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Song et al 2012) The zn vwo 1CMs were more fully reprogrammed

potent reprogrammmg factors c,
mechamsms of cardlac reprogrammy B

gramnung efﬁcxency of fibroblasts mto mduced plunpotent stem
cells (iPSCs; Judson et al, 2009; Subramanyam et al, 2011), and
more recently; Jayawardena, et al (2012) reported that a combina-
tion of muscle-specific miRNAs (miR-1, 133, 208, 499) alone repro-
grammed neonatal mouse -CFs into cardiomyocyte-like cells
(Jayawardena et al, 2012). However, it remains unclear whether
other types of fibrablasts could also be converted into iCMs
by miRNAs MoreOver; the glob I 'tr‘anst’r”iptional Changes aﬂd
Un,k,ﬂf-‘WH«

Here, we show that miR-133a (miR-133) promoted cardiac repro-
gramming in: mouse embryonic fibroblasts (MEFs), adult mouse
cardiac fibroblasts, aiid human cardiac ﬁbrobiasts (HCFs)-in combi-
nation with GMT ‘or GMTMM tranisduction. We fotnd that miR-133
suppressed the fibroblast programs by dxrectly repressmg Snail; a
master regulator of epxthehal~to-mesenchymal transition (EMT), and
thereby promoted cardiac reprogramming,

Results

MiR-133 promotes cardiac induction in MEFs.in combination
with Gata4/Mef2¢/Tbx5

We first investigated whether miR-1, 133; 208, and 499 alone;

shown previously to induce cardiac reprogramming in neonatal
mouse CFs, could also generate iCMs from. MEFs, which have a
distinet emibryonic origin. compared to CFs, We used MEFRs from
oMHC promoter-driven EGFP transgenic mice (o,MHC -GFP); 1

which no cardiomyocytes or cardiac progenitor cells (CPCs) ‘were
detected. by immunofluorescence, fluorescence-activated cell sorting
(FACS), and quantitative RT-PCR. {qR’I‘ PCR) analyses- (Supplemenw
tary Fig SIA-E; leda etal, 2010). The transfection efﬁmency by
miRNA mimics was 97%, but none-of the miRNA mimics induced
oMHC-GFP or cardiac troponin T (¢TnT) expression in MEFs when
used individually or as a pool (four miRs) after'1 week of transfec:
tion (Fig 1A and B, Supplementary Fig S1F and G; Jayawardena
et al, 2012). In contrast, GMT transduction induced «MHC-GFP. and.
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¢TnT expression in MEFs, similar to that. induced in CFs (Fig 1A
.and B, Supplementary 1H; leda et-al, 2010),
Next we mtroduced these miRN As 'along with GMT ‘i‘ntoMEFs to

number of cTnT cells e xpressmg the endogenous cardla spemﬁc
gene: was increased by ‘approximately sixfold by the addition: of
miR-1; 133, or four miRs to the GMT transduction (Fig 1C-and D}
In contrast, addition of miR-208 or miR-499 had no substantial
effects, suggesting ‘that the miRNA effects were specific. Among
them, miR-133 mumcs showed the greatest effects, and thereby, we'
used miR-133 ‘in subsequent stadies. We deterinified the -dose
-dependency of miR-133:mediated cardiac induction and found that
15 nM of miR-133 was sufficient (Flg 1E and E). Addition of JAK
inhibitor I, which reported torincrease cardiac induction, to GMT/
miR-133 did not ‘augment the reprogramming efficiency (Supple:
mentary Fig S1I and J; Jayawardena et al, 2012). FACS analyses
demonstrated that expression of another cardiac marker, sarcomeric
a-actinin (o-actinin); was also increased by addition of miR-133 to
GMT (Fig 1G): Immunostaining for cardiac markers, including
g-actinin, ¢TnT, and atrial natriuretic peptlde (ANP); demonstrated
that GMT/miR-133 stror nh: [ exp
and the iCMs had well~defxned sarcomenc stmctures, similar to
neonatal cardigniyocytes (Flg 1H and 1, Supplementary Fig $1B).
Thus, miR-133 improved cardiae indtiction from MEFs in combma«
tion with GMT transdtiction.

MiR-133 rapidly and efficiently induces functional
cardiomyocyte-like cells from MEFs in.combination
with Gata4/Mef2c/Tbx5

To investigate the effects of miR-133 on cardiac reprogramming in
more detail, we next compared the time courses of reprogramming
between GMT and GMT/miR-133 induction. FACS analyses revealed
that GMT/miR-133 induced. significantly more o-MHC-GFP and
©TnT expression in the MEFs by as eatly as day 3 than GMT alone,
with the numbers peaking at day 7, and remaining higher even at
4 weeks after transduction (Fig 24, Supplementary Fig S2A). The

iCMs were less proliferative than: non-converted fibroblasts and

‘decreased in percentage relative to the total mumber Bf cells over
time in culture. QRT-PCR demonstrated that the expression of
cardiac” genes, Attn2 (sarcomeric ot-acumn) Myhé {o-myosin heavy
chain), Ryrz {ryanodine receptor 2, and Tnni3 (cardiac troponin 1,
was upregulated, while the expression of fibroblast genes,

Collal {collagen lal) and Fnl (fxbronectm 1), was s:gmfxcantly

downregulated from day 3 in the FACS-sorted o-MHC-GFP™ cells
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induced with GMT/miR-133 (Fig 2B). Non-sorted samples also structures. after 7 days of infection, which normally takes
revealed ‘comparable results (Supplementary Fig $2B). Immunocyto- 2 weeks with GMT alone (Fig 2C). qRT-PCR and immunostaining
chemistry demonstrated that the GMT/miR-133-iCMs showed sarcomeric for the genes specific to nodal, atrial, and ventricular myocytes
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revealed that:mostiCMs were atrial-type myocytes with either traris-
duction (Supplementary Fig $2C and. D). Functmnally, a subset of
MEF-derived iCMs showed spontanecus Ca®* oscillations, and
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sixfold more cells exhibited Ca®* flux with GMT/miR-133 induction
than with GMT alone (Fig 2D and E, Supplementary Movie $1).
Notably, cell contraction started from 10 days after GMT/miR-133
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transduction, which generally took 4 weeks with GMT. The number
of ‘beating cells increased over time, with sevenfold more contractile
cells achieved compared to using GMT alone (Fig 2F and G, Supple-
mentary Fig S2E, and Supplementary Movies S2 and $3). We did not
observe any beating cells in untreated MEF cultures, excluding the

possibility of cardiomyocyte contamination. EdU incorporation
assays revealed that the increase in beating iCMs with GMT/miR-133
transduction’ was not due to cell proliferation (Supplementary Fig
S2Fand G). These results suggest that'miR-133 promoted the speed
and efficiency of cardiac reprogramming in combination with GMT.
Mespl-GFP ‘mice, in which the progeny of multipotent CPCs can
be ‘traced by fluorescenice, were used to determine the route of
cardiac reprogramming (Saga et al; 1999; Kawamoto et al, 2000).
We isolated Mespl-GFP~/Thyl* MEFs by FACS and transduced the
cells with GMT/miR-133 (Fig 2H). The resulting ¢TnT ™" cells did not
express GFP, suggesting that the iCMs were generated: from MEFs
without passing through a mitotic Mespl "-CPC state (Fig 21). More-
over, a later CPC marker, isll, was not induced by GMT/miR-133
during. reprogramming (Fig 2J). These results indicated that the
iCMs were directly generated from fibroblasts by GMT/miR-133,

MiR-133 suppresses fibroblast signatures in concert with cardiac
gene activation

Next, to investigate the mechanistic basis of miR-133-mediated
carchac reprogramming, we analyzed the global gene -expression
pmfxles of iCMs induced with GMT or GMT/miR-133:by microarray.
We FACS-sorted o- MHC-GFP™ cells at 3, 7, and 18 days after frans-
duction, before and after the GMT/miR-133-transduced cells started
contractions, and compared the diffefential gene expressions
between. MEFs and hearts. Although' the vast majority of &-MHC-
GFP™* cells were only partially reprogrammed iCMs; with few capa-
ble of bea’ung, the heatmap image of ‘microarray data Tevealed a
shift in the global gene expression patterns. of the iCMs from a MEF
state toward a cardiac-like phenotype by’ GMT or GMT/miR-133
transduction at:all stages (Fig 3A). Next, to identify the: genes that
were regulated by miR-133, we focused on the gemes ‘that were
differentially expressed between GMT and GMT/miR-133 transduc-
tion: at all stages. Among 23,474 probes, 46 genes were upregulated,
and 129 genes were downregulated by at least 1.5-fold by GMT/
miR-133 ‘indiiction, consistent with the function of miRNAs, typi-
-¢ally diminishing the expression of their mRNA targets (Fig 3B,
Supplementary Table S1). Gene ontology (GO) analyses
demonstrated that upregulated genes in the GMT/miR-1334CMs

© 2014 The Authors
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were significantly enriched for GO terms associated with cardiac
function and development, while the downregulated genes were
significantly enriched for-the GO terms. associated with fibroblast
signatures, such as cell adhesion, cell proliferation, and ‘collagen
fibril organization (Fig 3C and D). Scatter plot analyses at day 3 ‘of
transduction demonstrated that the upregulated genes induced by
GMT/miR-133 were significantly enriched in heart compared fo
MEFs (P =7.7E-21), while the downregulated genes in GMT/miR-
133-iCMs were highly enriched in' MEFs (P = 1,2E-34), indicating
thdt miR-133 induced cardiac gene programs and extinguished fibro-
blast signatures from the early stages of reprogramming. (Fig 3E).
Microarray and ¢RT-PCR .analyses revealed that cardiac genes
related to different furictions, siuch as sarcomere structures (Acmz,
MyhG; Tnni3), mitochondrial metabolism (Ppargcla), and ion chan-
nels (Ryr2, Slc8al, Kend2, ‘and ScnSa); were upregulated, while
fibroblast genes, Snazl Collal, Colla2, Fnl, ‘and Postri, were
downregulated in the GMT/rmR -133-iCMs compared to the
GMT-iCMs at day 7 (Flo 3F and G) Epithelial genes, such as§ cdhl
(E-cadherin), Dsp, Pkpl Ctnnbl, F2r, and Ocln, were not upregulated,
suggesting miR-133 did not induce mesenchymal-to-epithelial transi-
tion (MET) process. Thus, miR-133 silenced fibroblast signatures.in
parallel with cardiac gene activation from the early stages ofrepr‘o—
gramming.

3

MiR-133 directly represses Snail expression during
cardiac reprogramming

We then searched for potential direct mRNA targets of miR-133
during ¢ardiac reprogramming. Expression of Ccnd2, Cde42, Handz,
RhoA, and Srf, shown previously as the direct targets of miR-133,
was not significantly altered in GMT-miR-133-iICMs compared to
GMT-iCMS, as shiown by microarray (Fig 4A; Liu & Olson, 2010).
Using the miRNA target prediction program, we identified Snail as
a putative direct target of miR-133 with two conserved miR-133-
binding sites within the 3'UTR (Fig 4B), Stiail is-a basi¢ helix-loop-
helix transcription factor, known as a master revulator of EMT, and
induces: mesenchymal ‘programs and flbrogenems dunng develop—
ment and disease (Rowe et:al, 2009; Li etal, 2010). In. luciferase
reporter assays:with a construct containing a full-lenigthi Snail 3'UTR
sequence, miR-133 transfection strongly repressed the luciferase
activity by 60%. Mutations of either predicted miR-133-binding site
in the*Snail 3"UTR reduced the responsiveness to'miR:133, which
was almost absent with mutations of both sites, suggesting; direct
binding of miR-133 to both sites (Fig 4C). qQRT-PCR confirmed that
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miR-133 expression was induced by GMT transduction in MEFs and

further upregulated by miR-133 overexpression (Fig 4D). Inversely,
the mRNA expression of Snail was high in MEFs, significantly

downregulated by GMT and further reduced by 60% with the
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addition of miR-133 to GMT, consistent with the array data (Figs 4E
and 3F). Western blot analyses also- demmonstrated that Snail protein
expression was strongly downregulated in. MEFs by transduction
with miR-133 alone or GMT/miR-133 (Flg 4F). These results
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suggested that miR-133 directly targets Snail, resulting‘in reduced
expression of this protein during reprogramiming.

Next, to investigate the possible contribution of Snail during
ardiac reprogramming, we suppressed Snail expression. ‘with
SiRNA in GMT-transduced MEFs (Flg 4G). gRT- “PCR -at day 7 of
transduction demonstrated that knockdown of Snail in the presence
of GMT strongly downregulated expression of multiple fibroblast
genes, including Fnl, Postn, and SnaiZ, to levels comparable with
those affected by GMT/miR-133 (Fig 4H). Intriguingly, inhibition of
Snail concomitantly upregulated a panel of cardiac genes related to
different functions, such:as sarcomere structures (Actn2, Ttn), gap
junctions (Gjal), hormones (Nppa), and ion channels (Ryr2 -and
Kcnd2), in GMT-transduced cells (Fig 4H, Supplementary Fig S3A).
FACS analyses demonstrated that knockdown of Snail significantly
inicreased the induction of ¢-MHC-GFP™ cells'and ¢TnT™ cells from
MEFs in combination with GMT, but not with GMT/miR-133 (Fig 41
and J, Supplementary Fig $3B). Immunostaining for cardiac mark-
ers, including @-actinin, ¢TnT, and ANP, demonstrated that Snail
suppression increased cardiac protein expression in combination
with GMT after 4 weeks (Fig 4K-M, Supplementary FigVSSC).V Shail
suppression significantly increased spontaneous Ca®* oscillations
and cell contractions in GMT-transduced cells; although not to the
levels seen with miR-133 overexpression (Fig 4N, Supplementary
Fig S3D, Supplementary Movie S4). These results suggested that
suppression of Snail reduced fibroblast profiles and concomitantly
promoted cardiac induction in GMT-transduced fibroblasts, which
recapitulated the effects of miR<133 overexpression.

Overexpression of Snail maintains fibroblast signatures and
disrfupts cardiac reprogramming in
GMT/miR-133-transduced MEFs

We next asked whether suppression of Snail is a consequience of or
is Tequired for cardiac reprogramming induced with GMT/miR-133,
To address this, we restored Snail expression i GMT/miR-133-
transduced MEFs by overéxpression of Snail cDNA without the
3'UTR and investigated whether Snail restoration could counteract
the effects: of miR-133-mediated cardiac reprogrammmg (Fig 5A).
Microarray analyses revealed that among 46 genes upregulated by

:GMT/mlR—IBB (Flg 3B), 39 were: suppressed by Snail overexpres-

sion, In contrast, 105 out of 129 genes downregulated by miR-133
addition. (Fig 3B) were upregulated by Snail restoration, suggesting
most- portions of ‘the transcriptional changes effected by miR-133
were mediated via Snail suppression (Fig 5B). The genes upregulated
and downregulated. by Snail overexpression were identified as
fibroblast- -and cardiac-related genes, respectively, and gRT-PCR
arialyses confirmed the array data (Fig:5C, Supplementary Fig S3E

© 2014 The Authors

sxlencmg fibroblast programs and actxvatmg the cardiac phenotype
in MEFs induced with GMT/miR-133. Snail overexpressmn also
inhibited both the induction of 4-MHC-GEP and ¢TnT expression in
GMT/miR-133-transduced fibroblasts, as ‘shown by FACS analyses
(Fig 5D and E), and the expression of endogenous cardiac proteins,
o-actinin, ¢InT, and ANP, in GMT/miR-133-transduced cells at
4 weeks, as revealed by 1mmunocytochemlst1y (Fig 5F-H, Supple-
mentary Fig $3G). Consistent with this, constitutive expression of
Snail strongly suppressed.spontaneous Ca®* oscillations-in, GMT/
miR-133-transduced cells and inhibited generation of beating iCMs
at 4 weeks, overriding the positive effects of miR-133 (Fig 51). These
results suggested that downregulation of ‘Snail is critical for
suppressing fibroblast profiles and cardiac reprogramming in MEFs
induced with GMT/miR-133.

MiR-133-induced Snail suppression is critical for cardiac
reprogramming in adult mouse cardiac fibroblasts

We next investigated whether the miR-133-mediated suppression of
Snail -also plays. critical roles in cardiac reprogramming in adult
mouse CFs. Similar to the MEF cultures, we did not detect contami-
nation of cardiomyocytes in adult CF cultures derived from &-MHC-
GFP mice. Transfection of miR-133 alone did not induce cardiac
reprogramming in adult CFs either with or without the JAK inhibitor
(Supplementary Fig S3H). We then introduced miR-133 with: GMT
and found significantly increased induction of o-MHC-GFP* and
¢TnT* cells from adult CFs by FACS at 1 week (Fig 6A and B). gRT-
PCR demonstrated that miR-133 upregulated multiple cardiac genes
and concomitantly downregulated fibroblast gene expression in
adult CFs in combination with GMT (Fig 6C). Immunocytochemistry
and Ca?* imaging also showed that addition of miR-133 to GMT
promotgd cardiac induction from adult CFs (Fig 6D-G, Supplemen-
tary Movie S5). These results suggested that miR-133 promotes
cardiac reprogramming in adult CFs, but with lower reprogramming
eff1c1ency compared to that in MEFs,

Next, we analyzed the link between miR-133 and Snail during
reprogramming in adult CFs. The mRNA expression of Sndil was
high in ‘adult CFs, downregulated by GMT, and further reduced by
50% with the: addition ‘of miR-133 to. GMT, which was inversely
correlated with the: expression of miR-133 (Fig 6H). qRT- -PCR
demtonstrated that knockdown of $nail upregulated a panel of
cardiac genes elated to multiple functions and repressed fibroblast
genes in GMT-transduced adult CFs (Fig 61). Immunostaining
revealed that inhibition of Snail increased the induction of «-MHC-
GEP™ cells and, a-actinin* cells from adult CFs in combination with
GMT (Fig 6] and K). These results suggested that suppressing Snail

The EMBO Journal Vol 33| No 14| 2014

— 280 —

1571



The EMBO Journal MIR-133 promotes reprogramming by Snail repression  Naoto Murdoka et al

A B ¢ Luciferase dssay
Expression ratio S DContml miR
Potential targets e SHET o el 0 b 1.2 -
oz 11 ] T
o : :
Cdo#z 1.0 Mouse: 5' TGAACCGCGCUCAGGGGACCCC UAACUGUCUCAGAAGGGACCAU 3" 0.6
N s Rat. 5 TGAACCCCGCUCAGGGGACCCC UAACUGUCUCAGAAGGGACCAU ' 0.4
and2 0.9 Human: 5 COCACCCOACUCAGGGGACCEE 02
RhoA 1.1 LT sﬁe'!:q?:-T
Srf 1.0 | miR-133a:3 UGUCGACCAACUUCCCCUGGUUS 3 UGUCGACCAACUUCCCCUGGUU 5 dte2 — — 4+ -
mutation
D  Relative expression E  Relative expression F G _  Snail
miR-133 Snail GMT — — 4+ + mRNA expression
miR-133 — + — + ' ,
0% SNAI1
b GAPDH | et s e st
10° M ol ; :
MEF GMT GMT/ Heart ° MEF GMT GMI/ Heart g
miR-133. ' miR-133 = si-Snail

Sna|2 BGMT
a— — — B GMT/si-Snai1
BGMT/miR-133

| ; GMT/
Control si-Snail
0% 0%

o) B MHC-GFP+
ok OcTnT*

cInT

0% &
«MHC-GFP

“GMT si-Snaif miR-133
o

- oMHC-GFP cTnT

Py

GMT

=%
26
1
0
M Immuno™ cells (%) N Number of Ca2* Number of
9+ ' transient™ cells beating cells
sl * EGMT ** ,
74 B B GMT/si-Snait 70 25+ » DOControl
60 20+ EGMT
50 gy B EGMT/si-Snaif
40 18: || BGMT/miR-133
30+ 10~ o
20 . =
10 i 57 N
: » n il oLND. o-LND B8 I
OLMHC a—Actmm cTnT ANP
-GFP
1572 The EMBO Journal Vol 33| No 1412014 © 72014 The Authors

— 281 —



Naoto Murdoka et gl

could in turn suppress fibroblast programs and promote cardiac
iriduction in adult CFs. We then also overexpressed the Snail cDNA
without 3’UTR in GMT/miR-133-transduced adult CFs and found
reduced o:MHC-GFP* and ¢TnT" cells, as’ measured by FACS
(Fig 6A and B). qRT-PCR revealed downregulated -expression of
cardiac genes and upregulated expression of multiple fibroblast
genes by-Snail overexpression, suggesti\ng that Snail repression is
critical. for silencing fibroblast signatures and inducing cardiac
reprogramming in adult CFs (Fig 6C). Immunoeytochemistry and
functional studies also revealed that Snail overexpression strongly
inhibited cardiac reprogramming in GMT/miR-133-transduced adult
CFs (Fig 6D-F).

MiR-133-mediated Snail repression is also critical in human
cardiac reprogramming

We next tested whether miR-133:niediated Snail suppression also
plays important roles in human cardiac reprogramming using HCFs.
Transfection of miR-133 alone or-4miRs ‘with or without JAKI-1 did
not induce cardiac reprogramming (Supplementary Fig S4A). In
contrast, using new lentiviral vectors to’ transduce the genes effi-
ciently: into: HCFs (Supplementary Fig $4B), we demonstrated that
transduction of lentiviral GMTMM induced ¢TnT* and w-actinin®
cells in 2-8% of HCFs (Fig 7A-and B, Supplementary Fig 54C). The
induction rate .increased to 23-27% of HCFs with addition of
miR-133 to GMTMM (Fig 7A and B, SupplementaryFig $4C). Micro-
array analyses further revealed that GMTMM or GMTMM/miR-133
transduction upregulated 1,270 cardiac-enriched genes and down-
regulated 1,111 fibroblast-related genes in HCFs; suggesting global
transcriptional changes toward cardiac fate induced by the repro-
gramming factors m(Fig?C). Differential gene expression analyses
between GMTMM-HCFs and GMTMM/miR-133-HCFs. showed that
addition of miR-133 upregulated 399 genes and downregulated 264
genes (Fig 7D). GO-term analyses associated the upregufated geries
‘with cardiac function and the downregulated genes with fibroblast
signatures,. sug«gstmg that miR-133 promotes cardiac reprogram-
ming in HCFs (Fig 7E). Snail mRNA expression was suppressed by
GMTMM and further reduced by 40% with. GMTMM/miR:133 in
himan cardiac reprogramming (Fig 7E). Microarray analyses

demonstrated that the transcriptional changes effected by miR-133

were largely counteracted by Snail overexpression, suggesting the
miR-133-induced ‘cardiac reprogramming was mainly mediated
through Snail suppression (Fig 7D and G). Consistent with this,

{©°2014 The Atthors
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qRT-PCR, FACS analyses, and immunocytochemistry revealed that
Snail overexpression inhibited GMTMM/miR-133-mediatedcardiac
induction (Fig 7A, B, H, I and J, Supplementary Fig 54D and E},
whereas Snail knockdown increased the induction of cardiac-geties
in combination with. GMTMM as measured by qRT-PCR (Supple~
mentary Fig S4F). FACS analyses and immunostaining also demon-
strated that knockdown ‘of Snail significantly increased ‘expression
of g-actinin® cells in HCFs in combination with GMTMM, -suggest-
ing that suppressing Snail -expression promotes cardiac induction:
(Supplementary Fig S4G-1). Taken together; these results suggest
that miR-133-mediated Snail suppression is also crucial for human
cardiac reprogramming.

Discussion

Direct reprogramming is characterized as a process that progres:
sively -activates the target cell program -and concomitantly
suppresses the starting-cell profile without passing through a stem
cell state by overexpression of lineage-specific transcription factors
or miRNAs. In this study, we demonstrated that overexpression of
miR:133 in the presence: of these: transcription factors promoted
cardiac reprogramming in mouse‘and human, partly. by suppressing
Snail, a master regulator of EMT, -and sﬂencmg the fibroblast

‘program.

“The miR-133 family comprises three meNAs miR-133a-1, miR:
133a-2, and miR-133b. MiR-133a-1 and miR-133a:2 have identical
sequences and are expressed in cardiac and skeletal muscles.
Indeed, rmce lacking: both ‘miR-133a:1 and miR-133a-2 undergo~
embryonic or neonatal death due to heart defects, suggesting critical

‘rolés of miR-133a in cardiogenesis (Liu et al, 2008). Consistent with

this, -addition of miR-133a to cardiac reprogramming factors

‘increased cardiac repotter and gene expression, shifted the global

gene ‘expression profile of the iCMs toward a cardiac fate, and gener-
ated more functional iCMs in direct Teprogramming.

Our Imdmgs support that combining lineage- specific ‘transcrip-
tion factors and miRNAs provides a powerful approach fo improve
direct conversion of fibroblasts into another hneage Yoo et al
{2011} reported that a combination of neural-specxﬁc.rmRNAs,; miR-
9/9*%, and miR-124, and neurogenic transcription factors: directly
reprogramined human fibroblasts into functional neuronal cells:
(Yoo et al, 2011). Recently, Nam et al (2013} reported that addition
of miR-1 and miR-133 to. Gata#4, Hand2, Myocd, and Tbx5 promoted
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cardiac reprogramming in human fibroblasts (Nam et al, 2013).
However, the mechanistic basis underlying direct reprogramming
by the transcription factor/miRNA combinations was not estab-
lished in these prévious. studies.
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mechanisms .and importance of suppressing. fibroblast signatures
during direct reprogramming remained largely unknown,

In the present study, we found that miR-133 ‘suppressed a large
set of fibroblast genes and -concomitantly activated cardiac gene
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programs’ during cardiac reprogramming when used in combination
with GMT or GMTMM. Among many predicted targets of miR-133,
‘we identified Snail as a novel direct target of the miRNA and
demonstrated that Snail repression silences fibroblast programs and
promotes cardiac reprogramming, recapitulating: the effects of
miR-133 overexpression. In contrast, overexpression of Snail
inhibited suppression of fibroblast genes and activation of cardiac
programming induced with GMT/miR-133. Thus, silencing
fibroblast. signatures, mediated by miR-133/Snail, could be a key
ingly, this process is similar to the MET; a critical step during the
‘teprogramming of fibroblasts into iPSCs by the Yamanaka factors
(Li et al, 2010; Samavarchi-Tehrarii et al,-2010). During iPSC gener-
ation, Oct4 and Sox2 suppress Snail, while Klf4 induces epithelial
-genes including E-cadhierin (Li et al; 2010). Sndil downiegulation
and E-cadherin upregulation cooperatively suppress EMT signals
and activate an epithelial program, leading to MET and iPSC genera-
tion; Similar to our findings, blocking MET by overexpression of
Snail or addition of a Snail activator (transforming growth factor B)
impaired iPSC generation, whereas inducing MET by addition of
transforming growth factor @ inhibitors promoted iPSC induction (Li

et al, 2010; Samavarchi-Tehrani et ¢/, 2010). Thus, it is conceivable

that silencing fibroblast signatures by repressing ‘Snail might be a
common pathway in the early phase of reprogramming from fibro-
blasts to ‘another lineage and that manipulation .of this pathway
could be'a new target to énhance direct reprogramming in general.
To our kiiowledge; this is the first study demonstrating a molecular
‘mechanism of direct cardiac reprogramming.

While we found that the miR-133/Snail pathway is critical for
‘cardiac reprogramming, the iCM population was heterogeneous and

most of the cells remained as partially reprogrammed cardiac cells

in culture (Supplementary Table $2). Moreover, the reprogramming
efficiency of adult CFs was low compared with MEFs in this study
and our previous data using neonatal CFs (leda et al,.2010). Differ-
ences between mouse lines used and transcriptional and epigenetic
«differences between fibroblasts might have contributed to the lower
reprogramming efficiency in adult CFs. Because miR-133 hasnumer-
ous predicted targets, and knockdawn -of Snail increased cardiac

induction, but not to the level observed with miR-133 overexpres-

sion; some additional pathways might be involved in miR-133-medj-

-ated ‘cardiac reprogramming (Liu -& Olson, 2010}, Nevertheless,

given that the in vivo environment might be more permissive than
Culture: dishes for reprogramming, GMT/miR-133 transdiiction or
Snail knockdown with GMT in vivo might be sufficient to repair

©2014 TheAuthors
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damaged hearts (Qian et al, 2012; Song et al, 2012). Further in vitro
and in vivo studies are thus needed to progress our understanding
of molecular mechanisms underlying cardiac reprogramming and
apply this new technology to future regenerative therapies.

Materials and Methods
Generation of «MHC-GFP and Mesp1-GFP mice

Transgenic mice overexpressing GFP under the control of an «-MHC
promoter were generated as described previously (leda ef al, 2010).
Mespl-GFP mice were obtained by crossing Mespl-Cie mice and
CAG-CAT-EGFP reporter mice (Saga et al, 1999; Kawamoto et al,
2000). The Keio University Ethics Committee for Animal Experi-
ments approved all experiments in this study.

Quantitative RT-PCR

Total RNA was isolated from cells, and gRT-PCR was performed on a
StepOnePlus™ (Applied. Biosystems) with ‘TaqMan: probes (Applied
Biosystems), TaqMan probes: Actcl (Mm01333821_m1, Hs00606316_
m1), Myh6 (Mmi00440354_m1, Hs00411908_m1), Ryr2 (Mm00465877._
ml, Hs00892842 ml), Gjal (Mmi00439105_m1), Nppa (Mm01255747-g],
Hs00383230_g1), Actn2 (Mm00473657_m1, Hs00153809_m1), Kend2
(Mm0116732_m1), SleSal (Mm01232254_m1, Hs01062258.m1), SenSa
(Mm00451971_thl); Thni3 (Mm00437164 mil), Tnnt2 (Hs00165960_m1),
Ttn (Mm00621005_m1, Hs00399225_m1), Myl2 (Mm00440384_m1,
Hs00166405_m1), Myl7 (Mm00491655_m1), Hend (Mm01176086_m1),
islI (Mm00517585_m1), Collal (Mm00801666_gl, Hs00164004_m1),
Colla2 (Mm00483888_m1), Col3al (Mm01254476_m1), Colsa2
(Mm00483675_m1), Frl (Mm01256744_ml, Hs00365052_m1), Snail
(Mm00441533_gl, Hs00195591_m1), Snai2 (Mm00441531_m1), Ddr2
(Mm0000445615_m1), Postn (Mm00450111_m1, Hs00170815_m1),
HsamiR-133a (1102119-Q).. mRNA levels ‘were mnormalized by
comparison to Gapdh (Mm99999915_gl, Hs02758991_gl). miRNA

levels were normalized by comparison to Rnuéb (0811824-H)

snRNA.

Molecular cloning, retroviral infection, lentiviral infection, and
miRNA mimics-transfection

To canstruct-the pMXs fetroviral vectors, we amplified the coding
régions ‘of GFP, Gdta4, Mef2c, TbxS, and Snail by PCR and
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ssubcloned them into respective pMXs vectors for transfection into
Plat-E cells using Fugene 6 (Roche) to generate retroviruses (leda
et al, 2010). We generated lentiviral vectors by subcloning human

Gatad, Mef2c, Tbx5, Mespl, Myocd, and Snail (HuPEX, AIST) into

the CSI-CMV-RIA plasmid (RIKEN BRC) using the Gateway system

(Invitrogen). To-generate the lentiviruses, we transfected the vectors

into HEK293 cells with pCAG-HIVgp and pCMV-VSV-G-RSV-Rev
plasmids (RIKEN BRC) using Lipofectamine 2000 (Invitrogen). The
CSII-CMV-Venus vector was used to determine transduction effi-
ciency. Virus-containing supernatants were collected after 48 h and
uged for transduction. Synthetic mimics of mature miRNAs (Thermo
Scientific) and the siRNA pool (Thermo Scientific) were transfected
simultaneously into cells with Lipofectamine 2000 (Invitrogen).
‘Synthetic mimics of mature miRNAs and siRNA pool: miRIDIAN
‘microRNA Mouse mmu-miR-1-Mimic (C-310376-07-0020), miRIDI-

AN microRNA Mouse mmu-miR-133a-Mimic ,(6-3,10407~07~0020]‘,,,

miRIDIAN microRNA Mouse mmu-miR-208a:3p-Mimi¢ (C-310501-
05-0020), miRIDIAN microRNA Mouse mrmu-miR-499-Mimic (C-

310727-01-0020), miRIDIAN. microRNA Mimic Negative Control #2.

(CN:002000-01-05), siGENOME Mouse Snail siRNA ~ SMARTpool
(M-062765-00-0020), siGENOME Human Spail siRNA -"SMARTpool
(M-010847-00-0020). After 24 h, the medium was replaced with
D-MEM (high glucose) with L-Glutamate and Phenol Red (Wako,

044-29765)/Medium199 with Earle's: Salts, L-Glutamate and 22 g/l

Sodium Bicarbonate (Gibco, 11150-059)/10% Hyclone Characterized
FBS (Thermo Scientific, $V30014.03) medium and changed every

2-3 days. JAK inhibitor 1 (1 nM; EMD Biosciences) reatment was

initiated 2 days after transfection and continued daily for 7 days.
Cell culture

For MEF isolation, embryos isolated from 12.5-day pregnant mice
were washed with PBS, and the head and visceral tissues were care-

fully removed. The remaining parts of the embryos were washed in

fresh PBS, minced using a pair of scissors, transferred into a
'0.25 mM trypsin/l mM EDTA. solution (3 ml per -embryo), and
incubated at 37°C for 20, min. An additional 3 ml of trypsin/EDTA
solution was then added, and the mixture was further incubated at
37°C for 20 min. After trypsinization, an equal amount of medium
(6 ml of DMEM containing 10% FBS per embryo) was added and
pipetted up and down a few times to help tissue dissociation. After
‘incubation of the tissue/medium mixture for 5 min at room {emper-
.ature, the supernatant was transferred into a new tube and cells

©°2014 The Authors
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were collected by centrifugation and resuspended. in DMEM/10%
FBS (Thermo: Scientific, SV30014.03) for culturing at 37°C i 5%
CO,. For isolation of mouse adult cardiac fibroblasts, «MHC-GFP TG
adult mouse hearts were minced into small pieces < 1 mm? in:size.
The explants were plated on gelatin-coated dishes and cultured for
10-14 days in explant medium (IMDM with L-Glutamate and
25 mM HEPES (Gibco, 12440-053)/20% FBS). Migrated fibroblasts:
were harvested and. filtered with 40-pm cell strainers (BD) to avoid.
contamination with-tissue fragments, The.«MHC-GFP~/Thyl* CFs
were FACS sorted and plated at-a density of 10*/em? for:the retro-
virus transduction.

Humén atrial tissues were: obtained from patients undergoing
cardiac surgery (age 1 month to 80 year; average age, 35 year] with
informed consent in conformation with the guidelines of the Keio
University ‘Ethics Commmittee, For isolation of human cardiac fibro-
blasts, human hearts were minced into small pieces < 1 mm* in
size. The explants were plated on gélatin-coated dishés and cultured
for 14 days ‘in the explant medium. Migrated fibroblasts were
harvested, filtered wiyth,;tl()-pm cell strainers (BD), and plated at a
density of 5 % 10°/cm? for-the virus transduction. For all experi-
ments, we used fibroblasts of early passage number (P1:3). The-
Keio Center for Clinical Research approved all of the human experi-
ments in this study (20100131),

FACS analyses and sorting

For GFP expression analyses, cells. were harvested from culture dishes-

and analyzed on a FACSCalibur (BD Biosciences) with FlowJo. soft-

ware. For «MHC-GFP/cTnT expression, cells were fixed with 4% PFA
for 15-min, permealized with sapohin, and stained with anti-cTnT and

-anti-GFP antibodies, followed by secondary antibodies conjugated with

AIexa 488 and 647, ; Tespectively, For g-actinin or cTnT expression, cells
were stained with anti-o-actinin or ¢TnT antibody, followed by second-
ary: annbody con)ugated with Aléxa 647. For iCM sortmg, cells “were
sorted as sMHC-GFP * cells; and for Mespl- GFP'/Thy‘l'* cell sorting,
cells 'were incubated with APC-con]ugated anti-Thyl antibody
(eBlosmence) and sorted b_y FACS Aria.

Immunocytochemistry
Cells. were: fixed in 4% -paraformaldehyde for 15 min at room

temperature, blocked by 5% sérum, and incubated with primary
antibodiés: against sarcomeric o-actinin (Sigma Aldrich), vimentin
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(Progen), Collagen 1 (Millipore) GFP (Invitrogen), ¢TnT (Thermo
Scientific), ‘ANP (Mnhpore), Myl? (Synapuc Systems), or Nkx2.5
{Santa Cruz), and subsequently with secondary antibodies conju-
gated with Alexa 488 or 546 (Molecular Probes), followed by DAPI
counterstaining (Invitrogen). The percentage of cells immunoposi-
tive for GFP, csactinin, ¢TnT, and ANP were counted in six
‘randomly selected fields per well in three independent experiments,
and 500-1,000 cells were counted in total. The measurements and
calculations were made in a blinded manner.

‘EdU labeling assay

For the experiments assessing cell proliferation, 10 uM EdU was
added to the culture medium after 2 weeks of transduction and
‘maintained throughout the culture for a further 2 weeks. Cells were
fixed with: 4% paraformaldehyde for 15 min, permeabilized, incu-
‘bated with -anti-cTnT antibody followed by secondary antibody
jconjugated;with Alexa 546 (for immunocytochemistry) or 647 (for
FACS), and then incubated with the EdU reaction cocktail following
the manufacturer’s instructions (Invitrogen).

‘Ca?* imaging and counting beating cells

Ca*" imaging ‘was performed according to the standard protocol.
Briefly; cells were labeled with Rhod-3 (Invitrogen) for'1 h at room
‘temperature, washed, and incubated for an additional 1 h to-allow
de-esterification of the-dye. Rhod-3 labeled cells were -analyzed at
37°C by LSM 510 META confocal microscopy. (Carl Zeiss). Imaging
of the €a** oscillations was possible for only atshort time due to
the increasing background fluorescence from thie meditum;-and thus,

the measurements were taken within 30 min after changmg to the

Tyrode’s buffer. The Ca®* oscillation® cells were counted in 10
randomly selected fields per well in at least three independent
experiments, and a minimum of 1,000 cells were counted in total,
‘The total number of Ca®* oscillation™ cells in:10 randomlyselected
fields per well is shown. '

For counting beating cells, we seeded 50,000 fibroblasts per well
on 12-well plates, performed cell transductions, and then. monitored
icell contraction, The number of spontaneously contractifig cells was

manually counted in each well in at least three independent experi--

‘ments: The number of beating cells per well is shiown. The measure-
ments and calculations were made in a blinded manner.

© 2014 The Authors.
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Western blotting

Lysates were prepared by homogenization of cells in RIPA buffer
and run on SDS-PAGE to separate proteins prior to the immunoblot
analyses. After transfer to nitrocellulose membranes, immunodetec:
tion was performed with antibodies to Snail (Abcam) and Gapdh
(Cell Signaling Technology), followed by the appropriate HRP-
conjugated secondary antibodies (Cell Signaling Technology). The
antibody-bound proteins were visualized by chemiluminescence
detection (ECL, Amersham).

Dual-luciferase reporter assay

For construction of the Snail 3'UTR reporter, the CMV promoter
was subcloned into the promoterless pGL3-Basic vector (Promega)
upstream of the luciferase gene. A 755-bp Snail 3'UTR fragment
containing miR-133a-binding sites was amplified by PCR and subel-
oned into the modified pGL3-Basic vector. The activities of fireﬁy
luciferase and renilla luciferase in the control vector were: deter-
mined by the dual- luciferase reporter assay (Promega). Mutations of
the AGGGGACCA miR-133a seed bmdmg sequence were
constructed through PCR-based mutagenesis, (Stratagene) The
miRNA target prediction program (http://chio.mskec.org/cgi-bin/
mirnaviewer/mirnaviewer.pl) was used to identify putative targets.

Gene microarray analyses

Mouse ‘genome-widé gene expression analyses were performed
using 3D-Gehe Mouse Oligo chip 25k (Toray Industries Iné.). For
efficient hybridization, this microarray is three-dimensional and is
canstructed with a well as the space between the probes and cylin-
der stems with 70-mier-oligoriucleotide probes on the top. RNA was
extracted from MEFs, GMT-, GMT/miR-133-, of GMT/miR-133/
Snail-induced oMHC-GFP* cells, neonatal mouse heart tissues,
HCFs, GMTMM-, GMTMM/miR-133-, GMTMM/miR-133/Snail-
transduced HCFs using ReliaPrep™ RNA Cell Miniprep System
(Promega). Total RNA was labeled with Cy5 using the Amino Allyl
MessageAMP 11 aRNA :Amplification Kit (Applied Biosystems), and
the hybridization ‘was performed using the supplier’s. protocols
(www.3d-gene.com), Hybridization signals-were scanned using:3D-
Gene Scanper (Toray Industries Inc.) -and processed by extraction
(Totay Industries Ific). The raw data of each spot were normalized
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by substitution with a mean intensity of the background signal
determined by the combined signal intensities of all blank spots at
95% confidence intervals. Raw data intensities > 2 standard devia-
tions. (SD) of the backgiound sxgnal mtenmty were considered to
be valid. Detected mgnals for each gene were normalized. by the
global normahzatlon method Heatmap 1mages for differentially

'method cornputes hypergébinetnc P-values for over- or u der»
represéntation of ‘each GO term in the specified ontology for the

gene set of intérest. Moderated t-statistics and the ass
P-yalues were calcilated by the Welch ttest using M;crosoft Excel
Differential gene expression was' defined usmg ‘tHe ‘statistics/thresh-
old combination.

Statistical analyses’

Differences between groups were examined fqr statistical signifi-
cance using Student’s t-test or ANOVA. P-values of < 0.05 were
regarded as significant,

Data deposition

Microarray data. are deposited in ‘GEO with accession number
GSE56913.

Supplementary information for this article is available online:
hitpy/femboj.embopress.org
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Ubiquitin-proteasome system controls ciliogenesis
at the initial step of axoneme extension

Kousuke Kasahara2, Yoshitaka Kawakami3, Tohru Kiyono?, Shigenobu Yonemura®, Yoshifumi Kawamura®,
Saho Era!, Fumio Matsuzaki’, Naoki Goshima® & Masaki Inagaki'8

Primary cilia are microtubule-based sensory organelles that organize numerous key signals
during developments and tissue homeostasis. Ciliary microtubule doublet, named axoneme,
is grown directly from the distal end of mother centrioles through a multistep process upon
cell cycle exit; however, the instructive signals that initiate these events are poorly under-
stood. Here we show that ubiquitin-proteasome machinery removes trichoplein, a negative
regulator of ciliogenesis, from mother centrioles and thereby causes Aurora-A inactivation,
leading to ciliogenesis. Ciliogenesis is blocked if centriolar trichoplein is stabilized by
treatment with proteasome inhibitors or by expression of non-ubiquitylatable trichoplein
mutant (K50/57R). Started from two-stepped global E3 screening, we have identified
KCTD17 as a substrate-adaptor for Cul3-RING E3 ligases (CRL3s) that polyubiquitylates
trichoplein. Depletion of KCTD17 specifically arrests ciliogenesis at the initial step of axoneme
extension through aberrant trichoplein-Aurora-A activity. Thus, CRL3-KCTD17 targets
trichoplein to proteolysis to initiate the axoneme extension during ciliogenesis.
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he primary cilium is a membrane-bound, microtubule-
based sensory organelle that is composed of nine doublet

i microtubules, also called ciliary axoneme, elongated
directly from the distal end of mother centriole or basal body.
Defects in formation, maintenance and function of cilia often
results in numerous diseases and developmental disorders,
commonly known as ciliopathies™. Ciliogenesis is evoked
upon cell cycle exit and follows a series of ordered steps that
have been characterized by detailed ultrastructural analysis of
ciliated cells although there are some differences depending on
cell type*®. In the intracellular pathway, the recruitment of
Golgi-derived ciliary vesicles (CVs) to the distal end of mother
centrioles marks the first morphological event during ciliogenesis,
followed by the extension of ciliary axoneme and its associated
ciliary membrane, and finally, the docking of this complex to the
plasma membrane.

Ciliogenesis and cell division are mutually exclusive events as
the centrioles must be released from the plasma membrane to
function as a mitotic apparatus’~!%, It is therefore conceivable
that a set of robust regulatory mechanism is required to suppress
the inappropriate ciliogenesis in proliferating cells, and a growing
number of centrosomal and ciliary components are actually
reported to serve these functions®?~7. On the other hand, these
proteins must be eliminated when cells exit from cell cycle and
form cilia. It has been shown that some protein kinases, such as
TTBK2 and MARK4, act to initiate ciliogenesis by excluding
CP110 from the mother centrioles'>'®1%, Moreover, autophagy-
mediated protein degradation was recently reported to remove
OFD1 from centriolar satellites to promote ciliogenesis?C.
However, the involvement of ubiquitin-proteasome system
(UPS), one of the most important protein degradation
system??2, appears to be controversial and/or indirect,
nevertheless a subset of ubiquitin E3 ligases, including ;)VHL
and MIB-1, has been reported to promote ciliogenesis?327.

We have previously shown that trichoplein, originally
identified as a keratin-binding protein®, is concentrated at the
subdistal/medial zone of both mother and daughter centrioles and
activates centriolar Aurora-A kinase in growing cells?. During
ciliogenesis, trichoplein disappears from the mother centrioles,
and depletion of this protein induces the aberrant ciliogenesis,
whereas overexpression blocks ciliogenesis, indicating that
trichoplein negatively regulates ciliogenesis at the mother
centrioles.

Trichoplein also controls the recruitment of microtubules to
centrioles thorough interaction with Odf2 and ninein in non-
ciliated HeLa cells®®, Other groups have reported that in some
tumour cells, trichoplein (also called mitostatin) exists at
mitochondria and its overexpression causes the mitochondria
fragmentation, thereby inhibiting tumour growth332, A
mitochondrial protein VDAC3 is also shown to negatively
regulate ciliogenesis at the mother centrioles!’,

Here we provide definitive evidence that UPS functions to
initiate ciliogenesis by removing trichoplein from the mother
centrioles. Our global E3 screening has identified KCTD17 as a
substrate-adaptor for the Cul3-RING ubiquitin ligases (CRL3s)
that polyubiquitylates trichoplein at Lys-50 and Lys-57. The
CRL3-KCTD17-meidated trichoplein polyubiquitylation and
degradation plays a pivotal role in the initial step of axonemal
extension during ciliogenesis through the inactivation of
centriolar Aurora-A.

Results
UPS targets trichoplein to proteolysis during ciliogenesis.
When human RPEl (telomerase reverse transcriptase-

immortalized retinal pigment epithelia) cells were exposed to cell

cycle signals that induce ciliogenesis by serum starvation!6:33,
trichoplein prominently disappeared from the mother centrioles
and partly from the daughter centrioles?® (mother centriole was
judged by the nucleating cilia (Fig. la; insets) or the presence of
Odf2 (ref. 34; Fig. 1b)). We further found that its protein level was
notably decreased (Fig. 1c). However, these reductions were
completely blocked in the presence of proteasome inhibitors
(MG132, Epoxomicin, ALLN and Lactacystin; Fig. la-c). CP110
also disappears from the mother centrioles during ciliogenesis®'®,
but its protein level was not regulated by proteasomal degradation
after serum starvation (Fig. 1c). Considering that trichoplein was
strikingly polyubiquitylated upon serum starvation (Fig. 1d),
the trichoplein removal from mother centriole depends upon
the UPS.

Trichoplein degradation is essential for ciliogenesis. Protea-
some inhibition also blocked the ciliogenesis when the respective
inhibitors were added at the timing of serum starvation in RPE1
cells (Fig. lac). In contrast, if cells were treated with these
inhibitors from the point at which trichoplein was considerably
degraded but cilia were not formed yet, for example, 9h after
serum starvation, cilia were newly grown thereafter (Fig. 1c').
We also added these inhibitors 24h after serum starvation
(trichoplein was more degraded at 24 h than at 9h; see Fig. 1c),
and found a marginal effect on ciliogenesis (Supplementary
Fig. 1). The inverse correlation between the trichoplein level and
ciliogenesis suggests that proteasomal degradation of trichoplein
is a critical event for ciliogenesis.

In addition to these observations, we previously found that
overexpression of trichoplein at centrioles blocked the serum
starvation-induced ciliogenesis®. We therefore investigated
whether the decrease in overexpressed trichoplein level permits
the ciliogenesis using the non-degradable trichoplein mutant. We
generated a series of myc-tagged trichoplein (myc-trichoplein)
constructs in which Lys residues were substituted to non-
ubiquitylatable Arg, and found that mutation at Lys-50 and
Lys-57 (K50/57R) diminished its polyubiquitylation in HEK293T
cells (Supplementary Fig. 2a). Polyubiquitylation of myec-
trichoplein wild type (WT) was dramatically accelerated by
serum starvation in RPE1 cells; however, K50/57R mutation, but
not K50R or K57R, diminished this polyubiquitylation (Fig. 2a
and Supplementary Fig. 2b). Blockade of new protein synthesis
of myc-trichoplein by treatment with cycloheximide rapidly
decreased the WT levels in serum-starved but not serum-grown
conditions; in contrast, the K50/57R levels were stable in both
conditions (Fig. 2b). These results suggest that trichoplein
polyubiquitylation at Lys-50 and Lys-57 triggers its degradation.
As this mutation had no effect on its ability to activate Aurora-A
(Fig. 2c), we decided to use a K50/57R mutant in the following
studies. However, we were unable to evaluate the effect on
ciliogenesis using cycloheximide because transcriptional control
of ciliary gene expression plays a critical role in ciliogenesis®>~37,

We therefore established the Tet-On RPE1 cell lines that
expressed MBP (maltose-binding protein)-tagged trichoplein
(MBP-trichoplein) in a doxycycline (Dox)-dependent manner.
In these cells, Dox withdrawal promptly decreased the
protein level of MBP-trichoplein WT, but not K50/57R,
in a polyubiquitylation-dependent manner upon serum starvation
(Fig. 2d,e), as was the case with myc-trichoplein in
cycloheximide-treated RPE1 cells (Fig. 2ab), eliminating the
concern that the differences in regent (cycloheximide versus Dox)
and protein tag affected the trichoplein degradation in RPE1 cells.
In the presence of Dox, both overexpressed WT and K50/57R
comparably activated Aurora-A and suppressed the serum
starvation-induced ciliogenesis (Fig. 2fg). Twenty-four hours
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after Dox withdrawal, WT level was drastically decreased to 10%
and thereby resulted in Aurora-A inactivation (Fig. 2h; lanes 3
and 4), whereas 70% of K50/57R remained present and kept on
activating Aurora-A (Fig. 2h; lanes 1 and 2). Under such
conditions, cilia were newly formed only in WT cells (Fig. 2i;
compare WT and K50/57R). These results collectively indicate

Acetylated tubulin Trichoplein DNA

that UPS-mediated proteolysis of trichoplein is essential for
ciliogenesis.

A trichoplein-binding protein KCTD17 controls ciliogenesis.
To identify a ubiquitin E3 ligase that controls ciliogenesis through
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Figure 1| UPS controls ciliogenesis and trichoplein degradation. (a-c) Effects of proteasome inhibitors (MG132, Epoxomicin (Epoxo), ALLN and
Lactacystin (Lacta)) on ciliogenesis and trichoplein levels in RPET cells cultured in normal medium (10% fetal bovine serum (FBS)) or subjected to 24 h
serum starvation (starved). Respective inhibitors were added at the timing of serum starvation (a-¢) or 9 h after serum starvation (¢; see experimental
schemes shown in ¢ and ¢'). In a, representative confocal images of trichoplein (red) with cilia marker acetylated tubulin (green) and DNA (blue) are
shown. Arrows indicate the centriolar regions. Mother (m) and daughter (d) centrioles are judged by nucleating cilia in serum-starved condition. In b,
trichoplein (grey), Odf2 (green) and gamma-tubulin (red) were detected by indirect immunofluorescence and the integrated intensities of trichoplein at
mother (judged by presence of Odf2) or daughter centrioles were measured (box-and-whisker plots, n=20 from two independent experiments).

(¢,c") Percentages of ciliated cells (mean + s.e.m. from three or four independent experiments, n>200 each) and immunoblotting (IB) analysis of
trichoplein, CP110 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) are shown. (d) In vivo ubiquitylation assays of endogenous trichoplein in
RPE1 cells. Before this assays, cells were cultured in normal medium (10% FBS) or subjected to 6 h serum starvation in the presence of MG132.
P**<0.01, 0.01<P*<0.05, NS, not significant, two-tailed unpaired Student’s t-tests. Scale bars, 10 pm in a and 2 pm in b.
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Figure 2 | Ubiquitylation-mediated proteolysis of trichoplein is critical for ciliogenesis. (a) In vivo ubiquitylation assays of myc-trichoplein constructs in
RPE1 cells cultured in normal medium (indicated by a plus sign) or subjected to serum starvation (indicated by a minus sign) in the presence of MG132.
(b) RPE1 cells expressing myc-trichoplein (WTor K50/57R) were treated with cycloheximide in the presence (10% fetal bovine serum (FBS)) or absence of
serum (starved) as shown in a scheme. Normalized myc-trichoplein intensities (bottom; mean £ s.e.m. in triplicate samples) were evaluated by
immunoblotting analysis of myc-trichoplein and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; top). (¢) Activation of Flag-Aurora-A WT, but not
its kinase-dead (KD) mutant, by myc-trichoplein WT and K50/57R in RPE1 cells. Aurora-A activity was judged by auto-phosphorylation at Thr-288
(pAurora-A). (d) In vivo ubiquitylation assays of MBP-trichoplein-flag constructs in TetOn RPE1 cells cultured in normal medium (indicated by a plus sign)
or subjected to serum starvation (indicated by a minus sign) in the presence of MG132. (e) Tet-On RPET cells expressing MBP-trichoplein-flag (WT or
K50/57R) were cultured in doxycycline (Dox)-free culture medium supplemented with (10% FBS) or without serum (starved) as shown in a scheme.
Normalized MBP-trichoplein-flag intensities (bottom; mean £ s.e.m. in triplicate samples) were evaluated by immunoblotting analysis of MBP-trichoplein-
flag and GAPDH (top). (f-i) Dox-treated Tet-On RPE1 cells were subjected to 24 h serum starvation (O h), and then cultured in Dox-free serum-starved
medium for indicated times as shown in f. Immunoblotting analysis shows levels of MBP-trichoplein-flag, pAurora-A, KCTD17 and GAPDH (g,h).
Graphs show percentages of ciliated cells (mean + s.e.m. from three independent experiment, n>200 each). Control or KCTD17 siRNAs were transfected
24 h before serum starvation (h,i). P**<0.01, 0.01<P*<0.05, NS, not significant, two-tailed unpaired Student's t-tests.

trichoplein degradation, we carried out the two-stepped global E3 by protein array, and identified ten potential E3 ligases
screen (Fig. 3a). In the primary screen, 1,172 E3 ligase proteins (Supplementary Fig. 3). We then performed the secondary
(including putative E3s; listed in Supplementary Table 1) were screen using four distinct small interfering RNAs (siRNAs)
purified from the human proteome expression resource library per potential E3 ligase; depletion of KCTD17 (K™ channel
(HuPEX) using wheat germ cell-free expression system3®3°. We tetramerization ~domain-containing 17) protein by four
evaluated their binding to bacterially purified MBP-trichoplein  independent siRNAs considerably interfered with the serum
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