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An IFT20 mechanotrafficking axis is required for 
integrin recycling, focal adhesion dynamics, 
and polarized cell migration

ABSTRACT Directional cell migration drives embryonic development, cancer metastasis, and 
tissue repair and regeneration. Here, we examine the role of intraflagellar transport (IFT) 20 
(Ift20) during polarized migration of epidermal cells. IFT20 is implicated in regulating cell 
migration independently of the primary cilium, but how IFT proteins integrate with the cell 
migration machinery is poorly understood. We show that genetic ablation of IFT20 in vitro 
slows keratinocyte migration during wound healing. We find that this phenotype is indepen-
dent of the primary cilium and instead can be attributed to alterations in integrin-mediated 
mechanotransduction and focal adhesion (FA) dynamics. Loss of Ift20 resulted in smaller and 
less numerous FAs and reduced the levels of activated FA kinase. Studies of FA dynamics dur-
ing microtubule-induced FA turnover demonstrated that Ift20 loss specifically impaired the 
reformation, but not the disassembly, of FAs. In the absence of Ift20 function, β1 integrins 
endocytosed during FA disassembly are not transferred out of Rab5 (+) endosomes. This de-
fective transit from the early endosome disrupts eventual recycling of β1 integrins back to the 
cell surface, resulting in defective FA reformation. In vivo, conditional ablation of Ift20 in hair 
follicle stem cells (HF-SCs) similarly impairs their ability to invade and migrate during epider-
mal wound healing. Using explant studies, lineage tracing, and clonal analysis, we demon-
strate that Ift20 is required for HF-SC migration and their contribution to epidermal regen-
eration. This work identifies a new Ift20 mechanotrafficking mechanism required for polarized 
cell migration and stem cell–driven tissue repair.

INTRODUCTION
Cell migration is vital to numerous physiological processes such as 
embryonic development, cancer metastasis, and tissue repair and 
regeneration. A variety of extracellular and intracellular factors gov
ern the ability of a cell to propel itself in a directed manner. Extra

cellular factors include the extracellular matrix (ECM) surrounding 
migrating cells as well as various chemoattractants and mechanical 
signals derived from the extracellular environment (Mayor and Eti
enneManneville, 2016). Intracellular components that control cell 
migration include dynamic actin and microtubule networks as well 
as protein trafficking and recycling pathways necessary to regulate 
the polarity and plasma membrane composition of a cell (Mayor and 
EtienneManneville, 2016). Linking the ECM to the intracellular cyto
skeletal network are dynamic, integrinbased protein complexes 
referred to as focal adhesions (FAs). FA dynamics are essential for 
directional cell migration, as they are formed at sites of cell adhe
sion to the ECM and mediate mechanotransduction and integrin 
signaling (Tapial Martinez et al., 2020).

Polarized cell migration requires the dynamic assembly and disas
sembly of FAs. FA disassembly can be triggered by microtubule tar
geting of FAs (Krylyshkina et al., 2002), which induces clathrindepen
dent endocytosis of FAassociated integrin (Ezratty et al., 2009). 
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Endocytosed integrin derived from FAs then transits through Rab5 (+) 
endosomal compartments and remains in an active but unliganded 
state in Rab11 (+) endosomes. Rab5, Rab11, Src, and PIPKIγ are re
quired to recycle endocytosed integrin back to the plasma mem
brane, where it is then reassembled into FAs polarized toward the 
leading edge of migrating cells (Nader et al., 2016).

Here we examine the role of intraflagellar transport (IFT) 20 (Ift20) 
in keratinocyte migration and during epidermal wound healing. 
Ift20 is crucial in ciliogenesis, the formation of the primary cilium of 
a cell (Follit et al., 2006). Ift20 and other IFT proteins form com
plexes that traffic cargo into and out of the primary cilium of a cell 
(Follit et al., 2006; Singla and Reiter, 2006). Loss of IFT proteins, in
cluding Ift20, can inhibit ciliogenesis both in vitro and in vivo (Follit 
et al., 2006; Singla and Reiter, 2006). Interestingly, loss or defects in 
primary cilia can lead to a variety of developmental disorders such 
as Bardet–Beidl syndrome, Joubert syndrome, and Meckel–Gruber 
syndrome (Singla and Reiter, 2006; Waters and Beales, 2011). Many 
of the phenotypes seen in these ciliopathies are associated with de
fective cell migration during development (Tobin et al., 2008; Waters 
and Beales, 2011).

In addition to ciliogenesis, Ift20 has been identified to regulate 
cancer cell invasiveness and collective cell migration independent of 
the primary cilium, through its role at the Golgi complex (Nishita 
et al., 2017; Aoki et al., 2019). Ift20 is immunolocalized to the Golgi 
complex in addition to the primary cilium of cells (Follit et al., 2006; 
Nishita et al., 2017; Aoki et al., 2019). In nonciliated cancer cells, loss 
of Ift20 has been shown to fragment the Golgi complex, disrupt traf
ficking, and ultimately reduce cancer cell invasiveness and collective 
cell migration (Nishita et al., 2017). Alternatively, it has been proposed 
that the reduced collective cell migration observed subsequent to 
knockdown of Ift20 is due to the inability of the Golgi complex to 
properly polarize due to its fragmented nature (Aoki et al., 2019).

Ift20 has also been identified to regulate recycling of cell surface 
receptors (Finetti et al., 2009, 2014). In Tcells, Ift20 regulates endo
somal recycling of Tcell receptors crucial for immune synapse activa
tion independent of primary cilia (Finetti et al., 2009, 2014; Galgano 
et al., 2017). Specifically, Ift20 works in tandem with the Rab GTPase 
network to ensure proper recycling of Tcell receptors at the immune 
synapse (Finetti et al., 2009, 2014; Galgano et al., 2017). Loss of Ift20 
blocks recycling of Tcell receptors and results in entrapment of Tcell 
receptors within Rab5positive endosomes (Finetti et al., 2014).

These examples demonstrate the multifaceted roles for Ift20 
within a cell: ciliogenesis, trafficking, and endosomal recycling. In
terestingly, IFT88 is required for the wound healing of mouse skin 
(Schneider et al., 2010), and embryonic knockout (KO) of various 
IFTs and ciliary proteins lead to developmental defects associated 
with underlying problems with cell motility (Veland et al., 2014). 
Although IFT function and signaling through primary cilia have been 
linked to defects in cell polarity and directional migration, how IFTs 
integrate with the cell migration machinery to drive cell motility is 
poorly understood. Given the breadth of ciliopathy phenotypes that 
may have underlying defects in cell polarity and/or cell migration, 
and the general importance of cell migration, we have interrogated 
the function of IFT20 in vitro, during polarized migration of primary 
mouse keratinocytes (1°MKs), and in vivo, during epidermal wound 
healing.

RESULTS
IFT20 is required for polarized migration of cultured 
primary keratinocytes
To determine whether IFT20 is generally required for epidermal mo
tility, we established Ift20 conditional KO (cKO) cultures of 1°MKs 

and examined them for defects in cell migration (see Materials and 
Methods). IFT20 fl/fl RosatdTomato reporter basal stem cells were 
isolated from mouse epidermis and transduced with a lentiviral (LV) 
Cre to establish Ift20 cKO keratinocyte cell lines (Figure 1A). Trans
duction with LVCre induced bright Tomato reporter fluorescence, 
an indication of Crerecombinase activity and likely floxing out of 
the IFT20 allele (Figure 1B). Immunofluorescence (IF) of Ift20, which 
colocalized to the Golgi apparatus (Follit et al., 2006) was reduced 
in Tomato(+) keratinocytes in comparison to neighboring, nontrans
duced cells (Figure 1B, arrowheads). Ift20 protein was quantitatively 
reduced in keratinocyte cultures transduced with LVCre, in compari
son to nontransduced cell lines (Figure 1C). Ift20 cKO and control 
keratinocytes were subjected to an in vitro scratch wound and moni
tored for 18 h to determine the rate of wound closure. Ift20 cKO 
primary mouse keratinocytes showed markedly delayed cell migra
tion toward an in vitro wound (Figure 1, D, and E). We conclude that 
Ift20 plays an essential function during the polarized migration of 
keratinocytes in response to in vitro wound repair.

Ablation of IFT20 does not affect Golgi polarization 
or overall structure in cultured keratinocytes
Previous studies of Ift20 function during cell migration have impli
cated it in regulating Golgi polarization (Nishita et al., 2017; Aoki 
et al., 2019). We hypothesized that the cell migration defects in 
IFT20 null keratinocytes could similarly be due to defects in the 
Golgi apparatus. However, in cultured keratinocytes stimulated to 
migrate into an in vitro wound, polarization of the Golgi apparatus 
toward the leading edge is not robustly detected even under con
trol conditions, and cKO of IFT20 does not result in any statistically 
significant differences in Golgi polarization in comparison to WT 
controls (Supplemental Figure 1, A–C). Ift20 has also been impli
cated in maintaining the structure of the Golgi, and cancer cells de
pleted of IFT20 via short hairpin RNA display a fractured and disor
ganized Golgi (Nishita et al., 2017). Quantification of Golgi fragment 
area per cell showed that the cKO of IFT20 did not significantly af
fect overall Golgi structure/fragmentation in comparison to control 
keratinocytes (Supplemental Figure 1, D and E). Taken together, 
these results suggest that Ift20 is not required for Golgi polarization 
or the maintenance of Golgi structure in 1°MKs.

Loss of IFT20 leads to defects in mechanochemical signal 
transduction that is independent of the primary cilium
To understand the IFT20dependent mechanism that is required for 
optimal cell migration, we sought to determine whether there is an 
essential mechano or chemosensory function of IFT20/cilia re
quired for keratinocyte motility. Previous studies have shown that 
primary cilia orient toward the wound edge of migrating fibroblasts 
(Christensen et al., 2013). It has been hypothesized that cilia may 
sense extracellular cues that determine the speed or directionality 
of cell migration (Schneider et al., 2010). We analyzed ciliogenesis in 
1°MKs that have been stimulated to migrate toward an in vitro 
scratch wound, but <2% of these cells displayed primary cilium un
der growth conditions that are optimal for cell motility (Supplemen
tal Figure 2; also see Ezratty et al., 2011). These data suggest that 
Ift20 plays an extraciliary role during polarized migration of 1°MKs.

Polarized cell migration requires activation of integrinmediated 
cell adhesion, which is translated to changes in the phosphorylation 
status of mechanically sensitive proteins (Tapial Martinez et al., 
2020). FA kinase, or FAK, is an adhesionactivated scaffolding pro
tein that resides at sites of activated integrin signaling, the FA 
(Burridge, 2017). Autophosphorylation of FAK at Y397 is a sensitive 
readout of mechanotransduction via integrinmediated adhesion 
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signaling (Zhao and Guan, 2011). Interestingly, protein lysates from 
IFT20 cKO keratinocytes show reduced phosphorylation of Y397 
FAK, indicating a possible defect in adhesionmediated FAK activa
tion (Figure 2, A and B). To determine whether there are any defects 
in cell adhesion, Ift20 cKO keratinocytes were stained with vinculin, 
a resident FA protein. By IF, FAs appeared smaller and less numer
ous in IFT20 cKO cells in comparison with control keratinocytes 
(Figure 2C). Quantification of total FA area per cell demonstrated a 
two to threefold decrease in the absence of IFT20 (Figure 2D). FAs 
were also quantitatively smaller, as the average FA area/cell was sig
nificantly reduced in IFT20 cKO keratinocytes in comparison with 
wildtype (WT), nontransduced control cells (Figure 2E). The differ
ence in average FA size cannot be attributed to a difference in cel
lular area; cellular area remained unchanged between Cre() and 
Cre(+) IFT20 cKO keratinocytes (Figure 2F). Taken together, these 
results suggest that the cell migration defects we observed could be 
a consequence of defective integrinmediated mechanotransduc
tion at sites of cell–substrate contact, the FA.

IFT20 is required for FA reformation after 
microtubule-induced FA disassembly
Since Ift20 is a microtubuleassociated protein (Absalon et al., 2008), 
we hypothesized that it may be required for FA disassembly induced 
by microtubule targeting. To test this hypothesis, a nocodazole (NZ) 

FIGURE 1: IFT20 is required for the polarized migration of primary keratinocytes in response to 
in vitro wound repair. (A) Schematic of keratinocyte isolation from IFT20 fl/fl Rosa 26-tdTomato 
skin and transduction of lentiviral-Cre (LV-Cre), which induced Tomato fluorescence. (B) IF images 
of Ift20 and GM130 in IFT20 fl/fl Rosa-Tomato keratinocytes. Arrowheads point to Cre-
transduced Tomato (+) cells that show reduction in Ift20 immunolabeling. DAPI marks nucleus. 
Scale bar indicates 10 μm. (C) Western blot of IFT20 protein from control (–Cre) or Cre-
transduced (+Cre) keratinocytes. Tubulin is loading control. Histogram is quantification of bands 
shown above. (D) IFT20 fl/fl –Cre (control) or + Cre (Cre-transduced) keratinocytes were subject 
to scratch assay, and migration was monitored for 18 h. Dotted line indicates wound edge. Scale 
bar indicates 150 μm. (E) Quantification of migration rate in +Cre or –Cre IFT20 fl/fl cells. Data in 
histogram represent n = 5 independent experiments where the area of wound closure was 
measured after 18 h of cell migration. * indicates p = 0.03 by Student’s t test. Error bars indicate 
SD. A.U. indicates arbitrary units.

washout assay to study microtubule (MT)
induced FA turnover was performed in 
IFT20 cKO versus control keratinocytes 
(Ezratty et al., 2005). In this experiment, ke
ratinocytes are treated with 10 μM NZ for 
3–4 h to completely depolymerize the mi
crotubule (MT) cytoskeleton and induce 
Rhodependent activation of contractility 
and subsequent FA formation. This is fol
lowed by a washout of NZ that induces MT 
polymerization, regrowth, and targeting to 
FAs to induce their disassembly. After 3–4 h 
treatment with NZ, both WT and Ift20 cKO 
keratinocytes formed FAs, ascertained by 
immunolabeling for vinculin (Figure 3A, 
0 min time point). Consistent with reduced 
pFAK phosphorylation on Y397, IFT20 cKO 
keratinocytes treated with NZ displayed FAs 
that were slightly less numerous and smaller 
in size than those observed in WT cells 
(Figure 3, B and C). However, a time course 
of NZ washout showed that FAs from Ift20 
cKO cells still disassembled after 15–30 min 
of MT regrowth during recovery from NZ 
(Figure 3B). We note that this time course of 
FA disassembly is slightly faster than what 
we observed in NIH3T3 fibroblasts and 
likely a consequence of reduced serum 
starvation conditions (see Materials and 
Methods and Ezratty et al., 2005). The 
overall structure and organization of MTs 
appeared normal in IFT20 cKOs interphase 
cells that were not treated with NZ 
(Figure 2C). MT regrowth to the periphery of 
the cell membrane was still observed in the 
absence of Ift20 function (time course; 
Figure 3D), and MTs still targeted toward 
FAs in the absence of IFT20 (Figure 3E). 

These observations suggest that MTinduced FA disassembly does 
not require Ift20.

Next, we evaluated the effect of IFT20 cKO at further time points 
after MT recovery postNZ treatment, when FAs reform via a process 
that requires integrin recycling (Nader et al., 2016). After 60–90 min 
of MT regrowth, FAs in WT primary keratinocytes gradually reform 
toward the cell periphery (Figure 3A, quantified in B and C), a phe
nomenon that has been extensively studied in fibroblasts and re
ported in other epithelial cell types (Nader et al., 2016). However, FAs 
from IFT20 cKO cells fail to reform with the same kinetics, and both 
the number and size of FAs remain significantly reduced after 90 min 
of MT regrowth in the IFT20 cKO cells in comparison with WT control 
cells (Figure 3A, quantified in B and C). These data suggest that Ift20 
is required for FA reformation after MTinduced FA disassembly.

Integrin surface expression is altered when 
IFT20 function is ablated
Our previous studies have shown that FA reformation after MTin
duced FA disassembly is driven by integrin recycling to the plasma 
membrane. This process requires FAK, PIPKIγ, and the Rab5/Rab11 
endosomal system (Nader et al., 2016). We sought to determine 
whether integrin trafficking or recycling is perturbed in the absence of 
Ift20, specifically whether FAassociated β1 integrin is properly recy
cled back to the plasma membrane. First, we determined whether β1 
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integrin could be detected within the FAs of cultured 1°MKs. IF of β1 
integrin shows convincing colocalization with vinculin, a resident FA
associated protein, in both untreated and NZincubated primary 
mouse keratinocytes (Figure 4A). Induction of MTinduced FA disas
sembly and FA reformation showed that the return of FAassociated 
β1 integrin is impaired when IFT20 is removed (Figure 4, B and C, 
90 min time point). Next, we used the same antibody for fluorescently 
activated cell sorting (FACS) analysis of β1 integrin surface levels dur
ing FA disassembly and reformation during the NZ washout assay. As 
shown in cultured fibroblasts (Nader et al., 2016), surface levels of β1 
integrin decrease after 30 min of MT regrowth to induce FA disas
sembly (Figure 4D). After 90–120 min of MT regrowth and FA refor
mation, β1 surface integrin levels increase significantly in control cells 
(Figure 4D). These data are consistent with that shown in fibroblasts: 
surface integrin is removed from FAs via endocytosis during MT re
growth and recycled back to the plasma membrane into newly form
ing peripheral FAs (Nader et al., 2016, and Figure 4D). Upon IFT20 
cKO, integrin surface levels decrease at 30 min but do not return to 
the same extent as control cells after 90 min of MT regrowth (Figure 
4D). These results strongly suggest that Ift20 is required for the polar
ized recycling of FAassociated β1 integrin back to the cell surface.

IFT20 maintains its association with the Golgi apparatus 
during FA reformation after MT-induced FA disassembly
In addition to its essential role in ciliogenesis, Ift20 functions at the 
Golgi apparatus, where it contributes to the polarized trafficking of 

FIGURE 2: IFT20 loss results in defective mechanochemical signaling downstream of integrin 
engagement. (A) Western blot of pFAK Y397 protein levels from –Cre control vs. +Cre IFT20 fl/fl 
keratinocyte lysate. Tubulin shown as loading control. (B) Quantification of pFAK Y397 signal 
from bands shown in A. C) Immunolabeling for vinculin, tyrosinated tubulin, and nuclei (DAPI) in 
+Cre vs. –Cre IFT20 fl/fl keratinocytes. Scale bar indicates 10 μm. (D, E) Quantification of the 
total FA area/cell or average FA area/cell in IFT20 fl/fl keratinocytes. Histograms represent data 
from two independent experiments where FA size was measured in 50 or more cells in each 
condition. Statistical values were computed using a Mann–Whitney U test. (F) Quantification of 
total cell area in both –Cre and +Cre keratinocytes. Statistical value was computed using a 
Mann–Whitney U test.

ciliary components toward the basal body 
(Follit et al., 2006). In nonciliated Tcells, 
Ift20 is also required for Rab5 and Rab11
dependent recycling of Tcell receptors to 
the immunological synapse independent of 
primary cilia (Finetti et al., 2009, 2014; 
Galgano et al., 2017). Interestingly, integrin 
trafficking after MTinduced FA disassembly 
requires Rab5/Rab11dependent transit 
through the endosomal system (Nader et al., 
2016). A Golgiretromer–dependent path
way of integrin recycling has also recently 
been identified, although the reliance of this 
pathway on MTs is less clear (Chen et al., 
2019). To decipher a role for Ift20 function 
via Rab5/Rab11dependent versus Golgi/
retromer trafficking mechanism(s), we began 
by determining the localization of Ift20 in 
cultured keratinocytes during MTinduced 
FA disassembly and polarized FA reforma
tion. As previously reported, Ift20 localizes 
to the primary cilia (Supplemental Figure 3) 
and the Golgi apparatus (Figure 1B; Supple
mental Figure 1D) in cultured primary kerati
nocytes (Follit et al., 2006). During MTin
duced FA disassembly and reformation, the 
Golgi is dispersed upon MTdepolymeriza
tion and reorganized upon NZ washout and 
MT regrowth after recovery from NZ (Figure 
5A). For the duration of the NZ washout and 
MT regrowth, Ift20 maintains colocalization 
with GM130 (a marker of the Golgi appara
tus) (Figure 5A). In IFT20 cKO keratinocytes, 
Golgi dispersion upon NZ treatment and re
assembly during MT recovery both appear 
to be unaffected (Figure 5B). We conclude 

that Ift20 maintains its association with the Golgi apparatus during 
MTinduced FA disassembly and reformation.

IFT20-dependent FA reformation does not require 
Golgi function
Our previous studies using NIH3T3 fibroblasts have shown that FA 
disassembly and reformation induced by MT regrowth after NZ 
washout does not require trafficking from the Golgi apparatus 
(Nader et al., 2016). Given Ift20’s known function(s) at the Golgi, as 
well as its localization at the Golgi during MT regrowth and FA disas
sembly/reformation, we questioned whether the Ift20dependent 
process of integrin recycling to promote FA reformation might pro
ceed via a different, Golgidependent mechanism in our 1°MKs 
such as the previously reported Retromer pathway (Chen et al., 
2019). To test the Golgi dependence of Ift20 in regulating mechano
transduction at FAs, we treated keratinocytes with brefeldin A (BFA) 
for 3 h to disrupt Golgi structure and function. As expected, treat
ment with BFA fragmented the Golgi in comparison to controls 
(Figure 5C), and Ift20 maintained its association with the disrupted 
Golgi fragments as previously reported (Figure 5C and Follit et al., 
2006). To test the Golgi dependence of Ift20 in regulating FA disas
sembly and reformation, 1°MKs were incubated for 3 h with BFA 
and NZ prior to washing out the NZ and inducing FA disassembly 
and reformation in the presence of BFA. Neither FA disassembly nor 
FA reformation after MT regrowth was affected by BFA treatment in 
1°MKs (Figure 5, D and E). We conclude that the Ift20dependent 
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defects in integrin trafficking and mechano
transduction at FAs (as measured using the 
FA turnover assay) are independent of its 
localization and function at the Golgi.

IFT20 is required to traffic β1 integrin 
through Rab5 endosomes
We next sought to determine whether Ift20 
functioned in tandem with the Rab5 endo
somal system to traffic β1 integrin during FA 
turnover. We focused our analysis at 0, 30, 
and 90 min of MT regrowth following NZ 
washout as the 30 and 90min time points 
represent time points of maximal FA disas
sembly and maximal FA reformation, re
spectively (Figure 3, A–C). At 30 min of MT 
regrowth, we observe increased colocaliza
tion of Ift20 with Rab5 compared with 0 min 
in control keratinocytes (Figure 6, A and B). 
In particular, at the 30min time point, we 
can observe distinct puncta of Ift20 colocal
izing with what appear to be small Rab5 (+) 
endosomal puncta (Figure 6, A and B). Fol
lowing 90 min of MT regrowth, we observe 
sustained colocalization of Ift20 with Rab5; 
however, the colocalization at 90 min occurs 
predominantly at larger Rab5 (+) compart
ments instead of the smaller Rab5 (+) endo
somal puncta we observe at 30 min (Figure 
6, A and B). Quantification of Ift20 and Rab5 
colocalization during this time course con
firms our observations, mainly that colocal
ization of Ift20 with Rab5 increases at 30 min 
of MT regrowth and that this increase is sus
tained through 90 min of MT regrowth 
(Figure 6C). We next determined the frac
tion of β1 integrin within Rab5 (+) endo
somes by calculating the colocalization coef
ficient of Rab5 and β1 integrin staining at 0, 
30, and 90 min of MT regrowth. As previ
ously reported, in control cells, β1 integrin 
colocalizes with peripheral Rab5 puncta af
ter 30 min of MT regrowth during recovery 
from NZ treatment, and we observe a signifi
cant increase in the colocalization coefficient 
compared with 0 min (Figure 6, D–F) (Nader 
et al., 2016). In control cells, after 90 min of 
MT regrowth and FA reformation, fewer 
Rab5 (+) endosomes containing integrin are 
detected and the colocalization coefficient 
significantly decreases compared with the 
30min time point (Figure 6,E and F). In 
IFT20 fl//fl 1°MKs transduced with Cre to ab
late Ift20 function, we observe a significant 
increase of β1 integrin colocalizing with pe
ripheral Rab5 puncta at the 30min time 
point, but importantly there is no significant 
decrease in colocalization between β1 inte
grin and Rab5 puncta at the 90min time 
point (Figure 6, E and F). In fact there is a 
statistically significant increase in the amount 
of internalized β1 integrin colocalizing with 

FIGURE 3: IFT20 is required for FA reformation after NZ washout and microtubule regrowth. (A) IF 
images of vinculin during time course of NZ washout and microtubule regrowth (min indicates 
minutes) in –Cre control vs. +Cre IFT20 fl/fl keratinocytes. DAPI marks nuclei. (B, C) Quantification of 
total FA area/cell and total FA number/cell during time course of micro tubule regrowth in –Cre 
control vs. +Cre IFT20 fl/fl keratinocytes. Data in histograms represent n = 3 independent 
experiments where 63–127 cells were measured at each time point and each condition. *** indicates 
p < 5.5e-15 via Mann–Whitney U Test. (D) IF images of tyrosinated tubulin during time course of NZ 
washout and microtubule regrowth (min indicates minutes) in –Cre control vs. +Cre IFT20 fl/fl 
keratinocytes. DAPI marks nuclei. White indicates +Cre Tomato signal. Note that MT regrowth 
occurs normally and toward the periphery in +Cre cells. (E) IF images of –Cre control and +Cre IFT20 
fl/fl keratinocytes 5 min after NZ washout. Note that microtubules target FAs during the FA 
disassembly process. Scale bars in both A and E denote 10 μm. Scale bar in D denotes 15 μm.
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Rab5 after 90 min in IFT20 cKO cells compared with control (Figure 
6E). Taken together, because we observe an increased colocalization 
of Rab5 (+) endosomes with Ift20 and Rab5 (+) endosomes with β1 
integrin after 30 min of MT regrowth, these data suggest that Ift20 is 
required for the transit of β1 integrin out of Rab5 (+) endosomes. Our 

FIGURE 4: Surface levels of recycled β1 integrin, previously present in FAs, are decreased upon 
IFT20 knockout. (A) IF images of vinculin (red) and β1 integrin (green) in –Cre control vs. +Cre 
IFT20 fl/fl keratinocytes treated with NZ for 3–4 h or left untreated. Boxed regions are shown 
magnified in the corner. Merged image with DAPI (nuclei) shows colocalization of β1 integrin 
and vinculin IF signals. Scale bars indicate 10 μm. (B) Representative images of β1 integrin IF at 
various time points following NZ washout (min indicates minutes). DAPI indicates nuclei. Scale 
bar indicates 10 μm. (C) Quantification of β1 integrin IF at FAs at various time points following 
NZ washout (min) in –Cre control and +Cre IFT20 fl/fl keratinocytes. Data in histogram represent 
n = 60–81 cells per time point/per condition from two independent experiments. Statistical 
values were computed using a Mann–Whitney U test. (D) Normalized flow cytometry 
measurements of surface β1 integrin following NZ washout. Data are from n = 5 independent 
experiments with more than 5000 cells measured per condition at each time point. Error bars 
indicate SD. Statistical values were computed using a Student’s t test.

in vitro data are consistent with the following 
model: in the absence of Ift20 function, inte
grin that has been endocytosed from disas
sembling FAs is not transferred from Rab5 
(+) endosomes and fails to be recycled back 
to the cell surface. This defective trafficking 
deliterously affects FA turnover, mechano
transduction, and overall cell migration 
efficiency.

IFT20 is required for the in vivo 
mobilization of epidermal stem cells in 
response to epidermal injury
Ift20 function has previously been impli
cated in regulating the cell invasiveness of 
colon cancer cell lines in vitro (Nishita et al., 
2017; Aoki et al., 2019). To study Ift20 func
tion during cellular invasion and migration in 
a physiologically relevant model system, we 
turned to the tissueresident stem cells of 
the epidermal hair follicle. Hair follicle stem 
cells (HFSCs) transiently contribute to tissue 
regeneration during epidermal repair, when 
they are activated to leave their niche, in
vade the surrounding tissue, and migrate 
toward the wounded epidermis (Ito et al., 
2005; Ito and Cotsarelis, 2008). To efficiently 
invade and migrate, HFSCs must sense 
mechanochemical changes from the wound 
microenvironment and transduce these 
cues to the cell’s migration machinery 
(Fuchs, 2016). Given our in vitro migration 
data, we hypothesized that Ift20 may play a 
conserved role in polarized migration and 
invasion of HFSCs in vivo.

To study the function of IFT20 exclusively 
in HFSCs, we generated an inducible cKO 
mouse model where IFT20 could be specifi
cally ablated in the HFSC “bulge” compart
ment (Bose et al., 2013). In particular, we 
mated K15CrePGR mice to IFT20 fl/fl mice 
(Jonassen et al., 2008). K15Cre drives re
combination specifically in HFSCs, and 
these mice were maintained on a Rosa26
Tomato reporter background to monitor Cre 
activation and for lineage tracing (Figure 
7A). Telogenstaged mice were treated topi
cally with 1% RU486 to induce K15Cre–
mediated recombination specifically in HF
SCs (Figure 7B), which induced a strong 
RosaTomato signal in 80–90% of HFs 
(Figure 7C). The Ift20 signal was uniformly 
reduced in Tomato (+) IFT20 cKO HFSCs, 
but not cells of the interfollicular epidermis 
(IFE), indicating that K15Cre–mediated 
floxing of IFT20 occurred specifically in the 
bulge stem cell compartment (Figure 7D). 

Highmagnification imaging of telogenstaged mouse skin reveals 
that Ift20 is perinuclear in its localization within keratinocytes of the 
HF (Supplemental Figure 4). Ciliogenesis was quantitatively inhib
ited, as expected, in the Rosa (+) HFSCs (Figure 7E). Quantitative 
PCR (qPCR) from FACSisolated HFSCs demonstrated a significant 
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reduction in IFT20 expression (Figure 7, F and G). These data show 
that IFT20 expression and ciliogenesis can be conditionally ablated 
specifically in HFSCs.

To test whether Ift20 is required for HFSC migration in response 
to epidermal injury, K15Cre IFT20 cKO mice were subject to a full
thickness epidermal punch biopsy, and lineage tracing was used to 
measure the mobilization of cKO HFSCs to the epidermis after 4 or 
7 d of wound healing (Figure 7, H and I, and Supplemental Figure 
5). In IFT20+/fl (essentially WT) mice, Tomato (+) cells were observed 
both in the woundadjacent epidermis and in the wound bed, where 
they proliferated into epidermal clones (Figure 7, H and I). In con
trast, Ift20 cKO Tomato (+) cells were more rarely detected in the 
epidermis and significantly reduced in the wound bed (Figure 7, H 
and I). Quantitative analysis demonstrated that loss of Ift20 impaired 
the mobilization of Tomato (+) HFSCs to the injured epidermis after 
4 d of wound healing (Figure 7K). Similar results are observed at 7 d 
of wound healing although with greater variation (Supplemental 
Figure 5). These data suggest that IFT20 is required for the transient 
mobilization of HFSCs to the epidermis and their clonal contribu
tion to epidermal repair.

IFT20 is required for stem cell migration from skin explants 
taken from wound biopsies
To test whether Ift20 is required for polarized cell migration of HF
SCs from skin explants, IFT20 cKO/RosaTomato explants and IFT20 
+/fl/RosaTomato (“WT”) controls were grown from biopsied mouse 
skin isolated from in vivo wound healing studies. After 14 d of cul
ture, IFT20 +/fl Tomato (+) HFSCs migrated out of the bulge cell 
niche to the surface of the epithelial explant, whereas IFT20 cKO 

Tomato (+) HFSCs are rarely observed migrating to the surface 
under these ex vivo conditions (Figure 7L). These data demonstrate 
that Ift20 is required to mobilize SCs from their HF niche during in
jury repair and suggest that Ift20dependent trafficking of adhesion 
receptors may modulate the regenerative response and invasion of 
HFSCs toward epidermal injury.

DISCUSSION
Polarized cell migration is essential for embryonic patterning and 
development, drives tissue regeneration in response to wound re
pair, and contributes to numerous pathological conditions. Human 
ciliopathies, which are caused by a wide variety of defects in the 
primary cilium, display features associated with disrupted cell migra
tion (Spasic and Jacobs, 2017). Defects in the formation or function 
of primary cilia can lead to migrationrelated disorders in mice, such 
as defects in skin wound healing and repair of the corneal epithe
lium (Veland et al., 2014). However, whether defects in directional 
cell migration are a direct function of defective signaling through 
the primary cilium remains unclear.

To efficiently invade and migrate, epithelial cells must sense 
mechanochemical changes from the wound microenvironment and 
transduce these cues to the cell’s migration machinery. The primary 
cilium is a microtubulebased cellular “antenna” that can detect me
chanical and chemical changes in the extracellular environment; and 
many of the signaling pathways that require primary cilia for their 
transduction (Shh, Notch, Wnt) are also essential for cell migration 
(Goetz and Anderson, 2010). Previous studies have shown that pri
mary cilia orient toward the wound edge during polarized cell mi
gration of cultured fibroblasts (Christensen et al., 2013), suggesting 

FIGURE 5: IFT20-dependent FA reformation is independent of its localization or function at the Golgi. (A, B) IF images 
of GM130 and Ift20 with DAPI marking nuclei of –Cre control (A) and +Cre (B) IFT20fl/fl keratinocytes during 
microtubule-induced FA disassembly and reformation at various time points after NZ washout (shown in minutes). Scale 
bars indicate 10 μm. (C) IF images of GM130 and Ift20 in control keratinocytes treated with brefeldin A (BFA) or loading 
control (ETOH) for 3 h. DAPI marks nuclei. Scale bar indicates 10 μm. (D) IF images of vinculin in control keratinocytes 
during various time points following NZ washout in the presence of BFA or loading control (ETOH) after prior 
pretreatment with BFA or ETOH. DAPI indicates nuclei. Scale bars indicate 10 μm. (E) Quantification of total FA area/cell 
in control keratinocytes during time course following NZ washout in the presence of BFA or loading control (ETOH) 
after prior pretreatment of cells with BFA or ETOH. Data obtained from n = 40 cells per time point per condition from 
two independent experiments. Statistical values were computed using a Mann–Whitney U test.
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FIGURE 6: Ift20 is required to transit β1 integrin through Rab5(+) endosomes during MT-induced FA turnover. (A) IF 
images of Ift20 and Rab5A at indicated time points following NZ washout. Scale bar indicates 10 μm, and min indicates 
minutes. Boxed regions are magnified in B). (B) Magnified images of boxed regions shown in A). Scale bar indicates 
5 μm, and min indicates minutes. Arrowheads indicate distinct puncta showing colocalization of Rab5 and Ift20. 
(C) Quantification of colocalization of Rab5 and Ift20 as measured by a colocalization coefficient. Statistical values were 
computed using a Mann–Whitney U test. Data represent more than 60 cells per condition obtained from two 
independent experiments. (D) IF micrographs of –Cre control or +Cre IFT20 fl/fl keratinocytes at various time 
points during FA turnover (min indicates minutes) showing the localization of β1 integrin and Rab5 endosomal 
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that the cilium could act as a mechanosensor that determines the 
direction of cell migration (Veland et al., 2014). This could be par
ticularly important in vivo, where changes in extracellular matrix de
position or altered topology must be sensed as cells invade and 
migrate in response to regenerative signaling. How ciliary functions/
signaling integrate with the cell migration machinery is not well 
understood, and whether IFTs also function in a nonciliary context to 
regulate cell migration and invasion is an emerging area of 
investigation.

Data from this study indicate that Ift20 functions in an extraciliary 
role to drive cell migration by modulating FA dynamics and integrin 
trafficking. In contrast with previously reported results in fibroblasts 
(Christensen et al., 2013), we find that the majority of wildtype cul
tured primary keratinocytes lack a primary cilium during directed 
migration (Supplemental Figure 2), suggesting that keratinocyte mi
gration may not be hindered by loss of primary cilia to the extent of 
fibroblast migration. This difference in ciliation status may be a result 
of different cell types requiring different cues for cell migration. 

FIGURE 7: IFT20 is required for the polarized migration and invasion of hair follicle–derived stem cells and their clonal 
contribution to wound repair. (A) Schematic of lineage tracing strategy showing the localization of K15-Cre Tomato(+) 
HF-SCs. (B) Schematic of strategy used for RU486 treatment and Cre induction prior to wound healing and epithelial 
repair (see Materials and Methods). (C) IF images of Tomato(+) signal (red) labeling the HF-SCs of the bulge (Bu) and 
their transiently amplifying progenitors in the hair germ (HG). (D) IF images of Ift20 in HF-SCs (red) of control (IFT20 +/fl) 
vs. IFT20 cKO (IFT20 fl/fl) telogen staged mouse skin. (E) Quantification of the number of ciliated HF-SCs in control 
(IFT20 +/fl) vs. IFT20 cKO (IFT20 fl/fl) skin. Data in histogram represent 20–30 hair follicles from n = 3 mice. (F) Scatter 
plot from FACS purification of CD34 (high)/α6 integrin (high)/Tomato (+) HF-SCs. (G) qPCR of IFT20 using mRNA 
isolated from FACS-purified HF-SCs from WT (IFT20 +/fl) vs. IFT20 cKO (IFT20 fl/fl) mouse skin. (H) Sagittal section of 
skin isolated from WT control (IFT20 +/fl) Rosa Tomato(+) mouse subjected to a full-thickness punch biopsy wound. IF 
image shows HF-SCs (red) migrating toward, and contributing to, the epidermal wound bed. Arrows indicate direction 
of migration, dotted line denotes dermal–epidermal border, and DAPI (blue) label nuclei. (I) Sagittal sections from 
control (IFT20 +/fl) or IFT20 cKO (IFT20 fl/fl) wounded epidermis demonstrating migrated HF-SCs (red), keratin 10 (K10) 
to label suprabasal layer (green), and DAPI-labeled nuclei. Boxed region is magnified at right in (J). (J) Examples of 
epidermal clones from control vs. IFT20 cKO epidermis. (K) Quantification of the number of migrated Rosa-Tomato (+) 
HF-SCs and their contribution to basal or suprabasal layers of the wounded epidermis. Nonwounded epidermis 
(hatched bars) was used as a control. Histogram represents average data from five regions surrounding a wound from 
n = 3 mice per condition. Error bars are SD. Statistical values were computed using a Student’s t test. L) Images of 
explanted skin from control (IFT20 +/fl) and IFT20 cKO (IFT20 fl/fl) mice 14 days after explant. Tomato fluorescent (red) 
cells are HF-SCs which have migrated outward. Scale bar is 167 μm. Dotted line demarcates border of explant. 
Quantification of HF-SC migration in explants is provided on the right. Data is from n = 3 independent samples for each 
condition. * indicates p = 0.013 by Student’s t test.

compartments. Boxed regions are shown magnified in F). Scale bar indicates 10 μm. (F) Magnification of Rab5 
endosomes and β1 integrin puncta. Arrows at 90 min point to colocalization of β1 integrin/Rab5 puncta in +Cre IFT20 fl/
fl cKO cells. Scale bar indicates 5 μm. (E) The colocalization coefficient between Rab5 and β1 integrin was calculated at 
various time points of FA disassembly/MT regrowth (min indicates minutes); data in plot represents 60–81 cells from 
two independent experiments. P values calculated using Mann–Whitney U test.
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Fibroblasts have been shown to depend on primary cilia to sense 
chemical cues such as plateletderived growth factor AA (PDGFAA) 
during cell migration, as their primary cilia are embedded with a 
variety of receptors including PDGF receptor alpha (PDGFRα) 
(Schneider et al., 2005; Clement et al., 2013; Umberger and Caspary, 
2015). Interestingly, keratinocytes are a major source of cutaneous 
PDGF, especially during wound healing, but they themselves likely 
lack PDGF receptors (Ansel et al., 1993), suggesting a difference 
in migration cues between keratinocytes and fibroblasts. This 
difference in cues highlights possible differences in the extent by 
which primary cilia regulate migration between different cell types.

Interestingly, several studies have previously reported extraciliary 
functions for various IFT proteins in driving aspects of collective cell 
migration, in particular a role for Ift20 in nonciliated cancer cells 
(Nishita et al., 2017; Aoki et al., 2019). In these studies, it has been 
suggested that loss of Ift20 produces defects in the polarization of 
the Golgi apparatus or integrity of Golgi organization that are at the 
root of Ift20dependent defects in cell motility. More specifically, 
loss of Ift20 can disrupt polarization of the Golgi complex and sub
sequent organization of Golgiassociated microtubules during cell 
migration (Aoki et al., 2019) or disrupt Golgi integrity and subse
quent Golgidependent trafficking of a membrane receptor crucial 
for cancer cell invasion (Nishita et al., 2017).

In keratinocytes, we find that Golgi structure and integrity as well 
as Golgi polarity during migration are not significantly altered fol
lowing loss of IFT20 (Supplemental Figure 1). Unlike cancer cells, in 
which the Golgi complex fragments subsequent to loss of IFT20 
(Nishita et al., 2017), the Golgi complex of keratinocytes appears 
perinuclear and noncompact even in wildtype keratinocytes, and 
there is no significant increase in Golgi fragmentation in IFT20null 
keratinocytes (Supplemental Figure 1, D and E). Furthermore, the 
polarity of the Golgi complex in keratinocytes is not significantly al
tered in IFT20null keratinocytes compared with wild type during 
cell migration (Supplemental Figure 1, A–C). Taken together, these 
findings suggest that Golgi fragmentation and loss of Golgi polarity 
does not fully elucidate the migration defect we observe in keratino
cytes following IFT20 ablation. These differences in Golgi compact
ness and structure between keratinocytes and cancer cells may be 
simply intrinsic differences between the cell types. Other studies 
have reported similar findings with regard to the perinuclear scatter
ing and relative noncompactness of the Golgi complex in human 
keratinocytes (Madison and Howard, 1996;Behne et al., 2003).

Our data reveal a novel role for Ift20 in modulating mechano
transduction and FA turnover during keratinocyte migration. We 
find that IFT20 null keratinocytes demonstrate smaller and fewer 
FAs with reduced activation of FAK compared with wildtype con
trols. Using NZ treatment followed by washout to induce MT re
growth, we were able to interrogate the FA disassembly and reas
sembly processes during FA turnover. We find that FA reformation 
but not disassembly is impaired in IFT20 null keratinocytes. FA turn
over (disassembly followed by reassembly of FAs) has previously 
been characterized to depend on MTs and the recycling of active 
integrins together with FAK and Src kinases through Rab5 and 
Rab11 endosomal compartments (Ezratty et al., 2005, 2009; Nader 
et al., 2016). Lossoffunction or dominantnegative mutations in 
Rab5 or Rab11 inhibit reassembly (reformation) but not disassembly 
of FAs (Nader et al., 2016). Src kinase inhibitors have also been 
found to inhibit reassembly but not disassembly of FAs (Nader et al., 
2016).

In nonciliated Tcells, IFT20 has been reported to regulate polar
ized trafficking of cell surface receptors at the immune synapse 
(Finetti et al., 2009, 2014). This previous work demonstrated that 

Ift20 interacts with Rab5 and Rab11 to orchestrate the polarized re
cycling of surface Tcell receptors (TCRs) at the immune synapse (IS) 
(Finetti et al., 2019, 2020). Loss of IFT20 results in entrapment of 
TCRs in Rab5 endosomes (Finetti et al., 2014), similar to what we 
observe with β1 integrin during FA turnover. Likewise, the IS and 
FAs are also homologous in nature: both are formed via clustering 
of cell surface receptors at sites of cell adhesion, where accessory 
proteins and cytoskeletal components (such as actin) are recruited in 
response to mechanotransduction at the cell membrane. We postu
late that Ift20 plays an analogous role in orchestrating the polarized 
recycling of an adhesion receptor (β1 integrin) in order to control 
assembly and mechanotransduction at FAs.

Consistent with this hypothesis, we find that loss of IFT20 re
duces β1 integrin levels at FAs, a finding in line with the smaller and 
fewer FAs observed in these IFT20null cells (Figure 2). Furthermore, 
our data suggest that like fibroblasts, keratinocyte FA turnover is 
dependent on recycling of integrins through a Rab5 early endo
somal compartment and that Ift20 can colocalize at these compart
ments during this recycling process (Figure 6). Quantitative micros
copy analyses showed that β1 integrin becomes entrapped in Rab5 
(+) endosomes during FA turnover in IFT20null keratinocytes (Figure 
6). Surface labeling experiments demonstrated that IFT20null kera
tinocytes do not show the expected significant increase in surface 
β1 integrin as compared with control during the FA reassembly pro
cess (Figure 4D). We conclude that IFT20 drives integrin trafficking 
through the early endosome en route to a recycling pathway re
quired for subsequent integrin engagement into newly reforming 
FAs. Further investigation is warranted to determine whether integ
rins are recycled in an active conformation together with FAK and 
Src kinases during FA turnover (Nader et al., 2016) and what mecha
nistic role IFT20 might play in this process. To our knowledge this is 
the first study to specifically implicate IFT20 in integrin trafficking 
and signaling, although loss of primary cilia through KO of Kif3a has 
been previously shown to depress FAK phosphorylation–a bio
chemical readout of integrin and adhesionmediated mechano
transduction–in chondrocytes during bone development (Song 
et al., 2007). FAK has recently been shown to regulate activation of 
the Rab5 GTPase cycle at early endosomes (Arriagada et al., 2019). 
It is interesting to speculate that IFT20 may orchestrate integrin tran
sit from early endosomes via a FAK/Rab5 GTPasedependent 
mechanism.

Consistent with our in vitro data, we observe both an in vivo and 
ex vivo migration defect when IFT20 is conditionally ablated in HF
SCs of the epidermis during wound healing. Wound healing is a 
complex process in which HFSCs initiate repair of the wound by 
migrating toward the wound bed in an initial reepithelialization of 
the wound, after which epidermal cells derived from IFE complete 
the reepithelialization process (Ito et al., 2005; Ito and Cotsarelis, 
2008). It has been suggested that this initial reepithelialization while 
not necessary for complete wound repair does accelerate wound 
healing (Langton et al., 2008). As such, further study into Ift20 and 
other cellular mechanisms that govern the HFSC migratory re
sponse is necessary. The extracellular signals that mobilize stem 
cells have not been wellestablished (Gonzales and Fuchs, 2017) but 
may involve Wnt signaling through GSK3 and ACF7 (Wu et al., 
2011) and genomic regulation by Sox9 and its downstream target 
genes (Nowak et al., 2008). Interestingly, IFT57, which interacts with 
IFT20, was identified as a bona fide HFSC signature gene regulated 
by Sox9 (Kadaja et al., 2014). Further investigation into the ciliation 
status of these migrating HFSCs in vivo and in explanted skin is 
warranted, but because we observe limited primary cilia in migrating 
cells in vivo (unpublished data), we speculate that these migration 
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defects in vivo may not be simply explained by loss of primary cilia. 
We propose, given our in vitro results, that the reduced migration 
and invasion observed in IFT20 cKO HFSCs in vivo and in explanted 
skin results from defects in integrin recycling and mechanotransduc
tion in the absence of an extraciliary Ift20 function.

Overall, we have demonstrated a novel role for Ift20 in regulat
ing polarized cell migration and epidermal wound repair. Our data 
suggest that IFT20 regulates cell migration by governing FA turn
over and integrin recycling in keratinocytes. These functions of 
Ift20 appear to be extraciliary and instead indicate a role for Ift20 
in cellular mechanotransduction and cell motility through regulat
ing surface integrin levels and FA dynamics. Ift20, and perhaps 
other ciliary or regulatory proteins, might be harnessed to promote 
stem cell migration in order to speed wound healing during tissue 
regeneration.

MATERIALS AND METHODS
Generation of mouse lines
All mice were housed and bred according to Columbia University IA
CUC approved protocols. K15CrePR1 mice (Jackson Laboratory; 
Stock No. 005249) were bred with Ai9 mice (Jackson Laboratory; 
Stock No. 007909) to generate K15Cre+; Rosa26tdTomato fl/fl 
mice. These mice were then bred with Ift20 fl/fl mice (Jackson Labora
tory; Stock No. 012565) to generate K15Cre+; Ift20 fl/fl; Rosa26td
Tomato fl/fl mice. Genotyping was performed according to Jackson 
Laboratory recommendations using the following primer sets: Cre 
forward, 5′GATATCTCACGTACTGACGG3′; Cre reverse, 5′TGAC
CAGAGTCATCCTTAGC3′; Ift20 forward, 5′ACTCAGTATGCAG
CCCAGGT3′; Ift20 reverse, 5′GCTAGATGCTGGGCGTAAAG3′; 
TomatoWT forward, 5′AAGGGAGCTGCAGTGGAGTA3′; TomatoWT 
reverse, 5′CCGAAAATCTGTGGGAAGTC3′; TomatoMut forward, 
5′GGCATTAAAGCAGCGTATCC3′; TomatoMut reverse, 5′CTGTT
CCTGTACGGCATGG3′.

In vivo ablation of Ift20 in HF-SCs and wound healing 
experiments
All surgical protocols were approved by the Columbia University 
IACUC. Mice were bred such that litters contained both K15Cre+; 
Ift20 fl/fl; Rosa26tdTomato fl/fl (conditional knockout) and K15Cre+; 
Ift20 +/fl; Rosa26tdTomato fl/fl (control) littermates. At postnatal 
day 21 or 22, the back skins of the mice was shaved and a topical 
solution of 1% RU486 (Mifepristone; Cayman Chemical 10006317) 
diluted in 70% ethanol was applied daily for 6–7 d. Between postna
tal days 28 and 31, following the completion of RU486 treatment, 
the back skins of the mice were wounded with a fullthickness 6 mm 
punch biopsy. Four days following the wound, the mice were killed 
and the backskin was dissected away, vigorously washed in PBS, and 
either immediately frozen in O.C.T compound (TissueTek 4583) or 
fixed in 4% paraformaldehyde (PFA) for 2–3 h and then vigorously 
washed in PBS prior to being frozen in O.C.T compound.

Isolation and culture of primary mouse keratinocytes
Primary mouse keratinocytes were isolated and cultured as previ
ously described. Briefly, mouse pups between P0 and P4 were killed 
and their back skins removed and treated with Dispase (50 mg/ml; 
Life Technologies 17105041) for 2 h at 37°C or overnight at 4°C. The 
epidermal layer was peeled away from the dermal layer of the back
skin. The epidermis was then floated in a 1:1 0.25% trypsin EDTA 
(Life Technologies)/Versene (Life Technologies 1504066) mixture 
and incubated at room temperature for 15 min, allowing for disso
ciation of the epidermal cells. Lowcalcium E media was then added 
to the mixture and vigorously pipetted. The cell mixture was then 

filtered through 70 and 40μm strainers, centrifuged at 1100 × g, 
and resuspended in lowcalcium E media prior to being plated on 
Mitomycin C–treated 3T3 fibroblast monolayers. The keratinocytes 
were placed in a 37°C, 7.5% CO2 incubator and continually pas
saged onto fresh Mitomycin C–treated 3T3 fibroblast monolayers as 
necessary. After 7 to 10 passages, the keratinocytes gained the abil
ity to propagate without the fibroblasts. The keratinocytes were 
then continually cultured in lowcalcium E media or frozen in low
calcium E media with 10% dimethyl sulfoxide.

Mitomycin C–treated 3T3 monolayers
3T3 fibroblasts were grown to confluency on 100 mm dishes in 
DMEM with 10% bovine calf serum at 37°C and 7.5% CO2. The 
dishes were treated with Mitomycin C (8 μg/ml; Fisher BP25312) for 
2 h at 37°C, after which the dishes were washed with phosphate
buffered saline (PBS) and given fresh media. Monolayers were 
maintained until ready for use up to 1 wk following Mitomycin C 
treatment.

Generation of lentivirus and transduction of keratinocytes
Lentiviral NLSiCreGFP was a gift from Elaine Fuchs (The Rocke
feller University). Lentivirus was produced as previously described 
(Bhattarai et al., 2019). Briefly, the lentiviral plasmid was cotrans
fected with a pMD.2G envelope plasmid (Addgene #12259) and a 
psPAX2 packaging plasmid (Addgene #12260) using calcium phos
phate/HBS into 293FT cells cultured in DMEM containing 10% fetal 
bovine serum (FBS) and G418/Geneticin. One day following trans
fection the media was replaced with Ultraculture Media (Lonza 12
725F) supplemented with 1% penicillin/streptomycin/lglutamine, 
1 mM sodium pyruvate, 0.075% sodium bicarbonate, and 5 mM 
sodium butyrate. Fortyeight hours after transfection, viral superna
tant was collected from the cultures.

Transduction of keratinocyte cultures was performed as previ
ously described (Bhattarai et al., 2019). Briefly, keratinocytes were 
grown to 70–80% confluency in a sixwell plate. Immediately prior to 
viral transduction, 3 μl of Polybrene (10 mg/ml; Sigma Aldrich 
107689) and 50–100 μl of viral supernatant were added per well. 
The plate was centrifuged at 1100 × g at 37°C for 30 min, after 
which the media was replaced with fresh lowcalcium Emedia. Suc
cessful transduction was confirmed 2–3 d afterward.

In vitro migration assays and quantification
Cells were grown in twowell silicone inserts (Ibidi 80209) in 24well 
plates until confluent. The insert was then removed to form a 
500 μm defined cellfree gap. The cells were then washed with 
PBS and given fresh media. Cell migration was imaged using 
an IX83 Olympus inverted microscope at 0 h and 18 h after start 
of migration. Migration rate was calculated as the area covered 
over time.

FA disassembly/reassembly assay
FA disassembly/reassembly assays were performed as previously 
described (Ezratty et al., 2005, 2009; Nader et al., 2016). Briefly, 
keratinocytes were grown on fibronectincoated coverslips until 
confluent and then serum starved for 18–24 h in serumfree low 
calcium E media. The keratinocytes were then treated with 10 μM 
NZ (SigmaAldrich M1404) in serum free low calcium E media for 
3–4 h, washed with PBS, and placed in fresh serumfree low calcium 
E media. At the desired time points, the cells were then either fixed 
for 10 min with 4% PFA for subsequent IF or scraped off the cell 
coverslip with a cell scraper and incubated with antibodies for sub
sequent flow cytometry.
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IF of fixed cells
Following fixation, coverslips were washed with PBS and then per
meabilized for 10 min with 0.3% TritonX in PBS. After being washed 
with PBS, coverslips were blocked for 1 h with 5% normal donkey 
serum (NDS), 5% normal goat serum (NGS), or a mix of 5% NGS/
NDS in PBS at room temperature, after which they were incubated 
at 4°C overnight with the primary antibody diluted in the blocking 
buffer. Coverslips were then washed with PBS several times and 
then incubated at room temperature with appropriate secondary 
antibodies diluted in the blocking buffer for 1.5 h. After being 
washed several times with PBS, coverslips were mounted on slides 
with ProLong Gold Antifade Mountant with DAPI (4′,6diamidino
2phenylindole) (Invitrogen P36931). The following antibodies and 
dilutions were used: Ift20 (1:200; Proteintech 136151AP), Arl13b 
(1:200; Proteintech 177111AP), acetylated tubulin (1:1000; 
SigmaAldrich T7451), GM130 (1:200; BD 610822), vinculin (1:200; 
SigmaAldrich V4505), phosphoFAK Y397 (1:200; Invitrogen 44
624G), Rab5A (1:400; Cell Signaling Technology 46449T), CD29/
beta1 integrin (1:100; Invitrogen 11029182), donkey antirabbit 
Alexa Fluor 488 (1:500; Invitrogen A32790), donkey antirabbit Al
exa Fluor 647 (1:500; Invitrogen A32795), donkey antimouse Al
exa Fluor 488 (1:500; Invitrogen A32766), donkey antimouse Al
exa Fluor 647 (1:500; Invitrogen A32787), and goat antiArmenian 
hamster Alexa Fluor 488 (1:500; Jackson ImmunoResearch 
127545160).

Collection of protein lysate
Cells were grown to confluency on glass coverslips. Cells were 
washed with icecold PBS, scraped off the coverslip, and lysed in 
icecold RIPA buffer with HALT protease and phosphatase inhibitors 
(Thermo Scientific 78440) for 30 min with regular agitation. After
ward the cell lysates were centrifuged, and the proteinrich superna
tant was collected. The total protein concentration was quantified 
using a BradfordUltra assay (Expedeon BFU05L) according to the 
manufacturer’s instructions.

Western blotting
Western blots were performed using a NuPAGE electrophoresis sys
tem (Invitrogen) according to the manufacturer’s instructions. Briefly, 
20–30 μg of total protein was loaded per lane into precast NuPAGE 
Novex BisTris gels (Invitrogen NP0335BOX) and run in either MES 
SDS or MOPS SDS (Invitrogen NP0002, Invitrogen NP0001) running 
buffers. The gels were then transferred onto 0.2μmporesize nitro
cellulose membranes (Invitrogen LC2000) in NuPAGE transfer buffer 
(Invitrogen NP0006). Membranes were then blocked in a solution of 
TBS with 5% bovine serum albumin (BSA) for 1 h and then incubated 
overnight at 4°C with primary antibody diluted in TBS with 0.2% 
Tween20 (2X TBST) and 5% BSA. Membranes were then washed 
with 0.1% Tween 20/TBS (1X TBST) and incubated for 1 h at room 
temperature with secondary antibodies diluted in 2X TBST with 5% 
BSA. After being washed with 1X TBST, the membrane was imaged 
using a LICOR Odyssey Fc imaging system. The following antibodies 
and dilutions were used: phosphoFAK (1:1000; Invitrogen 44624G), 
Ift20 (1:500; Proteintech 136151AP), alphatubulin (1:1000; Sigma
Aldrich T9025), Rab5A (1:1000; Cell Signaling Technology 46449T), 
IRDye 800CW donkey antirabbit (1:10,000; LiCor 92632213), and 
IRDye 680RD donkey antimouse (1:10,000; LiCor 92668072).

Quantification of Western blots
Intensities of Western blot bands were quantified using the ImageJ 
Gel analysis function. Intensities were normalized to control bands 
for comparison between conditions.

Cell surface labeling of cultured keratinocytes
Labeling of cell surface integrin was performed as previously de
scribed (Ezratty et al., 2005, 2009; Nader et al., 2016). Briefly, cells 
were grown to confluency on glass coverslips. Cells were then 
scraped into icecold PBS and washed once with PBS. Approximately 
1 × 105 cells per sample were incubated on ice with antibodies 
diluted in PCN (PBS with 0.5% bovine calf serum and 0.1% NaN3) 
with Zombie Violet Dye (1:1000; BioLegend 423113) for 30 min. 
Samples were then washed once with PCN to remove unbound anti
body and fixed in icecold 4% PFA diluted in PCN for 10 min. After 
washing samples with PCN to remove residual PFA, the samples 
were analyzed on a BioRad ZE5 Cell Analyzer, and subsequent data 
were analyzed with FlowJo software. Antibodies and dilutions used 
are as follows: CD29 (integrin beta 1)APC (1:10,000, 17029182).

Cell surface labeling analysis
The average fluorescence intensity of integrin in Zombie Violet–low 
cells (i.e., live cells) was quantified using FlowJo. The same fluores
cence intensity was quantified in nonstained cells to measure aver
age background fluorescence. To normalize intensities, the average 
background fluorescence was subtracted from each of the average 
fluorescence intensity measurements from the various stained sam
ples. These values were then normalized to the desired time point 
(i.e., 0 min during NZ washout).

Isolation of HF-SCs through flow cytometry
HFSCs were isolated as previously described (Nowak and Fuchs, 
2009) with minor adjustments. Briefly, mice were killed at appropri
ate time points and the backskins were shaved and removed. Using 
a blunted scalpel, the subcutaneous dermal fat of each backskin was 
scraped away in a dish of cold HBSS. For telogen skin, the backskin 
was then directly incubated with 0.25% trypsin EDTA (Life Technolo
gies) at 37°C for 1 h with the epidermis facing upward. For anagen 
skin, the backskin was first incubated with 0.25% (wt/vol) type I col
lagenase in HBSS for 40 min at 37°C, after which the dermis was 
scraped away with a blunted scalpel prior to floating the backskin 
epidermis upward in 0.25% trypsin EDTA (Life Technologies) and 
incubated for 30 min at 37°C. After adding cold D10 (DMEM with 
10% FBS) to neutralize the trypsin, the HFs were scraped into the 
D10/trypsin mixture using a blunted scalpel, and any remaining der
mis was removed. The HF/D10/trypsin mixture was then vigorously 
pipetted to break up clumps and then transferred into a bottle with 
a stir bar. After the mixture was stirred for at 4°C for 30 min, the 
mixture was strained through a 70μm filter and then a 40μm filter. 
The HFSCs were then centrifuged at 1100 × g and washed once 
with cold D10. At this point ∼5% of the cells can be separated and 
used to prepare compensation staining samples if necessary. The 
remaining cells were then stained with CD34eFluor660 (1:75; Invit
rogen 50034182) and CD49f (integrin alpha 6)FITC (Fluorescein 
Isothiocyanate) (1:100; Invitrogen 11049582) in D10 on ice for 
30–45 min with intermittent agitation of the samples. The samples 
were then centrifuged at 1100 × g and washed once with D10 me
dia. The samples were then centrifuged again and then resus
pended in D10 media with DAPI (1:1000; Invitrogen D1306). Cells 
were then sorted on a BD FACS Aria II cell sorter. Live HFSCs were 
gated as being DAPIlow, CD34high, CD49fhigh, and tdTomato
high cells and sorted into TRIzol LS (Invitrogen; 10296028) and 
sorted into TRIzol LS (Invitrogen; 10296028).

qPCR of HF-SCs
RNA was extracted in TRIzol LS (Invitrogen; 10296028) per the 
manufacturer’s instructions. cDNA was generated from the RNA 
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using the Verso cDNA Synthesis Kit (Thermo Scientific; AB1453B) 
per the manufacturer’s instructions using all RNA. qPCR for each 
cDNA sample was performed in triplicate using Thermo Scientific 
Maxima SYBR Green/ROX qPCR Master Mix (2x) (Thermo Scien
tific; K0221). The primers used for qPCR were as follows: Ift20 
forward, 5′TCCTGATTGCCACTGTCACC3′ and Ift20 reverse, 
5′GTCCAACACTCGGAGCTTGT3′.

IF of tissue sections
Tissues embedded in O.C.T compound were sectioned using 
a Cryostat (Leica) at 10μm thin sections onto glass slides. The 
sections were then stained according to previously described pro
tocols (Bhattarai et al., 2019). Briefly, unfixed sections were first 
fixed for 10 min in 4% PFA at room temperature. Sections were then 
blocked in gelatin blocking solution (2.5% normal donkey serum, 
2.5% normal goat serum, 1% BSA, 2% fish gelatin, and 0.3% Triton
X in PBS) for 1–2 h at room temperature. Sections were then incu
bated overnight at 4°C with the primary antibodies diluted in gela
tin blocking solution. After being washed several times with PBS to 
remove residual unbound antibody, sections were incubated for 
1–2 h at room temperature in secondary antibodies diluted in gela
tin blocking solution. After being washed with PBS, the sections 
were mounted with coverslips using ProLong Gold Antifade Moun
tant with DAPI (Invitrogen P36931). The following antibodies and 
dilutions were used: Ift20 (1:200; Proteintech 136151AP), Arl13b 
(1:200; Proteintech 177111AP), acetylated tubulin (1:1000; Sigma
Aldrich T7451), GM130 (1:200; BD 610822), donkey antirabbit 
Alexa Fluor 488 (1:500; Invitrogen A32790), donkey antirabbit Al
exa Fluor 647 (1:500; Invitrogen A32795), donkey antimouse Alexa 
Fluor 488 (1:500; Invitrogen A32766), and donkey antimouse Alexa 
Fluor 647 (1:500; Invitrogen A32787).

Explant biopsy culture and quantification
The biopsy samples from the wounded mice were collected and 
plated on fibronectincoated tissue culture dishes and covered in 
lowcalcium Emedia. Culture media was replaced every 4–5 d. 
After 14 d of culturing, NucBlue Live Cell Stain (Invitrogen R37605) 
was added to the culture media to label nuclei and the sample was 
imaged using a fluorescence microscope. Migration of tdTomato
positive hair follicle stem cells was quantified by calculating the 
number of tdTomatopositive cells that had migrated out of the tis
sue sample per circumferential length of the tissue sample (number 
of tdTomatopositive cells/circumference of biopsy).

Image acquisition
Confocal images were acquired with an Olympus IX83 DSU unit 
with Hamamatsu Orcar2 through 63x (N.A 1.4) oil or 4x (N.A. 0.10) 
PlanApochromat objectives and equipped with the following 
Chroma filter sets: 49008 ET TR C94094 (mRFP1), 49004 ET dsR 
C94093 (Cy3, DyLight549), 41008 Cy5 (Cy5), 41001 FITC (Alexa
Fluor 488/GFP). For images of tissue sections, Zstacks of 5–15 
planes (0.5 μm) were captured, and either representative single Z
planes or maximum projections (three images) are presented. For 
images of in vitro cells, Z stacks of 3–5 planes (0.5 μm) were cap
tured and representative single Z planes are shown. Image acquisi
tion was driven using Metamorph (Olympus). Image processing was 
performed using ImageJ.

FA and colocalization image quantification
Image quantification was performed using ImageJ. Briefly, the back
ground of images was first subtracted using the rolling ball radius 
background subtraction function in ImageJ. Individual cells were 

identified and saved as regions of interest (ROIs). Images were then 
converted to 8bit images and thresholded according to the struc
tures of interest (i.e., FAs, endosomes, etc.). Using the analyze par
ticles function in ImageJ, the structures of interest within each ROI 
were quantified by number and area. Average total area of FAs per 
cell and average FA area were computed based on these data. Co
localization coefficients between Rab5A and Ift20 or Rab5A and β1 
integrin in cells were computed using the sizebased colocalization 
coefficient defined in Rizk et al. (2015) (area of Ift20 that colocalizes 
with Rab5A/total area of Ift20 or area of beta 1 integrin that colocal
izes with Rab5A/total area of beta 1 integrin).

Statistics
All statistical analysis was performed using Mann–Whitney U tests or 
Student’s t tests using R statistical software. The test performed for 
each set of data is indicated in the figure legends.
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