different

mechanisms to establish cell fate, because spindle orientation

is largely planar, and extrinsic cues preferentially differentiate

one of the daughter cells (Ritsma et al., 2014; Snippert et al.,

2010). In the mouse trachea, however, it has been reported

that spindle orientation fluctuates in basal stem cells in

response to injury and may affect cell fate specification (Paul

et al., 2014). Given the variation in lineage, cell composition,

and organization in different adult tissues, it is likely that the

importance of spindle orientation in cell specification differs

among tissues. Determining the tissues in which spindle orien-

tation is linked with cell fate, and testing whether the role of

JNK in the regulation of spindle orientation in these SCs is

conserved, will provide important insight into regenerative

biology.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila stocks, culture, and husbandry
The following UAS lines were obtained from the Bloomington Drosophila Stock Center: w1118, eb1-GFP (35512), luciferase RNAi

(31603), GFP (5431), kif1a FL (24787, 24788), kif1a RNAi (43264, 28951), mud RNAi (35044, 38190), pins RNAi (29310, 53968),

and wdr62 RNAi (53242). Lines 28951, 38190, and 53968 were only used for Figure S6G while line 24788 (consisting of the identical

transgene as 24787) was only used for Figure 4C. The following UAS line was obtained from the ViennaDrosophila Stock Center: puc

RNAi (v3018). The following line was obtained from the Kyoto Drosophila Stock Center: vkg-GFP (110626). The following lines were

gifts: GFP-Mud (Dr. Yohanns Bellı̈ache), Su(H)::mCherry (Dr. Sarah Bray), hep FL (Dr. Marek Mlodzik), bsk DN (Dr. Marek Mlodzik),

esg::gal4; Su(H)::Gal80, tub::Gal80ts (Wang et al., 2014), esg::gal4, UAS::2xeYFP; Su(H)::Gal80, tub::Gal80ts (Wang et al., 2014),

hs::FLP; FRT40A, UAS::CD8-GFP, UAS::CD2-mir; tub::gal4 (Dr. Lucy O’Brien), FRT40A, UAS::CD2-RFP, UAS::GFP-mir (Dr. Lucy

O’Brien), hs::FLP; FRT40A, tub::Gal80; tub::Gal4, UAS::GFP (Dr. Benjamin Ohlstein), UAS-wdr62::mDendra2 (Dr. Clemens Caber-

nard), and wdr62D3-9 (Dr. Clemens Cabernard). The genotype of flies used in each figure is detailed in Table S1.

Flies for non-TARGET experiments were maintained at 25�C and 65% humidity, on a 12-hour light/dark cycle. TARGET experi-

ments described in Method details. Standard fly food was prepared with the following recipe: 1 l distilled water, 7.3 mL of EtOH,

13 g agar, 22 g molasses, 65 g malt extract, 18 g brewer’s yeast, 80 g corn flour, 10 g soy flour, 6.2ml propionic acid, and 2g

methyl-p-benzoate. Flies were manipulated by CO2 anesthesia. Only female flies were used in this study because females exhibit

higher intestinal turnover rates than males. All flies were dissected at 10d except for fast/refeeding and aging experiments (detailed

below and/or in Figure Legends).

METHOD DETAILS

Drosophila Ecc15 infection and Paraquat treatment
For Paraquat treatment, flies were starved for two hours before fed 5mM Paraquat in 5% sucrose on a vial containing Whatman filter

paper for 20 hours, and intestines subsequently dissected. For Ecc15 infection, Ecc15 was cultured in 15ml of LB medium for

16 hours at 30�. The culture was pelleted, resuspended in 5% sucrose in water, and fed to two-hour starved flies for 16-20 hours.

Intestines were subsequently dissected. For mock controls, flies were starved for two hours and fed 5% sucrose on a vial containing

Whatman filter paper for 20 hours.

Drosophila fast and refeeding
For fast and refeed experiments, 3d flies were fasted in 1% sucrose in water for one week, before returning to standard fly food for

3-7 days as noted (Figure 1B).
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Drosophila TARGET and Twinspot/MARCM induction
Flies for TARGET experiments were raised at 18�C (instead of 25�C) and, to induce genetic expression, flies were shifted to 29�C for

three days before Paraquat treatment or Ecc15 infection, or a day before refeeding in fast/refeed experiments (for a total of �four

days induction). Otherwise, flies were shifted from 18�C to 29�C for four days. For activation of Twinspot and MARCM clones, flies

were incubated at 37� for 45minutes. Flies were Paraquat-treated, Ecc15-infected, or fast/refed as described above just prior to heat

shock. Twinspot analsysis was performed two to three days post heat shock. For MARCM clones, spindle orientation and clone size

was quantified seven days post heat shock with Paraquat treatment performed a day before analyses.

Geneswitch induction and SMURF assay
For Geneswitch experiments, 200mM RU486 was added to standard food. For Smurf experiments, 500mg/ml of FD&C Blue dye no.

1 (Spectrum Chemical MFGCorp) was additionally added. Time point of addition is dependent on experiment, detailed in the Results

and Figure Legends. For lifespan and Smurf experiments, 100-125 and 30-50 female flies were respectively housed together per bot-

tle and flipped three times a week.

Live imaging of Drosophila intestine and timelapse analysis
Intestines from adult female flies were dissected in culture media containing 2mM CaCl2, 5mM KCl, 5mM HEPES, 8.2mM MgCl2,

108mM NaCl, 4mM NaHCO3, NaH2PO4, 10mM sucrose, 5mM trehalose, and 2% fetal bovine serum (Adult Hemolymph-like Saline,

AHLS). Intestines were transferred to a 35mm glass bottom dish (MatTek, P35G-1.5-14-C), embedded in 4% low melting agarose

(in AHLS), and submerged in AHLS. The posterior midgut was imaged either at intervals of 10 min for two hours or 10-15 min for

10-15 hours (long-term lineage tracing) on a Yokogawa CSU-W1/Zeiss 3i Marianas spinning disk confocal microscopy system.

For the long-term lineage tracing experiments, the 568 channel was not imaged for up to two hours to reduce the effects of any

possible phototoxicity.

Immunostaining of Drosophila intestine
Intestines from adult female flies were dissected in PBS (Phosphate-buffered saline, pH 7.4) and fixed for 25 minutes at room

temperature in media containing 100mM glutamic acid, 25mM KCl, 20mM MgSO4, 4mM sodium phosphate, 1mM MgCl2, and

4% formaldehyde. Intestines were washed with PBS and stained in PBS, 0.3% Triton X-100 supplemented with 5% donkey serum.

Intestines were incubated in primary antibody overnight at 4�C antibody, washed in PBS +0.01% Tween-20, and incubated in

secondary antibodies, Phalloidin (1:400), and Hoechst stain (1:1000) for 2 hours at room temperature. For Delta staining, dissected

intestines were incubated for ten minutes at room temperature in 100mM glutamic acid, 25mM KCl, 20mM MgSO4, 4mM sodium

phosphate, 1mM MgCl2, and 4% formaldehyde, followed by 100% MeOH for five minutes at room temperature. Intestines were

washed with 50%MeOH in PBS for two minutes, followed by PBS for five minutes. Immunostaining proceeded as described above.

Antibodies used in this study: Mouse monoclonal against Delta (gift from Dr. Matthew Rand)(Delwig et al., 2006), Prospero (DHSB,

MR1A, RRID:AB_528440), g-tubulin (Sigma, T6557, RRID:AB_477584), phospho-JNK (Cell Signaling, 9255S, RRID:AB_2307321),

and Wdr62 (gift from Dr. Clemens Cabernard); rabbit polyclonal against phospho-Histone H3 (EMD Millipore, 06-570,

RRID:AB_310177), Cleaved Caspase-3 (Cell Signaling, 9661, RRID:AB_2341188), and Pdm1 (gift from Dr. Xiaohang Yang); and

rat monoclonal against a-tubulin (Bio-Rad MCA78G, RRID:AB_325005). Secondary antibodies were cyanine dyes from Jackson

ImmunoResearch Laboratories.

FACs sorting of ISCs and quantitative reverse transcription PCR (RT-qPCR)
w1118 or UAS-pucRNAi flies were crossed to flies with nls-GFP expressing ISCs. Dissected intestines (100 per sample) were collected

in 5% FBS in PBS on ice and treated with trypsin for 1 hr at 29�, followed by tituration to dissociate tissue. Cells were washed and

resuspended in 5% FBS in PBS and GFP+ cells were sorted. RNA was extracted utilizing the RNeasy kit (QIAGEN 74134) and con-

verted to cDNA utilizing the iScript cDNA Synthesis kit (Bio-Rad 170-8890), according to manufacturers’ instructions. RT-qPCR was

performed with cDNAs from ISCs from three populations (100 flies each) of controls and pucRNAi expressing flies each on a

QuantStudio 8 Flex system (ThermoFischer), using TaqMan Probes (ThermoFischer): Kif1a/unc-104 (Dm01826374_g1) and Actin5c

(Dm02361909_s1). For data analysis, C(t) values of Kif1a levels in linear scale were normalized to Actin5c.

Microscopy and image analysis
Images were taken either with the Zeiss LSM 700 scanning confocal microscopy system, the Leica SP8 STED 3X scanning confocal

microscopy system, or the Yokogawa CSU-W1/Zeiss 3i Marianas spinning disk confocal microscopy system. Intestines were

imaged using a 10x PlanFleur, or 40x PlanFleur, or 100x STED objective. 3-D reconstruction was performed using Icy (Quantitative

Image Analysis Unit, Institut Pasteur, France) (de Chaumont et al., 2012). Images were analyzed and processed using ImageJ

(NIH, Bethesda, MD) and Adobe Photoshop. Figures were composed in Adobe Illustrator. Except for mitotic guts, in which

quantification took place in the entire gut, only the posterior midgut was analyzed.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All quantifications were performed manually using ImageJ software (NIH, Bethesda, MD). Except for quantification of PH3+ cells,

which was performed in the entire gut, only the posterior midgut was analyzed.

Analysis of mitotic cells
Intestines were dissected from females at 10d of age, except for old animals, which were at 40d, and short-term and long-term refed

animals (Figure 1B). Mitotic numbers were counted from the entire gut as determined by phospho-histone H3 positivity. Spindle

orientation was quantified by measuring the angle between the mitotic spindle (as estimated by a-tubulin staining, g-tubulin staining,

or the vector bisecting the two segregating chromosomes as determined by PH3 staining), with the basement membrane (as deter-

mined by Phalloidin). Spindle orientation was only measured from anaphase cells in the posterior midgut. Localization of phospho-

JNK andWdr62 at the spindle was determined by a-tubulin co-staining, and localization of Mud at the spindle pole versus cell cortex

was determined by g-tubulin co-staining. Mud localization was only quantified in anaphase cells in the posterior midgut, while JNK

and Wdr62 localization analyses were pooled from metaphase and anaphase ISCs in the posterior midgut. For measurement of

phosphorylated JNK (pJNK), fluorescent intensity of pJNK and a-tubulin were set to the same baselines across all images. Relative

pJNK levels were measured by normalizing the mean fluorescent intensity of pJNK in an area outlining the spindle with the mean

fluorescent intensity of a-tubulin. Relative pJNK levels were also measured in the same area within the nearest non-mitotic cell as

comparison.

Cell fate quantification
Cell fate of cells was identified with the following markers: ISCs by Delta staining or fluorophore expression under the control of

esg::gal4; Su(H)::Gal80, EBs by Su(H)::mCherry, ECs by pdm1 staining, EEs by prospero staining, and apoptotic cells by cleaved

caspase 3 staining. Only the posterior midgut was imaged. The ratio of a given cell fate (i.e., %ISC) was calculated by the percentage

of the number of the given cell type over the total number of cells, as determined by DAPI, within a 28.9mm2 region. Total number of

ISCs (#ISCs) was quantifiedwithin a 28.9mm2 region. The percentage of apoptotic ISCswere quantified by the percentage of cleaved

caspase 3+ ISCs over total number of ISCs within a 28.9mm2 region.

Twinspot analysis and clone size quantification
For twinspot analysis, the fate specification of daughter cells from only the first division post induction was scored. Following the first

division post induction, a generated ISCwill subsequently divide to generate multiple cells of the same color while a generated differ-

entiated cells, if any, no longer divides and does not generate any more cells of the same color. As such, twinspots containing zero or

one cell of one color and 2 or more of another were scored as asymmetric while clones withR 2 of each color were scored as sym-

metric. Clones with only one cell of each color were not quantified because it is not clear whether either cell is an EB or an ISC that not

yet divided a second time. The number of cells in Twinspot or MARCMclones were quantified using DAPI as amarker. Both Twinspot

and MARCM clones were quantified only from the posterior midgut.

Live imaging analysis
Only the posterior midgut was imaged.

For live imaging of spindle orientation with eb1-GFP, spindle orientation was measured during metaphase and anaphase of each

mitotic ISC. Mitotic phase was identified by spindle behavior. Spindle orientation was quantified bymeasuring the angle between the

spindle (as determined by eb1-GFP) and basement membrane (estimated by drawing a line along the basal surface of neighboring

ISCs).

For cell fate analyses during live imaging, an asymmetric outcome was score when one of the daughter cells became mCherry+.

A symmetric outcome was scored when both daughter cells remained mCherry- at the end of a timelapse (generally 11-13 hours

post-mitosis). mCherry fluorescent intensity was measured by normalizing the mean fluorescent intensity of the entire cell with

the background. During an outcome scored as asymmetric outcome, fluorescent intensity was measured in each daughter cell at

the time point of initial visible mCherry fluorescence and at the end of the time point. During an outcome scored as symmetric,

fluorescent intensity was measured in each daughter cell at the end of the timelapse and three hours prior. Spindle orientation

was quantified by measuring the angle between the vector bisecting the two segregating cell bodies and basement membrane

(estimated by drawing a line along the basal surface of neighboring ISCs).

Lifespan and Smurf analysis
For lifespan and Smurf assays, dead/Smurf flies were counted visually every two to three days. Smurf flies were identified by the

entire animal turning blue, and were tallied from the day of feeding (day 30) to day of death.

Statistical analysis
Each sample, ‘n’, is from at least three independent experiments, and is defined in the Figure Legends depending on experiment

(generally as flies, cells, or clones). Additional statistical details for each experiment is also noted in the Figure Legends. Statistical
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analyses were performed with Prism (GraphPad Software, La Jolla, CA, USA). A Mann-Whitney U test was used to determine sta-

tistical significance between two independent groups. A Kruskal-Wallis test was used to determine statistical significance with mul-

tiple comparisons between three or more independent groups. A chi-square test was used to test for statistical significance when

comparing data according to a set hypothesis (i.e., percentage of spindles with phospho-JNK localization). A log-rank test was

used to test for statistical significance in lifespan assays. Significance was accepted at the level of p < 0.05. No statistical methods

were used to predetermine sample sizes, but our sample sizes are similar to those generally employed in the field. Analyses for mitotic

cells were performed on every metaphase/anaphase cells in the posterior midgut. For cell fate, Twinspot/MARCM, and live imaging

experiments, the specific region imagedwas chosen at random (within the posterior midgut). All experiments (from both live and fixed

samples) were quantified blindly.

DATA AND CODE AVAILABILITY

This study did not generate any datasets or code.
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Figure S1: Visualizing spindle orientation and additional characterization of the Drosophila intestine after 

fasting/refeeding, Paraquat treatment, and Ecc15 infection, Related to Figure 1.  

A. The number of anti-phosphohistone H3+ (PH3) cells in the entire gut decreased after fasting, but recovered after 

refeeding. B. Drosophila intestines substantially decreased in size after fasting, but recover after refeeding. C. Triple 

staining with anti-γ-tubulin, anti-PH3, and anti-α-tubulin labelling centrosomes and the microtubule network of the 

mitotic spindle in dividing ISCs. D. 3-D reconstruction of the Drosophila intestine to visualize spindle orientation 

along the apical/basal axis. Fluorescently tagged collagen (Vkg-GFP) or F-actin (Phallodin staining) labeled the 

basement membrane. E. Spindle orientations were quantified in anaphase ISCs in the posterior midgut by measuring 

the angle of the line bisecting segregating chromosomes with the basement membrane. F. Mitotic activity of ISCs in 

the entire gut, as determined by anti-PH3 staining, increased after Paraquat treatment or Ecc15 infection. G. 

Representative images of ISCs (as determined by Delta staining) in the posterior midgut after mock or Paraquat 

treatment, or Ecc15 infection. Insets depict a likely clone. H. Spindle orientation in live ISCs phenocopied fixed 

ISCs with a shift to planar spindles. On average, spindle orientation did not change dramatically between metaphase 

and anaphase.  mean ± SD (B) or mean ± SEM (A,F); n≥20 flies (A,F), n≥10 flies (B), spindle orientation was 

collected from 15 fixed intestines and 6 live intestines (H); N.S. = not significant, ***P<0.001, based on Kruskal-

Wallis test (A,B,F), Mann-Whitney test (H). Red bar = mean (H). Scale bar = 500µm (B), 5µm (C), 50µm (D), 

20µm (G). 
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Figure S2: Additional Twinspot images and quantification, Related to Figure 2. 

A. Examples of Twinspot clones deriving from symmetric or asymmetric fate specifications. B. Quantification of 

the number of RFP+ and GFP+ in randomly selected clones. n = 20 clones from at least five flies (B). Scale bar = 

20µm. 
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Figure S3: Additional examples of lineage tracing from long-term live imaging experiments, Related to Figure 

2. 

Long-term live imaging was performed on ex vivo intestines for 10-15 hours, time (hours:minutes).  ISCs expressed 

eYFP while enteroblasts (EBs) expressed mCherry. mCherry was not imaged for the first two hours to reduce 

phototoxicity. Telophase/cytokinesis was set at 00:00 (hours:minutes). During a symmetric outcome, the dividing 

cell (-00:30 for example 1; -00:15 – 00:00 for example2) forms two YFP+ mCherry- daughter cells that remain 

mCherry- for the duration of the movie (11:30 for example 1; 11:00 for example 2).  During an asymmetric outcome 

,the dividing cell (-00:10 – 00:00) forms two daughter cells: One of the daughter cells remains mCherry- while the 

other daughter cell becomes mCherry+ (arrow, 08:30 for example 1; 6:30 for example 2). Cell bodies are outlined 

with green for mCherry- and red for mCherry+. Insets depict 3D-reconstruction of the two segregating cell bodies 

during telophase/cytokinesis (arrowhead and outlined). The representative symmetric lineages were generated from 

a planar spindle (1° and 5°) while the representative asymmetric lineages were generated from a more oblique angle 

(68° and 19°). Scale bar = 5µm. 
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Figure S4: Additional characterization of lineage tracing from long-term live imaging experiments, Related to 

Figure 2. 

Long-term live imaging was performed on ex vivo intestines for 10-15 hours to lineage trace cell fates of daughter 

cells.  A. mCherry fluorescence, normalized to background, was measured from both daughter cell pairs (greens and 

yellow/red) of 31 randomly selected dividing ISCs.  During an asymmetric outcome, intensity was measured when 

fluorescence was first visible (initial mCherry fluorescence; 6-9 hours post mitosis) and at the end of the timelapse 

(final mCherry fluorescence; generally 11-13 hours post mitosis). High fluorescent intensity was observed in only 

one of the daughter cell (red).  During an outcome scored as symmetric (in which neither cell became mCherry+ at 

the end of the timelapse), fluorescence was measured at the end of the timelapse (generally 11-14 hours post 

mitosis) and three hours prior (generally 8-11 hours post mitosis). B. Representation of mCherry fluorescence over 

time in 31 randomly selected asymmetric versus symmetric outcomes. Each trace represents a daughter cell. C. 

Additional 3D-reconstruction of dividing ISCs.  Spindle angle is measured between the basement membrane 

estimated by the location of neighboring ISCs and the spindle estimated by the vector bisecting the two segregating 

cell bodies (green outline and red arrowhead). N.S. = not significant, ***P<0.001, based on Mann-Whitney test (A). 

Red bar = mean (A).    
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Figure S5: Effects of Paraquat on intestine composition, Related to Figures 3.    

A. Paraquat treatment decreased the ratio of enterocytes and enteroendocrine cells (as determined by pdm1 and 

prospero staining respectively), but did not significantly change the relative number of enteroblasts (as determined 

by a Su(H)::mCherry reporter). B and C. 8d flies were treated with 5mM Paraquat in 5% sucrose, Ecc15 in 5% 

sucrose, or 5% sucrose alone (mock control) for 24 hours, and then transferred to normal food for an additional 24 

hours. Flies treated with Paraquat did not recover after 24 hours on normal food, maintaining elevated mitotic 

activity and ISC number (as determined by PH3 and delta respectively). Flies infected with Ecc15 recovered 

completely after 24 hours on normal food, with baseline mitotic activity and ISC numbers. D. Quantification of 

relative levels of phosphorylated JNK (pJNK) at a randomly selected subset of pJNK- versus pJNK+ spindles. mean 

± SD (A,C) or mean ± SEM (B); n=9 flies (A,C), n=15 flies (B), n=21 cells from ≥13 flies (D); N.S. = not 

significant, ***P<0.001, based on Mann-Whitney test (A,B,C), Kruskal-Wallis test (D). Red bar = mean (D). Scale 

bar = 20µm. 
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Figure S6: Expression of Wdr62 RNAi and full length Kif1a does not cause apoptosis or block mitosis, 

Related to Figure 4 and 5.   

A. Spindle orientation was quantified by live imaging of ex vivo intestines. B. Cleaved caspase 3 staining was 

validated in Ecc15-infected intestine.  After 8 hours post infection, many cells were positive for cleaved caspase 3 

compared to mock controls. C. Expressing BskDN, Wdr62RNAi, or full-length Kif1a did not cause apoptosis in ISCs. 

D. Neither Wdr62RNAi nor Kif1aOE affected the number of PH3+ cells in the whole gut compared to controls. E. 

Wdr62RNAi did not significantly affect the percentage of bipolar spindles. F. MARCM clones from ISCs 

homozygous for wdr62Δ3-9 are smaller in size than from control ISCs. G. Expression of alternate RNAi against 

Kif1a, Pins, or Mud also promoted planar spindles. Control data were taken from Figure 3B, justified by the pooling 

of cells from 25 flies from five independent experiments. mean ± SD (C) or mean ± SEM (D); n=7 flies (C), n≥20 

flies (D), n=18 cells from ≥15 flies (E), n≥40 clones from 12 flies (F), spindle orientation was quantified from ≥7 

flies (A), ≥10 flies (G); N.S. = not significant, *P<0.05, ***P<0.001, based on Kruskal-Wallis test (A,C,D,G), Chi-

Squared test (E), Mann-Whitney test (F). Red bar = mean (D,G). Scale bar = 20µm. 
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Figure S7: Additional characterization of spindle orientation in aging ISCs, Related to Figure 7.   

A. Spindle orientation is measurable in old flies despite age, with Viking-GFP and Phalloidin still lining the 

basement membrane. B. Spindle orientation in ISCs from live tissue was not significant different compared to ISCs 

from fixed tissue. On average, spindle orientation did not change dramatically between metaphase and anaphase. C.  

Twinspot analysis revealed an increase in symmetric division in old vs young mock-treated ISCs. Old ISCs were 

from 30d flies as most 40d flies did not survive heat shock. Young flies were taken from Figure 2A as clones were 

obtained from 10 flies in three independent experiments. D. pJNK localized to the spindle in most old ISCs. E. 

Wdr62
RNAi

 expression, pooled from three independent experiments (graph), resulted in a modest decrease in lifespan 

(~6%). Within separate cohorts, Wdr62
RNAi

 expression resulted in substantial increase in lifespan within one cohort, 

but decreased lifespan within two cohorts (statistical analysis detailed in the chart). RU486 was fed continuously 

from 10d. F. Spindle orientation remained largely oblique in long-lived survivors (60d) expressing full-length Kif1a. 

Kif1a expression did not rescue mitotic activity, as determined by PH3 staining. RU486 was fed continuously from 

10d. G. Smurf assay was extended to 65d in Kif1a over-expressing flies (RU486 fed to 30d females continuously). 

%Smurfs increased from 60d to 65d. mean ± SD (C,D,F: spindle angle,G) or mean ± SEM (F: #PH3+ cells); n=133 

and 58 clones from 10 young and old flies respectively (C), n=23 cells from 20 flies (D), n= 15 flies (F: #PH3+ 

cells), n=4 cohorts; ≥ 30 flies per cohort (G), spindle orientation was quantified from 15-18 flies per fixed condition 

(B, F: spindle angle) and 7 flies for live imaging (B); N.S. = not significant, *P<0.05, **P<0.01, ***P<0.001, based 

on Mann-Whitney test (B,F), Chi-Squared test (C,D), Kruskal-Wallis test (G).  Red bar = mean (B,F: spindle angle). 

Scale bar = 50µm (A), 5µm (D).       
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