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Abstract

INTRODUCTION—Adult tissues must balance growth and differentiation to develop and 

maintain homeostasis. Excessive differentiation can lead to aging and poor wound healing. Too 

much growth is observed in hyperproliferative disorders and cancers. How tissue imbalances arise 

in disease states is poorly understood.

Skin is an excellent system for understanding the importance of this balance. Essential for keeping 

harmful microbes out and retaining body fluids, the skin barrier is maintained by an inner layer of 

proliferative basal progenitors, which generate a constant outward flux of terminally 

differentiating cells. It is known that when epidermal progenitors accumulate mutations that will 

give rise to malignancy, they change their program of gene expression. However, the extent to 

which cancer progression involves a gain of proliferation versus a loss of differentiation is unclear. 

A detailed molecular knowledge of how normal basal epidermal progenitors transition from a 

proliferative, undifferentiated state to a terminally differentiated state allows us to investigate how 

this process goes awry in a tumorigenic state. We use a genetic screen to identify which of the 

gene changes that occur in both early cell commitment and cancer are integral to maintaining the 

balance between growth and differentiation.

RATIONALE—Epithelial cancers are among the most prevalent and life-threatening cancers 

worldwide. Despite intensive research, the mechanisms by which these cancers evade regulatory 

systems working to balance differentiation and proliferation remain poorly understood. To provide 

new insights into how malignancies arise and how this might be exploited in advancing cancer 

therapeutics, we tackled this problem in the developing skin where these regulatory systems are 

established.

RESULTS—To understand how the balance between growth and differentiation is controlled, we 

first devised a strategy to transcriptionally profile epidermal stem cells and their terminally 
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differentiating progeny. Using this method, we defined the earliest molecular events associated 

with the commitment of epidermal progenitors to their differentiation program. Of the many 

changes that occur, we focused on the cohort of genes that are also mutated in human epithelial 

cancers. To sift through which of these genes are functional drivers in cancers and how they 

perturb homeostasis, we conducted an in vivo epidermal RNA interference (RNAi) screen to 

identify candidates that are selectively enriched or depleted in proliferative progenitors relative to 

their differentiating progeny.

We focused on PEX11b, a protein associated with peroxisomes, organelles involved in fatty acid 

and energy metabolism. PEX11b deficiency compromised epidermal terminal differentiation and 

barrier formation. Without PEX11b, peroxisomes functioned but failed to localize and therefore 

segregate properly during mitosis.

Probing deeper, we discovered that in normal cells, peroxisomes take on stereotyped positions 

during mitosis. However, after depletion of PEX11b, peroxisomes failed to localize. Localization 

was directly coupled to mitotic progression, and when peroxisomes were mislocalized, a mitotic 

delay occurred. During this delay, spindles rotated uncontrollably, subsequently leading to 

perturbed polarized divisions and skewed daughter fates. Using a recently developed light-

activated organelle repositioning technique to ectopically move peroxisomes, we found that 

altering peroxisomal localization in a PEX11b-independent manner also causes mitotic alterations.

CONCLUSION—Through transcriptional profiling and RNAi screening, we defined molecular 

targets associated with either increased proliferation or differentiation. One such target, the 

peroxisome membrane protein PEX11b, was required for epidermal development. The imbalance 

in epidermal differentiation that resulted from PEX11b deficiency and peroxisome mislocalization 

in mitosis was caused by an inability of basal stem cells to orient their spindle perpendicularly 

relative to the underlying basement membrane. For a stratified epithelium, where spindle 

orientation plays a critical role in establishing tissue architecture and homeostasis, this defect had 

dire consequences. Our findings unveil a role for organelle inheritance in mitosis, spindle 

attachment and alignment, and the choice of daughter progenitors to differentiate or remain stem-

like.

Graphical Abstract

Screening for genes that perturb the growth/differentiation balance in skin. Proliferative 

epidermal progenitors (blue) generate differentiating suprabasal layers (orange). After RNA 

sequencing, the subset of genes differentially expressed and altered in cancers were screened in 

vivo for those perturbing growth/differentiation. Focusing on Pex11b-RNAi, we found that during 

mitosis, metaphase peroxisomes (green) normally localized around spindle poles, but with 

diminished PEX11b, peroxisomes were disorganized, causing spindle alignment defects and 

mitotic delay, leading to failed terminal differentiation.

The skin is the largest organ of our body. Although it is only paper-thin, the epidermis 

provides a barrier that is essential for keeping harmful microbes out and retaining body 
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fluids. To do so, the epidermis maintains an inner layer of proliferative basal keratinocyte 

progenitors, which generate a constant outward flux of suprabasal, terminally differentiating 

cells. As basal progenitors commit to terminally differentiate, they retain their 

transcriptional capacity and systematically produce the necessary proteins that form a dense 

inner network of keratin filaments surrounded by a “cornified envelope” of proteins 

deposited beneath the plasma membrane of each cell. Upon completion of this differentiative 

process, all organelles, including the nucleus, are lost, leaving a layer of dead, flattened 

squames sandwiched between lipid bilayers at the skin surface. Eventually, these cells are 

shed, continually being replaced by new cells moving outward (1).

At the surface of the skin, the epidermis is constantly subjected to environmental and 

physical stress. This, coupled with the highly proliferative nature of the epidermis, 

contributes to the development of epidermal malignancies, the most common cancers 

worldwide. Although cancers and other hyperproliferative disorders of the skin involve an 

imbalance in epidermal growth and differentiation, it remains unclear whether differentiation 

is suppressed, proliferation is accelerated, or how these two processes are integrally linked.

Some insights can be gained from examining embryonic development of the skin, which 

begins as a single layer of proliferative progenitors that then give rise to the stratified 

epidermis. The early stages of stratification and differentiation are accompanied by a shift in 

the division plane of the progenitors from parallel to perpendicular (2, 3). These divisions 

result in one daughter cell that maintains its proliferative status, whereas the other is fated to 

differentiate. As the stratified tissue matures, spindle orientations return to a largely planar 

orientation, but most divisions are still thought to be asymmetric (4–7). Although mitosis is 

linked to epidermal homeostasis, the molecular mechanisms involved remain poorly 

understood.

Transcriptome analyses of epidermal growth and differentiation

To gain insight into how this balance between growth and differentiation is controlled at the 

molecular level, we devised a strategy to transcriptionally profile the basal and 

differentiating epidermal populations, spatially and temporally, during skin development. We 

first engineered mice transgenic for a green fluorescent protein histone marker (H2B-GFP) 

driven by a progenitor keratin promoter Krt14 and a red fluorescent protein histone marker 

(H2B-RFP) driven by an early differentiation keratin promoter Krt10. We harvested skin 

beginning at embryonic day 10.5 (E10.5), when epidermis exists as one layer of progenitors, 

and ending at postnatal day 4 (P4), when the skin displays a mature stratified epithelium 

(Fig. 1A). We then used fluorescence-activated cell sorting (FACS) for RFP, GFP, α6 

integrin, and cell granularity/size. Analysis using ImageStream X, a photographic flow 

cytometer, revealed integrin polarization, distinguishing basal versus suprabasal identities; it 

also allowed visualization of cell size differences (Fig. 1B). Depending on developmental 

stage, up to four distinct populations were FACS-purified: basally located progenitors 

(GFP+RFP−α6hismall); basally located, early differentiating and suprabasally located, 

earlyspinous cells(GFP+RFP+α6+/lowsmall); suprabasal late spinous cells 

(GFP+RFP+α6−mid-size); and granular cells (GFP+RFP+α6−large) (fig. S1, A to C).
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RNA-sequencing (RNA-seq) confirmed the undifferentiated (K5/K14) and differentiating 

(K1/K10) states of FACS populations (fig. S1D). Bioinformatic analyses uncovered dynamic 

temporal and spatial expression changes correlating with differentiation status (heat map, 

Fig. 1C). Gene set enrichment analyses (GSEAs) revealed proliferation and developmental 

processes in E10.5 basal progenitors, whereas highly differentiated, P4 granular cells were 

enriched for protein processing and lipid metabolism transcripts, reflective of their role in 

generating the lipid-rich skin barrier (category list, Fig. 1C). Comparative transcriptome 

analyses revealed gene cohorts specifically associated with the early transition from 

progenitor to committed states.

Screening for genes affecting growth versus differentiation

Because cancer is a disease in which the balance between progenitor and committed fate is 

disrupted, it was notable that 810 of the genes signifying this early committed state are 

mutated and/or aberrantly expressed in human and/or mouse epithelial cancers (table S1). To 

determine how these changes affect epidermal homeostasis, we designed a lentivirus-based 

RNA interference (RNAi) screen to identify which of these genes, when silenced in utero, 

affect the balance of undifferentiated to early differentiating epidermal cells at P4 (Fig. 2A).

Our pooled lentiviral short hairpin RNA (shRNA) library targeting these 810 genes (more 

than two shRNAs per gene) was injected into the amniotic sacs of E9.5 mouse embryos such 

that ~15% of the single-layered surface epithelium became selectively, stably transduced by 

E10.5. Per replicate, the multiplicity of infection was <1 and coverage was >75 individual 

transductions per each shRNA-containing virus. By P4, each transduced basal progenitor 

will have divided six to seven times unless the shRNA confers a growth advantage or 

disadvantage, thereby affecting its clonal expansion (8).

From E14.5 to birth, the epidermis stratifies and differentiates. To screen for shRNAs that 

affect this process, we enzymatically dissociated P4 epidermis under conditions that enrich 

for basal and early differentiating progeny. Suspensions were then FACS-sorted as above, 

and genomic DNAs were subjected to high-throughput sequencing to determine the 

frequency of each shRNA in basal versus early differentiating progeny relative to control 

scrambled shRNAs. Control experiments depleting inhibitors (Ezh2) or promoters (Myc) of 

epidermal differentiation behaved as expected, as did Scrambled shRNAs (shScr) (Fig. 2B) 

(9, 10). After this validation, we then analyzed the screen, selecting hits based on whether at 

least two shRNAs consistently caused >2 log2 fold absolute magnitude deviation relative to 

shScr controls in the K5+K10−α6hi basal progenitors versus K5+K10+α6lo early suprabasal 

and/or basal differentiating cell populations. Eighty-seven genes met these stringent criteria 

across all replicates and were thus candidates for potential differentiation regulators (Fig. 2, 

C and D, and fig. S2A; highlighted in tables S1 and S2).

PEX11b: An unexpected screen hit

We validated the quantitative screen results by confirming shRNA knockdown efficiency and 

then interrogating individually several of the hits that showed striking deviations from 

control values. These shRNAs faithfully recapitulated predicted differentiation perturbations 
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(fig. S2, B to D). We then further narrowed our focus to a small cohort of top candidates, 

where at least three shRNAs gave a consistent and potent imbalance of basal to suprabasal 

cells (fig. S2A and table S2). Of these, PEX11b was particularly intriguing. Three 

independent-hit shRNAs depleted Pex11b mRNA and protein. Moreover, the in vivo 

knockdown yielded pups with a similar phenotype, namely, a compromised skin barrier that 

failed to exclude blue dye (Fig. 3A and fig. S3, A and B).

Histological analysis of E16.5 skin revealed epidermal thinning (22 ± 4 μm, shPex11b-1; 17 

± 4 μm, shPex11b-2; 44 ± 8 μm, shScrambled) (Fig. 3B). shPex11b epidermis displayed 

activation of the stress-induced marker keratin 6 and reduced terminal differentiation 

markers, including the cornified envelope protein involucrin (Inv) and the keratohyalin 

marker filaggrin (Flg) (Fig. 3, C to E). Perturbations within the basal epidermal layer 

included a decrease in K5+ progenitors and an increase in K5/K10+ early differentiating 

progeny, which were also proliferative (Fig. 3D). These defects were attributable directly to 

PEX11b deficiency, as normal morphology and gene expression were restored by 

introducing a hairpin-refractory Pex11b complementary DNA (cDNA) into shPex11b 
epidermal progenitors in utero (Fig. 3E).

PEX11b resides in the outer membrane of the peroxisome. It is a highly conserved 

peroxisome-associated protein implicated in peroxisome replication (11–25). Although not 

well studied in the epidermis, peroxisomes house the metabolic enzymes for H2O2 

processing, fatty acid oxidation, ether lipid synthesis, and other tissue-specific metabolic 

functions (26, 27). Although loss of PEX11b results in only minor changes in lipid 

metabolism in yeast and mammalian cells (11, 18, 20, 22, 23), mutations in PEX11b can 

generate a peroxisomal disease phenotype in both mice and humans (24). Thus, although 

required for tissue function, PEX11b’s function in peroxisome biology likely resides outside 

the realm of metabolism.

A role for PEX11b outside peroxisome metabolism

To understand how PEX11b knockdown skews the balance between epidermal growth and 

differentiation, we placed its behavior in the context of two other peroxisome-associated 

proteins: PEX5, required for importing proteins into the peroxisome, and PEX19, which 

chaperones requisite proteins to the peroxisomal membrane (Fig. 4A) (28–31). Lentiviral-

mediated RNAi knockdown of each of these PEX proteins resulted in a reduction in 

peroxisome numbers in the developing epidermis (Fig. 4B and fig. S3C). The vital role of 

PEX19 in peroxisome assembly and function was reflected in not only its more severe effect 

on peroxisome numbers but also its crippling effect on oxidase activity (contained within 

peroxisomes and mitochondria). By contrast, PEX11b-deficient epidermal progenitors still 

retained appreciable oxidase activity, as well as protein levels of the very long chain fatty 

acid metabolism enzyme ACOX1 and the oxidase CAT (catalase) (Fig. 4, C and D). In 

addition, shPex11b epidermal cells displayed fewer peroxisomes both in vivo and in vitro, 

with reduced organelle size (fig. S3, D to F).

Given the more potent effects of PEX19 depletion on peroxisome number and function, it 

was notable that this depletion did not cause the epidermal defects typifying PEX11b 
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depletion (Fig. 4, E and F, and fig. S3, G and H). Moreover, as judged by immunoblot 

analyses, PEX19 depletion did not markedly affect PEX11B protein levels (fig. S3I). 

However, in agreement with its known singular role in peroxisome biology, a GFP-PEX11b 

fusion protein colocalized with peroxisomes (Fig. 4G) (13, 17). In addition, embryos 

transduced with shPex11b and shRNA-resistant Pex11b cDNA exhibited moderate to 

complete rescue not only of differentiation defects but also of peroxisome number deficits 

(Fig. 4H and fig. S3J). On the basis of these data, the imbalance in epidermal growth and 

differentiation caused by PEX11b depletion was likely rooted in some nonmetabolic 

aberration of peroxisomes.

A mitotic role for PEX11b

In all cells, peroxisomes reside and traffic on the cytoskeleton. In lower organisms, 

peroxisomes connect exclusively to the actin network, whereas in vertebrates, peroxisomes 

have been reported to associate primarily with microtubules (32–36). Probing deeper into the 

mechanism, we examined how peroxisomes are organized and localized within epidermal 

progenitors and their daughters, and whether peroxisomal organization might be altered in 

the absence of PEX11b. Exploiting the ability to culture primary keratinocytes (10MKs) 

from mouse skin epidermis, we monitored peroxisomal distribution throughout the cell cycle 

in vitro.

Wild-type interphase 10MKs distributed their peroxisomes along the microtubule network, 

with peroxisome density correlating with microtubule density throughout the cytoplasm of 

G1 cells (Fig. 5A). Although the number of peroxisomes was reduced by Pex11b 
knockdown, this did not eliminate their association with interphase microtubules. 

Confirming a PEX11b-independent peroxisomal-microtubule connection during interphase, 

treatment with the microtubule poison nocodazole resulted in a clear perturbation of the 

peroxisome network in 10MKs transduced with either Scr or Pex11b shRNAs (35).

During early mitosis in wild-type keratinocytes, peroxisomes maintained an association with 

the microtubule network, but they typically clustered around the spindle poles (Fig. 5B). 

During telophase, peroxisomes reorganized, surrounding the nuclei of each daughter cell and 

forming sharp arcs away from the midbody (Fig. 5C). This stereotyped localization of 

mitotic peroxisomes was consistent with the microtubule dependency of organelle 

segregation during mitosis (37–42) and resembled that described for transformed cell lines 

and yeast (40, 41).

In contrast, peroxisomes in PEX11b-deficient keratinocytes failed to associate with the 

spindle poles in early mitotic cells (Fig. 5B). In addition, during later stages of mitosis, 

peroxisomes failed to organize and segregate equivalently in daughter cells (Fig. 5, C and 

D). This was in contrast with other organelles, including mitochondria and Golgi, which 

segregated evenly in shPex11b 10MKs (fig. S4). Finally, because no obvious aberrations 

were seen in the actin or microtubule cytoskeletons, our data suggested that PEX11b 

deficiency resulted in a selective perturbation in peroxisomal organization specifically 

during the mitotic phase of the cell cycle.
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PEX11b and spindle alignment

To further examine these positional changes, we depleted the peroxisome-associated protein 

PEX14, which has been reported to mediate attachment between peroxisomes and 

microtubules (42). In interphase, the peroxisomes of shPex14 keratinocytes clustered 

unevenly throughout the cell. Similar to what we observed upon Pex11b knockdown and in 

contrast to what was observed in shScr, shPex5, or shPex19 keratinocytes, peroxisomes in 

mitotic shPex14 cells failed to associate with the spindle poles during early mitosis and 

instead adopted a more cortical position (Fig. 5, E and F, and fig. S5A). Moreover, this 

mislocalization resulted in deviations in spindle alignment, providing compelling evidence 

for a mitotic requirement for peroxisome association to microtubules in general and to 

spindle poles in particular (Fig. 5G).

Spindle orientation plays a critical role in establishing epidermal tissue architecture and 

homeostasis, both in postnatal epidermis and in embryogenesis (2, 3, 6, 7). Given the 

imbalance in epidermal differentiation and proliferation in the PEX11b-deficient skin, we 

examined the epidermis for changes in the quantity of cell divisions, where daughter cells 

take on different fates. In contrast to the perpendicular or oblique division angles seen in 

~50% of wild-type E16.5 epidermal progenitors, most (Survivin-marked) late-anaphase 

spindles in shPex11b epidermis were parallel relative to the underlying basement membrane 

(Fig. 6A). The skew toward parallel divisions was visually evident through ImageStream 

capture of late telogen-phase cell doublets, whose daughters were both marked by integrins 

(Fig. 6B). Because perpendicular cell divisions expand the stratified layers at this stage of 

development, their notable absence explained the reduction in the thickness of shPex11b-

transduced epidermis.

The alteration in spindle orientation was accompanied by perturbations in the NuMA-

mediated perpendicular asymmetric cell divisions (ACDs) that occur at this time. Normally 

during mitosis, the microtubule-binding protein NuMA localizes both to the spindle poles 

and to the apical portion of the cell. At the cell apex, NuMA interacts with the cortical 

crescent of LGN, an epidermal protein necessary to link the Par3/aPKC polarity complex 

with astral microtubules to achieve proper spindle orientation (7, 43–46). However, in 

shPex11b knockdown epidermis, NuMA was markedly reduced at cortical crescents with a 

concomitant rise in diffusely distributed NuMA (Fig. 6C). Immunoblot analyses showed that 

overall NuMA levels were largely unaffected, indicating a defect in organization rather than 

expression (fig. S5B). When an angle was drawn between the center of the cortical LGN 

crescent and the spindle axis, E16.5 shPex11b basal cells exhibited a larger angle than did 

control cells, indicative of spindle-crescent uncoupling and deviation from a perpendicular 

cell division (fig. S5C). This was further corroborated by immunofluorescence, showing that 

even when cortical, NuMA often failed to overlap with LGN in PEX11b-depleted cells (fig. 

S5D). These findings were interesting because in shNuma knockdown epidermis, severe 

perturbations in spindle orientation, ACDs, and differentiation arise (2).
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PEX11b deficiency and uncontrolled spindle rotations

To further explore the perturbations observed during mitosis upon Pex11b knockdown, we 

turned to live imaging. We transduced shPex11b 10MKs with mCherry-tubulin to label 

spindles and pKrt14-H2BGFP to label chromosomes. Time-lapse imaging revealed that 

compared to control cells, which spent an average of 69 ± 24 min in mitosis, shPex11b 
keratinocytes spent 118 ± 47 min in mitosis (Fig. 7, A and B). shPex11b cells had an 

increase in mitotic abnormalities, including mitotic delays accompanied by rotating spindles 

and enlarged metaphase plates (Fig. 7, A to C, and movies S1 and S2).

Turning to the consequences of defective peroxisomal localization and the associated 

changes in mitosis, we found that keratinocyte growth was diminished in vitro and G2-M–

phase cells were increased by E16.5 in vivo (Fig. 7D and fig. S5E). shPex11b keratinocytes 

also held more cells in G2-M after a double thymidine block and release (fig. S5, F and G). 

Further exploring the presence of a mitotic delay, cells were monitored for recovery after 

exposure to the microtubule inhibitor nocodazole. After removal of nocodazole, control cells 

rapidly exited mitosis, whereas shPex11b keratinocytes maintained high levels of the mitotic 

marker Ser10-phosphorylated histone H3 [P-H3(S10)] for 2 to 3 hours longer (Fig. 7E). 

Despite a 1.75-fold increase in keratinocytes with >4N DNA content in vivo, most shPex11b 
cells progressed through mitosis (fig. S5H). Apoptosis after mitosis was also minimal, as 

judged by the few caspase-3+ cells within E16.5 shPex11b epidermis (0.14% versus 0.08%, 

P = 0.54) (fig. S5I). By contrast, PEX5 and PEX19 depletion caused enhanced apoptosis 

without alterations in S or G2-M populations (fig. S5J). Thus, the imbalance in growth and 

differentiation caused by PEX11b depletion likely arose from a mitotic delay rather than cell 

death.

Linking PEX11b, peroxisomes, spindle rotations, and epidermal growth/

differentiation

The spindle rotations and NuMA mislocalization seen in PEX11b-deficient keratinocytes 

were particularly intriguing in light of recent studies showing that when NuMA fails to be 

phosphorylated by the mitotic kinase Aurora-A, spindles also rotate excessively (44). The 

shared location of peroxisomes and NuMA at spindle poles in wild-type cells, coupled with 

the aberrant presence of peroxisomes and NuMA loss at the cortex, suggests that proper 

peroxisomal localization may be necessary for NuMA to be modified and move from the 

poles to the cortex. In addition, the shPex11b-induced cell cycle delay was notable given that 

cell cycle progression has been observed to stall upon the inability to fragment Golgi or to 

segregate mitochondria during mitosis (37, 47–49). Together, these findings raise the 

intriguing prospect that there might be a mitotic checkpoint for organelle localization as well 

as segregation, and that peroxisome mislocalization is sufficient to trigger it.

To further test these hypotheses, we first showed that the mitotic delay could be triggered not 

only by PEX11b depletion but also by PEX14 depletion (Fig. 8A). Because this did not 

happen in shPex5- or shPex19-transduced cells (fig. S5J), the link between peroxisome 

mislocalization and mitotic delay was strengthened. To further explore this link, we also 

used an optogenetic system to move peroxisomes along the microtubules of living cells. We 
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used a photosensitive protein-protein binding system to couple mRFP-labeled peroxisomes 

to various microtubule motor segments. Upon exposure to blue light, these two proteins 

bound, and peroxisomes were forced to move along microtubules (50–52).

We first used a kinesin-3 motor segment to redirect peroxisomes to the plus ends of 

microtubules, which, in interphase keratinocytes, reside at the cell cortex. By 48 min, most 

of the peroxisomes had redistributed in this manner (Fig. 8B). Investigation on a shorter time 

scale revealed that the reorganization was fast, happening within minutes after light 

activation (Fig. 8C). This made it possible to photoactivate at the start of mitosis, move 

peroxisomes along microtubules to new locations, and then examine the consequences. With 

the kinesin-3 motor segment, peroxisomes concentrated aberrantly at plus-end interpolar 

spindle microtubules at the midzone (Fig. 8D). Spindle-associated peroxisomes increased by 

more than two times after light activation. After 1 hour, light exposure resulted in an 

increase in metaphase and decrease in telophase cells, although similar total numbers of 

mitoses were observed. Time-lapse imaging of individual light-exposed mitoses showed 

delayed mitotic progress upon ectopic peroxisome redistribution (Fig. 8D and fig. S6, A to 

C), similar to that seen upon PEX11b depletion.

By contrast, when we used a similar construct but with the minus-end motor dynein, 

peroxisomes still localized to microtubules, but now they concentrated at the minus-end 

microtubules of the spindle poles. Although peroxisomes normally localize to spindle poles 

in early mitosis, in the photosensitized keratinocytes, peroxisome density at spindle poles 

was not only increased but also sustained through later phases in mitosis (Fig. 8E). Notably, 

mitotic progression appeared to proceed normally despite these alterations (Fig. 8E). These 

data suggest that it is not only concentration of peroxisomes on the spindle per se that 

interferes with mitotic progression but also their mislocalization to the spindle midzone 

rather than the poles.

Discussion

In summary, our transcriptional profiling and RNAi screen guided us to a role for organelle 

inheritance in controlling the balance between growth and differentiation. In addition, we 

learned that peroxisome-associated PEX11b functions in governing peroxisome partitioning 

into epidermal daughter cells. When a single organelle type, in this case, the peroxisome, 

was redirected away from the spindle poles to either the cortex or spindle midzone, a 

checkpoint-like state was elicited, associated with mitotic delays.

Our discovery comes on the heels of a quite different but related in vitro observation that old 

mitochondria are segregated into the differentiating daughter of a mammary stem cell 

division (53). Together, these findings underscore the importance of organelle organization 

during mitosis and organelle inheritance in stem cell biology. Our data suggest that 

progenitors know how not only to couple organelles to the mitotic machinery but also to 

trigger a checkpoint when proper coupling fails. As our study reveals, for stem cell 

progenitors that divide asymmetrically and in a polarized fashion to establish tissue 

architecture, the consequences of inappropriate organelle localization during mitosis can be 

particularly dire. The perturbations likely arise in part from physical interference of 
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misplaced organelles with the spindle orientation machinery and in part from aberrations in 

organelle segregation and inheritance. For the epidermis, these perturbations associated with 

peroxisome mislocalization were accompanied by mixed messages to resulting basal 

daughters, displaying differentiation markers but still proliferating, features typically 

associated with cancer.

Methods summary

Mice were housed and cared for in an AAALAC-accredited facility, and all animal 

experiments were conducted in accordance with IACUC-approved protocols. Panels 

showing shPex11b include average values for 2–3 shRNAs targeting Pex11b. For viral 

infections, keratinocytes were plated in 6-well dishes at 100,000 cells per well and incubated 

with lentivirus in the presence of polybrene (100 μg ml−1). After 2 days, we positively 

selected infected cells with puromycin (1 μg ml−1) for 4–7 days, and processed them for 

mRNA and protein analyses. CD1 mice were used for single gene knockdown experiments. 

The screen was performed in a C57/Bl6 background with 4 biological replicates of 6–10 

pups each. shRNAs included in the screen and for all knockdown experiments are from 

Sigma TRC 1.0 or 1.5 mouse library. Based on a library targeting ~810 genes, each screen 

replicate had a coverage of >75X.

We used noninvasive, ultrasound-guided in utero lentiviral-mediated delivery of RNAi, 

which selectively transduces single-layered surface ectoderm of living E9.5 mouse embryos 

as previously described (54). All shRNAs were obtained from The Broad Institute’s Mission 

TRC-1 mouse library, and were present in the pLKO.1 lentiviral backbone, which harbors a 

puromycin-resistance cassette. shRNA sequences were cloned from the library vectors into 

our modified pLKO H2B-mRFP1, H2B-YFP, or H2B-CFP vectors and high-titer lentivirus 

was produced as previously described (54).

KIF1A-GFP-ePDZb1, PEX3-mRFP-LOV, and BICD-ePDZb1 plasmids were a generous gift 

from C. Kapitein of Utrecht University (Netherlands). Plasmids were transiently 

cotransfected into keratinocytes using Effectene transfection reagent (Qiagen) and incubated 

with SIR-tubulin (Cytoskeleton) to mark microtubules. Light activation was performed as 

previously described (47). Briefly, for wide field activation cells were exposed to blue 

spectrum light at intervals of 60–300s. Sequential imaging was taken of additional channels 

of interest. Early mitotic cells were found using early spindle formation as a marker, then 

cells were exposed to blue light and a z-series was acquired at 2-minute intervals for the next 

1–2 hours. For subsequent immunostaining, 35-mm plates were pulsed in temperature/CO2 

control chamber with blue light or kept in complete dark for 1 hour time course. Full 

materials and methods are available in supplemental materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Spatiotemporal transcriptional landscape of epidermal differentiation
(A) Differential transgene expression as seen by immunofluorescence in progenitor and 

differentiated cells of P4 epidermis (Epi). Solid white line denotes skin surface; dashed line 

denotes the epidermal-dermal border. Der, dermis. Immunostain labels transgene fluorescent 

fusion proteins driven by promoters for Krt14 (green), Krt10 (red), and α6 integrin residing 

at the base of epidermal progenitors (yellow). Scheme of epidermal development 

highlighting the epidermal populations from animals transgenic for Krt14-H2B-GFP and 

Krt10-H2B-RFP that we isolated across three time points using α6 as an additional marker. 

Scale bar, 10 μm. (B) ImageStream analysis of P4 epidermal keratinocytes. Arrows indicate 

progression from undifferentiated to differentiated cells. Progenitors and early differentiated 

basal cells, identified as basal by their polarized integrin and early differentiating by Krt14 

and Krt10 expression; suprabasal early spinous, denoted by loss of polarized integrin with 

Krt14 and Krt10; late spinous and granular, denoted by Krt10 but distinguishable by size. 

(C) Temporal and spatial transcriptome patterns of genes differentially expressed during 

epidermal development. K-means clustering categorized genes into 20 groups of ~200 genes 

each with similar expression patterns. Genes associated with clustered branches were 

analyzed for enriched gene sets with GSEA. False discovery rate q values of enrichment 

were calculated for each gene set.
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Fig. 2. In vivo RNAi screen identifies genes that balance epidermal growth and differentiation
(A) RNAi screen strategy. E9.5 living embryos were transduced in utero with the RNAi 

lentiviral library. Colors denote examples where an RNAi confers an advantage over control 

(red) for differentiation (blue) or growth (gray). (B) RNAi-induced shifts in basal/early 

differentiation (B/D) patterns after in utero knockdown of the established epidermal 

regulators EZH2 (differentiation inhibitor) and MYC (differentiation promoter). ***P < 

0.001, Student’s t test. Error bars show SEM. (C) In vivo screen results showing log2 clone 

size changes for each shRNA relative to Scrambled control clones for the progenitor→early 

differentiating progeny step. Screen identifies shRNAs with neutral, prodifferentiation, and 

antidifferentiation clone size alterations. (D) Impact of 810 cancer and differentiation–

associated genes on epidermal homeostasis. Dot plot depicts each gene as a single dot and 

the number of shRNAs/gene showing a >2 log2 change indicated by the y-axis position. All 

four screen replicates are aggregated. Genes classified as “hits” are highlighted in pink; the 

size of the dot indicates the magnitude of fold change relative to shScr controls.
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Fig. 3. A peroxisome-associated protein as an unexpected regulator of epidermal growth and 
differentiation
(A) Outside-in barrier assay, performed by determining the penetration of blue dye into the 

skin of the intact mouse pups, shows disrupted epidermal differentiation after loss of 

PEX11b. The presence of blue dye indicates incomplete barrier formation. The assay was 

performed on shPex11b (n = 8), control littermate, or shScr (n = 10) embryos at E18.5. (B) 

Epidermal thinning of back skin of shPex11b embryos at E16.5. Quantifications from two 

independent shRNAs targeting Pex11b. ***P < 0.001. (C) Alterations of epidermal markers 

after depletion of PEX11b in E16.5 epidermis. Immunolabeling shows ectopic expression of 

keratin 6 and loss of involucrin in shPex11b skin. Keratin 5 and 4′,6-diamidino-2-

phenylindole (DAPI) were used to mark progenitors and chromatin. (D) Loss of PEX11b 

perturbs epidermal homeostasis. FACS quantification of differentiation status of shPex11b 
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E16.5 epidermis. **P < 0.01, *P < 0.05, Student’s t test. Quantification of EdU-positive 

cells by FACS. Embryos were exposed to EdU for 1 to 3 hours before harvest. Note the 

increase of EdU-labeled K5+K10+ epidermal cells. Quantification of K10+ basal cells from 

epidermis immunolabeled for keratins 5 and 10. ns, not significant. (E) shPex11b-associated 

defects are rescued by a Pex11b cDNA refractory to shPex11b. Representative images from 

E16.5 sagittal sections immunolabeled for laminin 5, filaggrin, and keratin 5 from shScr, 
shPex11b, and shPex11b + Rescue embryos. Note rescue of epidermal thinning upon cDNA 

introduction. Scale bars, 10 μm. Dashed white lines mark the basement membrane, and solid 

white line marks the skin surface.
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Fig. 4. PEX11b balances epidermal growth and differentiation by a mechanism independent of 
peroxisome function
(A) Scheme of peroxisome protein functions. PEX19 chaperones and imports certain 

peroxisome membrane proteins; PEX5 recognizes the peroxisomal type 1 targeting sequence 

for the import of peroxisome proteins; and PEX11b resides in the outer peroxisome 

membrane and is implicated in peroxisome replication. (B) Loss of Pex5, Pex19, and 

Pex11b reduces keratinocyte peroxisome numbers. Quantification from 10MKs transduced 

with shRNAs. (C) shPex11b does not significantly change global oxidase activity levels, a 

measure of peroxisomal metabolic function. For (B) and (C), **P < 0.01; *P < 0.05. (D) 

Quantification of immunoblots for peroxisomal proteins shows that shPex11b does not cause 

a significant reduction of the peroxisomal matrix proteins ACOX1 and CATALASE or the 

peroxisomal membrane protein PEX19. (E) Pex11b-dependent alterations in epidermal 

homeostasis. FACS quantification of differentiation status of peroxin-depleted E16.5 

epidermis. ***P < 0.001. (F) Images from E16.5 epidermis from peroxisomal knockdown 

embryos immunolabeled for keratins 5 and 10. (G) PEX11b localizes specifically to 

peroxisomes. 10MKs were transfected with a cDNA encoding a GFP-Pex11b fusion protein 

and immunolabeled at interphase for PMP70, a marker of peroxisomes. (H) Pex11b-

dependent reductions in peroxisome number are rescued by PEX11b cDNA expression. 

Peroxisomes per cell per 0.5-μm epidermal Z section were counted for shPex11b, uninfected 

control, and GFP-Pex11b-Rescue epidermal cells. ***P < 0.001, *P < 0.05, unpaired 

Student’s t test. Scale bars, 10 μm.
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Fig. 5. Alterations in organelle organization, inheritance, and spindle orientation when 
peroxisomes cannot localize to spindle poles during mitosis
(A) Peroxisomes reside on microtubules. Interphase shScr and shPex11b keratinocytes 

immunolabeled for tubulin and PMP70. Images shown are before and after nocodazole 

treatment to disrupt microtubules. Higher magnifications are shown in insets. Scale bars, 10 

μm (main panels); 2.5 μm (insets). (B) Metaphase cells immunolabeled for tubulin and 

PMP70 show that the spindle pole localization of peroxisomes in shScr cells is lost in 

shPex11b cells. Scale bar, 10 μm. (C) shPex11b-dependent peroxisome mislocalization and 

altered inheritance seen in representative images of late-stage mitotic keratinocytes. Cells 

were immunolabeled for the peroxisomal marker PMP70, tubulin to mark spindles, and 

DAPI to mark chromatin. Schematic depicts changes in peroxisome positions seen during 

telophase. Scale bar, 10 μm. (D) Asymmetric peroxisome partitioning after loss of PEX11b. 

Line plot of PMP70 fluorescence levels in telophase shPex11b (red) and shScr (gray) 

daughter cells. Note the increased slope of shPex11b pairs indicating unequal amounts of 

peroxisomes partitioned into daughter cells. (Right) Quantification of asymmetry [(Daughter 

1 − Daughter 2)/Total] from telophase pairs. Note increased asymmetry in shPex11b 
divisions. *P < 0.05, Student’s t test. (E) Spindle pole enrichment of peroxisomes during 

mitosis. In shScr cells, peroxisomes cluster at spindle poles. This localization is lost after 

depletion of Pex11b or Pex14. Still images from time-lapse movies of keratinocytes with 
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fluorescent-labeled tubulin and peroxisomal-targeted GFP. Thermal LUT for GFP-PTS1 

indicates intensity of fluorescence, with red→blue indicating high→low. Scale bar, 10 μm. 

(F) Quantification of fraction of total cellular peroxisomes localized at spindle pole regions 

during early mitosis. In shScr keratinocytes, 35% of all peroxisomes localize to spindle 

poles in prophase. This association decreases and is lost by anaphase. By contrast, shPex14 
and shPex11b keratinocytes fail to associate peroxisomes with spindle poles. ***P < 0.001. 

(G) Loss of Pex11b and Pex14 results in larger spindle angle movements during mitosis, 

indicating a defect in the ability to align the spindle. Measurement of size of spindle angle 

deviations from starting position from time-lapse imaging of mitotic cells. Mathematically 

smoothed histogram (density plot) of spindle angles quantified from time-lapse imaging of 

shPex11b and shScr keratinocytes. Note that distribution of shPex11b spindle angles is 

broader and with a higher maximum than controls. Loss of Pex14 results in large spindle 

angle movements. P < 0.001, Student’s t test of significance between shScr and shPex11b. 

shPex11b, n = 18; shScr, n = 34; shPex11b + Rsc, n = 17; shPex5, n = 12; shPex19, n = 10; 

shPex14, n = 11. Note that alterations arising from shPex11b are rescued by expression of an 

shRNA-resistant Pex11b cDNA. Note also that loss of Pex5 and Pex19 does not cause 

alterations in spindle behavior.
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Fig. 6. Failed peroxisome localization to spindle poles leads to failed association of NuMA with 
the ACD machinery
(A) Radial histograms of division angles of E16.5 basal epidermal progenitors relative to the 

basement membrane, showing that shPex11b results in a marked decrease in perpendicular 

divisions. Length of black bars represents the number of mitoses showing particular division 

angle. Uninfected (Ctrl), n = 50; shPex11b, n = 71. Bar plot of division angle classifications 

for E16.5 epidermal division angles. Perpendicular divisions = 90° to 65°, oblique divisions 

= 30° to 65°, parallel divisions = 0° to 30°. *P < 0.05, χ2 test. (B) ImageStream of late-stage 

mitotic cells distinguishes between perpendicular and parallel epidermal divisions. 

ImageStream X FACS of isolated keratinocytes from E17.5 epidermis, analyzed for α6 

integrin, β4 integrin, β1 integrin, and DAPI. (C) Representative images of early mitotic basal 

progenitors (white dashed lines) from E17.5 sagittal skin sections. Immunolabeling of 

mitotic cells is for NuMA (cyan), which is typically associated with spindle poles and also 

the apical LGN cortical crescent. DNA is shown in blue. Scale bar, 10 μm. Note the selective 

loss of apical cortical NuMA in the shPex11b cells. Bar plot shows quantification of changes 

in NuMA position. *P < 0.05.
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Fig. 7. Spindle rotations and mitotic delays after loss of PEX11b
(A) shPex11b-induced uncontrolled spindle rotations with increased mitotic time seen via 

time-lapse imaging. Spindle angle is shown with a white line and defined as the maximum 

angle formed between the spindle orientation at the start of video microscopy and the 

spindle orientation of the particular image taken later during mitosis. Scale bar, 10 μm. (B) 

Histogram of data from time-lapse imaging of keratinocytes shows slowed mitotic 

progression (from chromosome condensation to nuclei decondensation) of shPex11b (n = 

18) cells relative to shScr (n = 32) control cells. (C) Increased abnormal mitotic outcomes 

assessed with time-lapse imaging of shPex11b and shScr 10MKs. ***P < 0.001, χ2 test. (D) 

Delayed keratinocyte expansion in shPex11b cultures after 5.5 days of in vitro growth. (E) 

shPex11b 10MKs remain in mitosis after cells were treated with nocodazole and then 

released. Cell lysates were collected hourly for immunoblot analysis of the mitotic marker 

P-H3(S10). **P < 0.01, *P < 0.05, Student’s t test.
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Fig. 8. Mislocalization of peroxisomes alters mitotic progression
(A) shPex14 keratinocytes uncouple peroxisomes from microtubules, resulting in higher 

proportions of cells in early mitosis and reduced late mitotic cells relative to shScr cells. 

Maximal projections of z stack of the entire cell are shown with immunolabeling for tubulin 

and PMP70. Thermal LUT for PMP70 indicates fluorescence intensity of the peroxisome 

marker PMP70, with red→blue indicating high→low. ***P < 0.001; *P < 0.05. (B to D) 

Light-induced ectopic movements of peroxisomes in interphase [(B) and (C)] or in mitotic 

(D) keratinocytes transfected with Pex3-mRFP-LOVand KIF1A-GFP-ePDZ1b. Time-lapse 

imaging was for up to an hour [(B) and (D)] or 6 min (C) after light-induced coupling of 

peroxisomes to the plus-end microtubule motor (KIF1A). Note that even within minutes 

after photoactivation, peroxisomes move to cortical sites of interphase cells, where the plus 

ends of microtubules reside. Note that in mitotic cells, plus ends of microtubules reside at 

the spindle midzone, shifting the localization of peroxisomes. Maximal projections of z 

stack of the entire cell are shown with immunolabeling for tubulin and fluorescence of Pex3-
mRFP-LOV. Thermal LUT for Pex3-mRFP-LOV indicates intensity of fluorescence, with 
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red→blue indicating high→low. Bar plot shows proportions of cells in each part of mitosis. 

Cells with ectopic association between spindle midzone and peroxisomes have higher 

proportions of cells in early mitosis and reduced late mitotic cells relative to light-exposed 

neighbor cells. For (D), ***P < 0.001. (E) Light-induced peroxisome movement to spindle 

poles via coupling of Pex3-mRFP-LOV and BICD-ePDZ1b, a minus-end microtubule motor 

segment. Maximal projections of z stack of the entire cell are shown with immunolabeling 

for tubulin and fluorescence of Pex3-mRFP-LOV. Thermal LUT for Pex3-mRFP-LOV 
indicates intensity of fluorescence, with red→blue indicating high→low. Cells with 

enhanced peroxisomes at spindle poles show similar proportions as untransfected controls of 

cells in each phase of mitosis. Bar plot shows proportions of cells in each part of mitosis. 

Scale bars, 10 μm (all panels).
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