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Materials and Methods

RNA-seq and Analysis

FACS isolated keratinocytes were sorted directly into TrizolLS (Invitrogen). 4-12
embryos were pooled per condition. RNA was purified using Direct-zol RNA MiniPrep
kit (Zymo Research) per manufacturer’s instructions. 2 pooled samples ETH sequenced
for each condition. Quality of the RNA for sequencing was determined using Agilent
2100 Bioanalyzer, all samples had RNA integrity numbers (RIN) > 8. Library preparation
using [llumina TrueSeq mRNA sample preparation kit was performed at the Weill
Cornell Medical College Genomic Core facility, and RNAs were sequenced on Illumina
HiSeq 2000 machines. Reads were aligned with Tophat using mouse genome build mm9
build. Transcript assembly and differential expression was performed using Cufflinks
with Ensembl mRNAs to guide assembly. Analysis of RNA-seq data was done using the
cummeRbund package in R (55). Differentially regulated transcripts were analyzed with
Gene Set Enrichment Analysis (GSEA) to find enriched gene sets (56).
Flow Cytometry

Preparation of embryonic mouse back and head skin for isolation of keratinocytes
was performed as previously described (2). Briefly embryos and neonates: Skins were
removed and treated with warm dispase for 1 hr at room temperature or overnight at 4°C.
The epidermis was peeled from the underlying dermis with forceps and placed into equal
parts 0.25% Trypsin-EDTA and versene for 45 minutes at room temperature with
shaking. E media was added to suspension to neutralize trypsin. Single-cell suspensions
were obtained by filtering through a 70uM strainer and collected by centrifugation at
300g for 5 minutes. For detection of intracellular antigens including keratins, cells were
washed in PBS and re-suspended at 1X10° cells/0.1mL and 0.9mL 100% ice cold MeOH
was slowly added while vortexing to fix cells. Cells were placed at -20°C for >30
minutes. Cell suspensions were incubated with the appropriate antibodies for 30 minutes
on ice. The following antibodies were used for FACS: a6-integrin (eBiosciences),
CD140a (eBiosciences), CD31 (eBiosciences), CD45 (eBiosciences), K5 (Fuchs Lab),
K10 (Covance), DAPI or LIVE/DEAD Fixable Aqua was used to exclude dead cells.
Native keratin expression was used to isolate differentiating populations for RNAi screen.
Transgenic keratins driving fluorescent histone expression was used to isolate intact cells
for RNA extraction. Cell isolations were performed on FACS Aria sorters running FACS
Diva software (BD Biosciences). For EAU incorporation experiments, staining was
performed using Click-iT EdU Alexa Fluor 647 Flow Cytometry Kit (Life Technologies)
per manufacturer’s instructions. For cell cycle analysis MeOH fixed keratinocytes were
stained with Dye Cycle Fx Violet (Invitrogen) per manufacturer instructions and cells
were subsequently assayed. FACS analyses were performed using LSRII FACS
Analyzers and results were analyzed with FlowJo vX software. Cells were prepared for
ImageStream acquisition by fixation and staining just as they were prepared for FACS
analysis.
Cell culture

1°MKs from neonatal mouse skin were cultured in 0.05 mM Ca2+ or 1.5 mM Ca2+

media supplemented with 15% serum. 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 pg ml—1). After 2 days, we positively selected infected cells with




puromycin (1 pg/ ml—1) for 4-7 days, and processed them for mRNA and protein
analyses. For 2X thymidine block cells were treated with 2mM thymidine (Sigma) for 19
hours released for 9 hours and treated again for > 12 hours.
Oxidase Activity Assay

2X10"6 Primary mouse keratinocytes knocked down for shPex11b or shScr were
pelleted and flash frozen in liquid nitrogen. Cell pellets were re-suspended in PBS and
assayed for oxidase activity as previously described (57). Briefly, cell suspensions were
mixed with H,0, and Triton X100. Air produced by the decomposition of H,0, creates
foam which can be measured. Extracts from the peroxisome rich mouse liver were used
as positive controls.
Time-lapse imaging

Keratinocytes were transduced with shRNAs, contained within a lentiviral vector
harboring a puromycin resistance cassette. After > 4 days, mRNA knockdown was
confirmed by semi-quantitative RT-qPCR. Cells were then plated on glass-bottom dishes
coated with fibronectin and acquired on a spinning-disc microscope equipped with a 40X
air objective , 40X oil objective and an EM charge-coupled device camera (Hamamatsu).
Additional plasmids used include GFP-PTS1 (Life Tech Cell light Peroxisome-GFP,
BacMam 2.0 reagent #C10604), mCherry-tubulin and Krt14 H2B-GFP. Microtubules
were imaged used SIR-Tubulin reagent at a concentration of 2.5nM. Cells were treated
with SIR-Tubulin for 1 hour prior to imaging.
Optogenetic organelle transport

KIFIA-GFP-ePDZb1,PEX3-mRFP-LOV, BICD-ePDZb1 plasmids were a generous
gift from C.Kapitein of Utrecht University (Netherlands). Plasmids were transiently co-
transfected into keratinocytes using Effectene transfection reagent (Qiagen) and
incubated with SIR-tubulin (Cytoskeleton) to mark microtubules. Light activation was
performed as previously described (51). 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 minutes intervals for the next 1 -2 hours. For subsequent immunostaining 35mm plates
were pulsed in temperature/CO; control chamber with blue light or kept in complete dark
for 1 hour time course.
Barrier assay

Dye exclusion assays were performed as previously described (58). Embryos are
immersed in a low-pH X-gal substrate solution (100 uM NaPO4, 1.3 mM MgCl2, 3 mM
K3Fe(CN)6, 3 mM K4Fe(CN)6, 1 mg ml—1 X-gal, 0.01% sodium deoxycholate, 0.2%
NP-40, pH 4.5) at 30-37°C for several hours to overnight until color develops. Tails were
snipped to serve as a positive control for staining. At low pH abundant -galactosidase in
the skin cleaves X-gal and forms a blue precipitate. This enzyme is only available to the
substrate when the epidermis has incomplete barrier function.
Immunofluorescence and histological analyses

The following primary antibodies were used: chicken anti-GFP (1:2000; Abcam);
guinea pig anti-K5 (1:500; E. Fuchs); rabbit anti-caspase 3 (AF835, 1:1000; R&D),
guinea pig anti-RFP (1:1000, Fuchs), rabbit anti-K10 (PRB-159P, 1:1000; Covance),
rabbit anti-filaggrin (PRB-417P, 1:2000; Covance), rabbit anti-Laminin 5 (1:1000,
Fuchs), rabbit anti-PMP70 (1:500, Abcam), rabbit anti-Involucrin (1:2000, Covance ),




rabbit anti-Hes1 (1:5000, Fuchs), mouse anti-y tubulin (1:500, Sigma), rabbit anti-LGN
(1:10000, Fuchs), rabbit anti-NuMA (1:500, Abcam), rabbit anti-pericentrin (1:500,
Covance), and rabbit anti-survivin (1:500, Cell signaling). MitoTracker Orange
CMTMRos (ThermoFisher Scientific #M7510), and 2.5nM SIR-tubulin (Cytoskeleton
#Cy-SCO006) reagents were used to label mitochondria and tubulin.

Frozen sections were cut at a thickness of 8—10 pm on a Leica cryostat and mounted
on SuperFrost Plus slides (Fisher). Slides were air-dried for 30 min, then fixed for 10 min
with 4% paraformaldehyde, rinsed with PBS, then blocked for 1 h in block (5% NDS, 1%
BSA, 0.1% Triton X-100 in PBS) before incubating in primary antibody diluted in block
at 4 °C overnight. After washing, secondary antibodies conjugated to Alexa-488, Alexa-
647 (Molecular Probes), RRX, Alexa-546, or FITC were added for 1hr at room
temperature. Slides were washed, counterstained with DAPI (0.5 pg ml—1) and mounted
in ProLong Gold Antifade (Invitrogen). Imaging was performed on a Zeiss Axio
Observer.Z1 epifluorescence microscope equipped with a Hamamatsu ORCA-ER camera
(Hamamatsu Photonics), and with an ApoTome.2 (Carl Zeiss) slider that reduces the light
scatter in the fluorescent samples controlled by Zen software (Carl Zeiss).

Back-skin thickness was quantified by taking >40 measurements per embryo of
RFP+ regions from five random %20 fields arrayed from anterior to posterior. Epidermal
thickness was measured as the distance from the basement membrane (labelled with B4
integrin) to the skin surface. Peroxisome quantification was done using the ImageJ
particle analysis plugin on 0.5um Z-slices of epidermis immunostained for PMP70, a
marker of peroxisomes, and phalloidin, a marker of cell boundaries.

Immunoblotting

Gel electrophoresis was performed using 4-12% NuPAGE Bis-Tris gradient gels
(Invitrogen), transferred lhr at 4°C at 100 mA to nitrocellulose membranes. Membranes
were blocked for 1 h in 5% milk-TBST, then incubated with primary antibodies in block
overnight at 4 °C with gentle agitation. Membranes were rinsed several times in PBST
(PBS + 0.1% Tween-20) before incubating in secondary antibodies diluted in block for
lhr at room temperature in the dark. Membranes were washed in PBST before
developing blot. Quantification of band intensities was performed using ImageJ gel
quantifier plug-in software. Primary antibodies used were: rabbit anti-pH3 (S10)
(1:1000), mouse IgG anti-B-actin (Sigma, 1:5,000), rabbit anti-Hprtl (Abcam, 1:2,000),
rabbit anti-Pex11b (Sigma, 1:500), rabbit anti-Pex19 (Novus, 1:2000), rabbit-Acox1
(Sigma, 1:1000), rabbit anti-Catalase (Abcam, 1:1000).

RT—gPCR

mRNA was isolated using Direct-zol RNA MiniPrep kit (Zymo Research) per
manufacturer’s instructions and was quantified using a Nanodrop spectrophotometer.
cDNA was synthesized from 250 ng of total RNA using Superscript III with oligo-dT
primers (Invitrogen). cDNAs were mixed with indicated primers and SYBR green PCR
Master Mix (Sigma), and qRT-PCR was performed on an Applied Biosystems 7900HT
Fast Real-Time PCR system. Relative quantification was performed with data normalized
to cyclophilin (Ppib) and Hprtl. To confirm the functionality of the primer sets used
specificity was confirmed by the absence of product in samples prepared without reverse
transcriptase (—RT controls); and product sizes calculated by melting curve analysis.
Mice, RNAI screen and lentiviral transduction




Mice were housed and cared for in an AAALAC-accredited facility, and all animal
experiments were conducted in accordance with IACUC-approved protocols. CD1 mice
were used for single gene knockdown experiments. The screen was performed in a
C57/Bl16 background with 4 biological replicates of 6-10 pups each. shRNAs included in
the screen and for all knock down 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 non-invasive, 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. SiRNA 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).
Deep Sequencing: Sample preparation, pre-amplification and sequence processing

Keratinocytes isolated from FACS sorted P4 epidermis were subjected to genomic
DNA isolation with the DNeasy Blood & Tissue Kit (Qiagen), and each sample was
analyzed for target transduction using real-time PCR. 6ug genomic DNA of each cell
population was used as template in a preamplification reaction with 21 cycles and
Phusion High-Fidelity DNA Polymerase (NEB). PCR products were run on a 2% agarose
gel, and a clean ~200 bp band was isolated using QIAquick Gel Extraction Kit as
recommended by the manufacturer (Qiagen). Final samples were then sent for [1lumina
HiSeq 2000 sequencing. [llumina reads were trimmed to the 21 nt hairpin sequence using
the FASTX-Toolkit and aligned to the TRC 2.x library with BWA (v 0.6.2)44 using a
maximum edit distance of 3. Hits were ranked based on (a) numbers of shRNAs that
targeted the gene and scored positively in the screen and (b) magnitude of alteration
relative to shScr (c) absence of shRNAs targeting the same gene showing opposing
effects relative to shScr.

Statistical Analyses

Data were analyzed and statistics performed (unpaired or paired two-tailed student’s
t-tests or chi-squared tests). For determination of angles during mitosis, the number of
cells analyzed (n) is indicated in the figure legends, and included cells from three or more
embryos of the same age. Panels showing shPex11b include average values for 2-3
shRNAs targeting Pex]1b. Error bars represent SEM in all plots. Boxplots show 25™ and
7" percentiles as top and bottom of box and center line as the median. Density plots
show unit-less kernel density estimates of populations similar to smoothed histograms.
All graphs were prepared in R graphical environment using ggplot2.
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Use of Krt14 and Krt10 reporter mice in FACS separation of epidermal progenitors and
progeny. A, Flow plots of epidermal keratinocytes from E16.5 and P4 skin transgenic for
Krt14-H2B-GFP and Krt10-H2B-RFP. B, Quantification of flow cytometry analysis of
keratin expression in P4 epidermis. Epidermis can be sub-divided into basal (K5+) and
suprabasal (K5+K10+) cells. Keratin 10+ suprabasal cells can be further sub-divided into
spinous and granular layers by expression of a6 integrin and cell size/granularity as
shown in Main Fig. 1. C, Dramatic changes in cell size and shape upon epidermal
differentiation. Quantifications of size and shape changes in epidermal layers from Image
Stream analysis of P4 differentiating populations. Basal (B), Early spinous/
Differentiating Basal (DB/ES), Late spinous (LS), and Granular (G). D, FPKMs
(fragment per kilobase million) of keratin transcripts from RNA sequencing of P4
epidermis for basal (B), early spinous (ES), late spinous (LS), and granular (G) cell
populations. Keratins 5 and 14, markers of relatively undifferentiated keratinocytes are
highly expressed in basal and early spinous layer while keratins 10 and 1 increase in
differentiated layers.



Fig. S2
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In vivo RNAI screen data and analyses. A, Dot plot of each gene in the screen as a single
dot along x-axis and the number of shRNAs/gene showing a >2 Log2 change along y-
axis. Location of validation genes is indicated by arrows. Results shown for a single
screen replicate. Size of dot corresponds to the magnitude of the change in clone size. B,
Semi-quantitative RT-qPCR quantification of knockdown efficiency of validation
shRNAs in vitro. All genes show > 75% reduction in target mRNA expression. C,D,
E16.5 sagittal sections of epidermis transduced with shRNAs targeting screen validation
genes and probed for expression of keratin proteins and differentiation marker, filaggrin.
After clonal transduction regions of high and low transduction within mosaic skin were
analyzed. E, Scale bars = 10pm. Dashed white line marks basement membrane and solid
white line marks skin surface.
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shPex11b, shPex19 and shPex5 analyses. A, Semi-quantitative RT-qPCR quantification
of knockdown efficiency of validation shRNAs in vitro. All genes show > 75% reduction
in target mRNA expression. B, Immunoblot for PEX11b 4 days after knockdown in vitro
with shRNAs shPex11b-1, shPex11b-2, shPex11b-3. C, Semi-quantitative RT-qPCR
quantification of knockdown efficiency of validation shRNAs in vitro. D,E,F,
Quantification of peroxisome number and size from E16.5 epidermis or keratinocytes.
Numbers of peroxisomes marked with PMP70 per cell per 0.5uM z-section were counted.
G, Representative images from embryos after outside-in barrier assay. If the skin barrier



is incomplete, embryos will absorb blue dye. While this happens for shPex11b (see Main
Fig. 3), it does not for shPex5 or shPex19. n=8 shPex19, n=6 shPex5, n=12 control
littermates. H, Images from immuno-labeled E16.5 epidermis depleted for Pex5 or Pex19
and probed for granular differentiation marker filaggrin. Note proper expression patterns
and normal epidermal thickness in skin of embryos depleted for these peroxins. I,
Immunoblot for PEX19 and PEX11b in shPex19 keratinocytes showing appreciable
retention of PEX11b protein despite marked reduction in peroxisomes resulting from
PEX19 loss. J, Images from immuno-labeling for peroxisome marker PMP70 in skin
sections of E16.5 embryos transduced with shPex11b + a hairpin-resistant Pex11b cDNA
expression vector.



Fig. S4
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Proper localization and partitioning of golgi, centrosomes and mitochondria in shPex!1b
epidermal cells. 1°MKs probed for golgi marker GM130 and for pericentrin or treated
with MitoTracker to mark mitochondria. Representative images of cells in interphase,
metaphase, anaphase and telophase are shown. Note similar localization of these other
organelles through mitosis for shScr and shPex11b. n=30-50 mitotic cells per organelle

type.
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Fig. S5
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Mitotic alterations induced by PEX11b deficiency. A, Peroxisome localizations in
metaphase and anaphase cells. Note that peroxisomes take on unusual cortical positions
in metaphase when PEX11D is lost. Representative mitotic cells probed for PMP70
(peroxisome marker), tubulin and DAPI are shown. B, Immunoblots for NuMA and
tubulin (control) reveal equivalent NuMA levels in shScr and shPex11b keratinocytes. C,
shPex11b-induced perturbations in spindle alignment in embryonic skin epidermis.
Shown are representative images of mitotic basal progenitors (outlined by white dotted
lines) from E17.5 sagittal sections. Immuno-labeling is for LGN, which is typically
cortical and apical in asymmetrically dividing basal progenitors, and y-tubulin, which
marks the spindle poles that are typically perpendicular to the LGN crescent, through the
ability of NuMA to bind to LGN and also astral microtubules. Note that LGN in the
shPex11b cell is misaligned relative to the spindle axis, consistent with the failure of
NuMA to associate with the cortical LGN crescent in shPex11b epidermal progenitors
(see Main Fig. 5). Radial histogram quantifies LGN position relative to spindle axis from
sagittal sections. Ctrl n = 46, shPex11b n= 38. Student’s t-test of significance p-value =
<0.001. D, Quantification of relative positions of LGN and NuMA in mitotic cells in
E.17.5 clonally transduced shPex11b epidermis. n=50 shPex11b, n=64 Ctrl. Chi-square
test of significance, p-value < .05. E, DNA content analysis for cell cycle profiling of
E16.5 ex vivo epidermal cells showing an enrichment in G2/M cells in shPex11b clones.
F and G, shScr and shPex11b keratinocytes were treated with 2X thymidine and released.
Samples were collected every 2 hours for cell cycle analysis by flow cytometry. Cell
cycle profiles (a) and quantifications (b) for 2 shPex11b shRNAs and 2 shScr is shown.
Note increased cells retained in G2/M phase from 2 hrs post release. H, Flow cytometry
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analyses of DNA reveals an increase in the number of cells with >4N DNA content when
Pex11b is knocked down, indicative of mitotic abnormalities. I, Quantification of
apoptotic caspase 3 + cells from sagittal sections of E16.5 shScr and shPex11b epidermis.
No significant differences observed. J, DNA content analysis for cell cycle profiling of
E16.5 ex vivo epidermal cells from shPex5 (n=7, 2 litters) and shPex19 (n=9, 3 litters)
transduced embryos. Note the enrichment of apoptotic/sub G1 cells. PEXS and PEX19
depletion display enhanced apoptosis but without alterations in S or G2/M populations.
K, Semi-quantitative RT-qPCR for knockdown efficiency of four different Pex14
shRNAs in vitro.
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Fig. S6
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Mis-localization of peroxisomes is sufficient to trigger a mitotic delay. Epidermal
keratinocytes were transfected with Pex3-mRFP-LOV (A) and either minus-end
microtubule fusion protein, BICD-GFP-ePDZ1b (B) or plus-end microtubule motor
fusion protein, KIF1A-GFP-ePDZ1b (C). Cells were time-lapse imaged over 1 hour
after exposure to blue spectrum light. Shown are still frames from these movies. Yellow
boxes show anaphase entry and red boxes highlight cytokinesis completion. Note
increased anaphase time upon photo-activation of Pex3-mRFP-LOV keratinocytes doubly
transfected with the plus-end motor construct, which brings peroxisomes to the spindle
mid-zone, but not with the minus-end motor construct, which enhances both the duration
and the concentration of peroxisomes at the spindle poles of mitotic cells.
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Movie S1
shScr mitosis. shScr Primary cultured keratinocyte transfected with mCherry-Tubulin and
pKrt14-H2B-GFP imaged in time-lapse at 3 minute intervals.

Movie S2

shPex11b mitosis. Primary cultured keratinocyte depleted of PEX11b and transfected
with mCherry-Tubulin and pKrt14-H2B-GFP imaged in time-lapse at 3 minute intervals.

Additiional Data table S1 (separate file)
Individual shRNA performance in RNAi screen

Additiional Data table S2 (separate file)

Genes with > two shRNAs more abundant in basal relative to suprabasal epidermal cells
in the RNAI screen.
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