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Figure 6. Potential in vivo role of UNCSA in'p33-reguluted response 10, DNA damage, RT-PCR results indicated expression Jevels of UNCSH . UNCSH2.
UNCSHA, and p2EmRNA in the spleen, brain, colon and thymus tissues: Each fissue was isolated from p33++ und p33-> mice 24 hufter irradiation with -y
(10 Gy). The number of evcles for cach RT-PCR is indicated.in parentheses: B2-MG was used as u foading control,

is probably involved. in caspase-dependent apoplosis and that
there is mostlikely o common mechanism for UNC3-induced
apoplosis.

All three UNCSs sirongly induced apoptosis in'the LSI74T
and SH-SY3Y: cells; which contain wild-{vpe p33. However.
in‘the SKNAS and U373MG cells: which contain mutant
p33. the ability of the three UNCSs 1o induce apoplosis
differed: For example, UNCSB wis able to strongly induce
apoptosis whereas UNCSA ind UNCSD were not. In particulur,
UNCSD revealed weaker ability fo induce apoplosis in
SKNAS and U373MG cells. both of which contain mutant
p33. These resulis are consistent with those reported by
Wang et al, where UNCSD: was: found to amplifv fhe p33-
dependent apoptotic response (16). We propose that apoplosis
induced by UNCSs may depend on not only the cell fvpe but
also (he p33 status, The pS3 status probably affects UNC3A-
or UNC3D-induced: apoptosis. Further studies will enable
a-betler understanding of the precise role of UNC3s as
dependence receplors and in p33-dependent apoplosis,
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Colorectal cancers with mutations in the p53 gene have an
invasive property, but its underlying mechanism is not
fully understood. Through the screening of two data sets
of the genome-wide expression profile, one for p53-
introduced cells and the other for the numbers of cancer
tissues, we report here X-linked ectodermal dysplasia
receptor (XEDAR), a member of the TNFR superfamily,
as a novel p53 target that has a crucial role in colorectal
carcinogenesis. p53 upregulated XEDAR expression
through two p53-binding sites within intron 1 of the
XEDAR gene. We also found a significant correlation
between decreased XEDAR expressions and p53 gene
mutations in breast and lung cancer cell lines (P = 0.0043
and P=0.0122, respectively). Furthermore, promoter
hypermethylation of the XEDAR gene was detected
in 20 of 20 colorectal cancer cell lines (100%) and in 6
of 12 colorectal cancer tissues (50%), respectively. Thus,
the. XEDAR expression was suppressed to <25% of
surrounding normal tissues in 12 of 18 colorectal cancer
tissues (66.7%) due to either its epigenetic alterations
and/or p53 mutations. We also found that XEDAR
interacted with and subsequently caused the accumulation
of FAS protein, another member of p53-inducible TNFR.
Moreover, XEDAR negatively regulated FAK, a central
component of focal adhesion. As a result, inactivation of
XEDAR resulted in the enhancement of cell adhesion and
spreading, as well as resistance to p53-induced apoptosis.
Taken together, our findings showed that XEDAR is a
putative tumor suppressor that could prevent malignant
transformation and tumor progression by regulating
apoptosis and anoikis.
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Introduction

Identification and characterization of cancer-related genes
are critical steps for the understanding of carcinogenic
mechanisms. Among the cancer-related genes that have
been identified so far, inactivation of the p53 gene is the
most- conmmon: alteration observed 'in human cancers
(Beroud and Soussi. 2003; Hollstein ¢r «al., 1994). In
response to various types of cellular stress, including DNA
damage, aberrant growth signal and oxidative stress, the
p33 protein is stabilized and accumulated. Activated p53
regulates many target genes that induce cell-cycle arrest,
apoptosis, DNA repair and cellular senescence (Levine,
1997; Vogelstein ¢1 al., 2000). We have isolated a number
of p53 target genes, including pS3AIP1, p53R2 and
PS3RDLI (Nakamura, 2004: Oda er al., 2000; Tanaka
et al., 2000; Tanikawa et al.. 2003), and implicated ‘the
molecular mechanisms by which p53 regulated cell fate,
death or survival, by balancing the expression levels of
these genes. However, an entire picture of the p53 signaling
pathway has not been disclosed yet.

In this study, to identify a p53 target gene(s) that is
indispensable for p53-dependent tumor suppression, we
used two data scts of the genome-wide expression profile
obtaincd by cDNA microarray consisting of 36864
cDNA fragments. One data set was obtained using the
cells in which wild-type p53 was exogenously introduced,
and the other was obtained using more than 1000 clinical
cancer cases (Kidokoro et al., 2008; Kitahara ez al., 2001).
Through the analysis of these two data sets, we identified
XEDAR (X-linked ectodermal dysplasia receptor, also
known as EDA2R and TNFRSF27) as a novel p53 target,
which mediated important p53 functions.

The X-linked ectodermal dysplasia receptor is a
member of the TNFR superfamily that is divided into
two subgroups because of difference in their cytoplasmic
region. One class of TNFR, a death receptor, contains a
cytoplasmic death domain. Several death receptors, such
as FAS, and four TRAIL receptors, DR4, DRS, DcR1
and DcR2, were shown to be regulated by ps3 (Liu
etal., 2005 Wuer al., 1997) and their physiclogicalroles
in carcinogenesis have been well characterized (Lee
et al.. 1999; Takakuwa er al., 2002). XEDAR belongs o
the other class of TNFR that lacks a discernible death
domain. This class of TNFRs interacts with TRAFs
(TNFR-associated factors) and activates the nuclear
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factor-x B (NF-xB) signaling. and consequently pro-
motes cell proliferation. On the other hand., some
members of this subclass were indicated to. be involved
in apoptotic pathways (Afford er al.. 1999). Thus. the
TNFR superfamily is involved in various signaling
pathways, including immune response, inflammation.
development and carcinogencsis,

EDA-A1 and EDA-A2 arc two major splicing iso-
forms of EDA. and EDA-A2 specifically binds to
XEDAR. (Yan er al.. 2000). EDA-AT binds to EDAR
and. has an essential role for proper-formiation of skin
appendages. ‘as the mutdations of EDA, EDA4R or its
adaptor: protein EDARADD were shown to cause
hypohidrotic cctodermal dysplasia (Smahi et al. 20023
XEDAR is highly expressed in epidermal tissues during
embryogenesis (Yan e al.; 2000); and mice that Jacked
TRAF6, an adaptor protein of XEDAR. also displayed
hypohidrotic ectodermal dysplasia (Naito er al.; 2002).
However, any mutations in the XEDAR genc have not
been reported in individuals with-hypohidrotic ectoder-
mal dysplasia, and XEDAR-deficient mice were indis-
tinguishable from their wild-type littermates at birth
(Newton er al., 2004). Thus, the physiological function
of XEDAR haus not been well clarified so far,

In this study, we report that XEDAR is frequently
inactivated in human colorectal  cancers; and its
inactivation caused resistance to p53-induced apoptosis
and enhancement of cell adhesion. Thus, our findings
suggested the crucial role of XEDAR in the anoikis
pathway. In a multistep genetic model for colorectal
cancer, p33 mutations are more commonly found in
invasive colon cancer tissues (Vogelstein e al.. 1989),
but the mechanisms by which p53 inhibits metastasis
have not been fully elucidated (Ilic et al., 1998;
Nikiforov et al.; 1996). We show the novel:mechanism
that p53 suppresses colorectal carcinogenesis and tumor
progression by regulating a novel p53 target, XEDAR.

Results

Identification of XEDAR as a p33 target gene

To fully uncover p33 target genes, we examined a total
of 36804 cDNA fragments by means of cDNA
microarray using mRNAs isolated from U373MG ps53

mutant glioblastoma cells  thatwere .infected  with
adenovirus designed to express wild-type p53 (Ad-p53)
or LacZ (Ad-LacZ) (Tanikawa ¢ af., 2003). Thus, we
found a total of 60 novel p53 target genes that were
upregulated by the exogenous introduction of wild-type
p53. We then examined the expression profile database
constructed by the sume set of cDNA microarray using
various eancers “(Kitahara: er o/, 2001) and” selected
XEDAR for further biological analysis because of its
frequent downregulation in colorectal cancer  tissucs.
To validate its regulation by pS3, we carried out
quantitative real-time PCR analysis and northern blot
analysis und found that the YEDAR cxpression was
remarkably induced by the introduction of p33 but not
by that of LacZ (Figure 1a). Morcover, XEDAR protein
was increased by Ad-p53 infection in a dose-dependent
manner (Supplementary Figure 1). We also investigated
the induction of XEDAR by DNA damage using MCF7
(breast cancer) and A549 (lung cancer) cells with wild-
type p33. We found that Adriamycin treatment remark-
ably’ induced the XEDAR expression in both cells,
indicating the p53-dependent regulation of XEDAR
expression (Figure 1b).

Subsequently, we surveyed the genomic sequence of
the YXEDAR gene that is located on chromosome Xq12
and found two putative p53-binding regions (p53BRI
and p53BR2) within the first intron (Figure Ic). To
examine the possible binding of p53 to these DNA
segments, we carried out a chromatin immunoprecipita-
tion (ChIP) assay using U373MG cells that were
infected with either Ad-p53 or Ad-LacZ. A PCR
analysis of immunoprecipitated DNA indicated that
the p53 protein bound to thc genomic fragment,
including pS3BR1 (Figure Ic). We then subcloned a
DNA fragment of 466 base pairs corresponding to
p53BRI, which included four putative p53-binding
sequences (BS-A to D, respectively, Figure 1d) into the
pGL3 promoter vector (pGL3/p53BR1) (Promega,
Madison, WI, USA). We found that the co-transfection
of pGL3/p53BR1 with wild-type p53 expression plasmid
enhanced the luciferase activity more than 40-fold,
whereas the base substitutions within BS-A and BS-B
scgments completely diminished the luciferase activity
(Figures Ic and d). The result of ChIP analysis suggested
the weak association of p53 with p53BR2, but co-

—»

Figure 1 Identification of XEDAR as u novel p53 turget gene. (a) Shows the quantitative PCR (qPCR) analysis (upper) iind northern
blot anulysis (lower) of X-linked ectodermal dysplasiu receptor (VEDAR) transcriptin U373MG cells dt'indicated times aller infection
with Ad-p33 or Ad-LacZ at & multiplicity of infection (MO, p2:Micioglobulin ind Beactin were used for the normalization of
expression levels. p27"" was served s 4 positive control. (b) Shows the gPCR unalysis: (upper) and western blot analysis {lower) of
XEDAR at 48 h after treatment with adriamycin (ADR)in MCF7 and AS49 cells. B-Microblobulin: and B-actin were used for the
normalization of expression levels. (¢) Represents the genomic structure of the VEDAR gene (upper). Black boxes indicute the locations
and. relative sizes of seven exons. The arrows indicate the potential pi3-binding: regions (p33BR1 und pS3IBRIY. Clivomatin
imimunoprecipitation (ChIP) assuy was carried out using U373MG cells that were infected with Ad-p53 (lanes 1.3=5) or Ad-LucZ (lane
2} (middle). DNA-protein complexes were immunoprecipitated with an- anti-ps3 antibody: (kines' 2 and: 3) followed by PCR
amplification. Input chromatin represents 4 portion of the sonicated chromatin before immunoprecipitition (lane: 1y, Immunopre:
cipitates with un anti-Flag antibody (lane 4) or in the ubsence of untibody (line 5) were used as negative controls, Results of Juciferuse
assay ol pS3BRI and pS3BR2 are shown (lower). Luciferase activity is indicated relative to tlie ictivity of mock vector. (d) Shows the
genoniic structure of pS3BRI (upper). The urvows indicate the focations of P33BSs(BS-A 1o D) in pS3BR1. Comparison of cuch ps3BS
with the consensus sequence (middle). R, purine; W, A or T: Y. pyrimidine: Tdentical nucleatides ta the consensus seqiience dre written
in capital letters. The underlined cylosine und guanine were substituted for thymine (o introdice mutaiion at each p33-binding site,
Results of luciferase assay of pS3BR1 with or without mutations at either of p33BS ire shown (lower). Luciferase activitv is indicated

relative 1o the activity. of mock vector.
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transfection of p33 with pGL3/p53BR2 did not enhance
the luciferase activity (Figure lc). These findings
indicated that p33 dircctly regulated the XYEDAR
expression: through two  pS3-responsible  elements,
BS-A and BS-B.

Expression of XEDAR was frequently suppressed in
colorectal cancer

We then analyzed the expression level of YEDAR in 83
cell Tines (20 of colorectal cancer, 22 of breast cancer, 35
of lung cancer and 6 control cell lines) and 26 normal
adult tissues (Supplementary Table 2). We also exan-
incd cDNA sequences of p33 using mRNAs isolated
from these cancer cells. As we expected. XEDAR
expressions were significantly reduced in p53 mutant
breast and lung cancer cells compared with p33 wild-
type cancer cells (P=0.0043 and P=0.0122, respec-
tively), as well as 6 normal cell lines and 26 normal adult
tissues (Figure 2a). In addition, when we treated
HEK293 and NHDF cells with siRNA oligonucleotide
designed to suppress p53 (sip53). we found that
XEDAR expression levels were remarkably decreased
(Figure 2b). These data clearly implicated that the
inactivation of p53 would cause the downregulation of
XEDAR: However, for colorectal cancer cell lines.
XEDAR expressions were reduced even in' the cells
without p53 mutations. Therefore, we considered there
might be another mechanism that suppressed the
XEDAR expression. Transcriptional silencing of tumor
suppressor genes by -DNA' hyperniethyldtion is a
common = epigenetic event in  malignancies. We
sequenced: genomic . DNA “isolated  f{ronmi colorectal
cancer: cell lines and clinical tissues  after bisulfate
treatment and found tumor-specific hypermethylation
of CpG islands (=190/+473) in all of the 20 cancer cell
lines and in half of the colorectal cancer tissues obtained
from 12 male patients (Figure 2¢). We then treated seven
colorectal cancer cell lines with the demethylating agent
S5-aza-2'-deoxycytidine and observed a significant re-
storation of the XEDAR expression in three of the four

~colorectal cancer cell lines with wild-type p53 back-

ground but not in any of the three p33 mutant cell lines
(Figure 2d), indicating that epigenetic alternations

contribute to the reduced XYEDAR expression in color-
cetal cancer cells. We also found the partial restoration
of XEDAR protcin_cxpression in S-aza-2'-deoxycyti-
dine-treated HCTI116 cells {Supplementary Figure 2).
We further measured quantitatively the XEDAR ex-
pression in colorectal cancer tissues and its correspond-
ing normal tissues microdissected from 18 frozen clinical
samples, We found its decreased expression (<25% of
its corresponding normal tissue) in 12 colorectal cancer
tissues (66.7%) (Figure 2c¢).

We then examined genomic DNAS from 68 colorectal
casicer tissues and 20 colorcetal cancer: cell lines. We
identified one somatic mutation at the splice ucceptor
site (IVS3 =1 G>A)'in one femalé clinical’ colorectal
cancer case and one missense mutation (exon 2 A74C;
Y8H) in one colorectal cancer cell line, NCI-H716
(derived from a male patient) (Figure 2f). These base
substitutions were found in none of the normal contro]
tissues in the 68 patients or 96 normal healthy
individuals examined. The splicing site mutation would
cause the aberrant splicing of XEDAR transcript and
dysfunction of the XEDAR protein. The data shown
above indicated a possible role of XEDAR as a
colorectal tumor suppressor,

Role of XEDAR in-anoikis

We then carried out immunocytocheniical analysis and
found that the cctopically expressed XEDAR was
accumulated at the leading edge in cells that exhibited
process formation (Figure 3a). As the p53 gene mutation
was associated with invasive colorectal cancer. we
suspected that the inactivation of XEDAR might cause
anchorage independency. To further investigate the role
of XEDAR in ccll ‘adhesion or cell attachment, we
transfected HEK293 cells with siRNA oligonucleotides
designed to suppress XEDAR (siXEDAR) or EGFP
(sIEGFP) for 48 h and resuspended and plated in fresh
culture dishes, as previously described (Eigure :3b)
(Liang er al., 2007). We investigated the morphological
change of each cell and found that siXEDAR-treated
HEK293 cells indicated increased cell adhesion (4 h after
plating) and process formation (12 h) compared with the
control cells (Figure 3b). These findings suggested the

>

Figure 2. \AED AR as a colorectal tumor suppressor. (a) Boxplots of X-linked cctodermal dysplasia receptor (AEDAR) expression in §3
cell lines;: 20 of colorectal cincer (CRCY. 22 of breast cancer (BC), 35 of lung cancer (LC). 6 of normal cell lines (N). and 26 normal
tissues (NT). Student’s 7-test was applied for comparing the XEDAR expressions in p53mutantcell lines with those i P33 wild-type
cell lines. YED AR expression was determined by quantitative PCR (qPCRY analysis: f2-Microglobulin was uised for the normalization
of expressioi levels: (b)y qPCR analysis (upper) and western blot analysis (Jower) of XEDAR #t 48 1 after thie transfection with siRNA
oligonucleotide designed to suppress ps3 expression. EGFP wis used as control: f2-Microglobilii and B-actin were used for the
normulization of expression levels. (¢} Schematic representition of S-funking region of the YEDAR geéne (upper). Black box indicates
first exon, Vertical bars indicate CpG sites. Regions analyzed by direct bisulfite sequencing are shown by black bar below the CpG sites
(=190/+73).. DNA sequencing analysis after bisulfite modification was carried out in 20 colorectul cancer cell lines (Jower, Ieft) and 12
pairs of colorectal cuncer tissues [rom male patients (lower: right), The methykition status of 13 CpG sites was extimined. Closed boxes
indicate methylated sites, gray and open boxes indicate partially methylated wnd uimethylated sites, respectively. The p33 mutation
status of colorectal cancer cell fines was also indicated: wild type (wt) and mutant (m1). (d) Semi-quantitative real time (RT)-PCR
analysis after (reatment with the demethylating sgent S-aza-2'-deoxyeytidine in several colorectal cancer cell Tines: pMicroglobulin

wis used for the normalization of expression levels: (¢} Relative
surrounding normal tissues were examined by ¢PCR miethods, 2

ALDAR expressions in colorectal cancer tissués compared with its
-Microglobulin was used for the normaliziation of expression levels. (f)

Mutations of the YEDA R geiie in ‘colorectal cancer tissue and colorectil canicer cell line: Colorectal cancer tissue (CRC66TY has o G to
A substitution at the splice acceptor site; NCI-H716 has o T to C substitution in oxon 2 (Tyr8His). Sequences of the corresponding
normal-tissne (CRC66NY and the control DNA tire also shovwn: Gehomic structure and domainstructure of XEDAR ure showi at the

lower: panel The asterisks indicate the Jocation’of muiations.

Oncogene



inhibitory cffects of XEDAR on cell adhesion and/or
motility.- The: presence. of the  p33: mutation = was
indicated to be significantly corrclated: with: metastasis
and poor prognosis of various cancers (Diez e al.; 2000;
Pharoah. er-al;;- 1999). Interestingly, NCI-H716 colon
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cancer cclls carrying mutation in the YEDA R gene were
non-adherent cells: that. acquired anchorage indepen-
dency; whereas the remaining 19 colorectal cancer cells
with: wild-type XEDA R were adherent cells: Hence; we
suspected that-loss of functional XEDAR might have a

d 5-aza-2-deoxycytidine
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key role- in ' the metastatic” property ‘of pS3-mutated
cancer. We then carricd out a colony formation assay in
soft agar using: cancer- cell-lines with Tow:or absent
expressionof “XYEDAR (DLD+I. HCTI116. SW480.
SW620-and H1299 cells) and found that XEDAR could
suppress anchorage-independent tumor cell growth
(Figure 3c). Thercafter, we examined the involvement
of XEDAR in detachment-induced apoptosis. Forty-
cight hours after transfection with plasmid expressing
XEDAR:, HEK293 cells were detdached and cultured in
susperision for 24 h:using a poly-2-hydroxyethyl metha-
crylate-coated: plate. (Folkman and. Moscona. 1978):
Subscquent analyses indicated that XEDAR introduc-
tion reduced the number of viable cells through caspase-
3 activation (Figure 3d). Thus, we showed the significant
role: of - XEDAR  in detachment-induced ~apoptosis.
namely anoikis, ‘

Regulation of FAS and FAK by XEDAR in a
p33-dependent apoptotic pathvay

We then investigated the role of XEDAR in the p53-
downstream pathway. A recent analysis indicated that
pS3 suppressed FAK expression (Golubovskaya er al.,
2008), one of the essential components in focal adhe-
sion. Ectopic: expression. of FAK could enhance cell
adhesion and attachment in various cancer cells (Ilic
et al., 1995) similar to the XEDAR knockdown cells,
Therefore, we examined the effect of XEDAR on FAK
expression.  Interestingly, introduction . of XEDAR
remarkably suppressed ‘FAK expression (Figure 3d),
and downregulation of XEDAR in Ad-p53-infected
U373MG cells or H1299 cells partially diminished FAK
suppression by pS53 (Figure 4a), These results indicated
the role of XEDAR in the negative regulation of FAK
by pS3.

As XEDAR was shown to induce apoptosis through
the activation of caspase-8, which is a key mediator of
FAS-induced apoptotic signaling (Sinha and Chaudh-
ary, 2004), we investigated the physiological and
functional interactions between FAS and XEDAR.
Downregulation of XEDAR in pS3-infected U3713MG
cells remarkably suppressed FAS induction (Figure 4a),
whereas p2l expression was not affected. A similar
result: was. observed in XEDAR-suppressed HEK 293
and: NHDEF cells: (Figure 4b and Supplementary
Figure: 3). In addition, when XEDAR protein ‘was
overexpressed “in: HEK293 cells; the expression of

endogenous: FAS protein was significantly increased
(Figurc 4b). Furthermore. knockdown: of FAS also
suppressed: the expression of XEDAR (Figure 4b). Co-
immunoprecipitation or immunocytochemical analysis
showed a physiological interaction of XEDAR and FAS
at” the plasma. membrane (Figure 4¢), These results
suggested that the XEDAR-FAS interaction was likely
to causc stabilization of both proteins and subscquently
promote apoptotic pathway.

Finally, we examined the role of XEDAR in the p33-
induced apoptosis. Introduction of p53 into U373MG
cells induced cell rounding and process retraction before
apoptotic: cell: death, whereas: siXEDAR:tredted cells
maintained spindle-shape morphology and subscquently
atienuated: Ad-p53-induced ‘apoptosis (Figure 4d). In
addition. treatment with siXEDAR significantly inhib-
ited adriamycin-induced growth suppression in MCF7
cells (Figure 4d).

Taken together, XEDAR controlled apoptosis signal-
ing and cell adhesion through the functional interaction
and regulation of FAS ‘and FAK. and XEDAR
inactivation possibly resulted in the invasive property
of p53-mutant cancer cells: Our findings showed a novel
mechanism: that prevents malignant transformation
and tumor progression by the p53/XEDAR pathway
(Figure 5).

Discussion

Our microarray ‘analysis identified dozens of unchar-
acterized possible pS3 target genes, which might mediate
important p53 functions. Some p53 target genes, such as
p21 and BAX, which have significant roles in p53-
dependent tumor suppression were downregulated in
cancer tissues (Furutani ¢7 al,, 1997; Rampino et al,
1997). Therefore, the expression analysis of candidate
P33 target genes in ‘cancer tissues . offers valuable
information for their possible roles in human carcino-
genesis.

XEDAR is highly expressed in embryonic tissues, and
the mutation of the EDA gene that encodes its ligand
EDA-A2 caused hypohidrotic ectodermal dysplasia. In
addition, we found that YED4R was a direct transcrip-
tional target of p63, a member of the p53 family, which
has an important role in epidermal development (data
not shown). However, tlie evidence obtained so. far

»

Figure 3. XEDAR as a medintor: of detachment-induced apoptosis. (a) HEK293 cells were (ransfecied with X-linked ectodermal
dysplasia receptor (XEDAR ) expression plasmid. At:24h after transfection, the cells were detached and seeded on 1 frosh plite. After
601y of incubation. the cells were fixed and double stained with anti-NEDAR antibody (Alexa fluor 488) and Alexa flior 594 phalloidin
to visualize actin filaments. (b} AU 48 h alter fransfection of eich siIRNA into HEK 293 cells. the cells were detiched and seeded on
fresh-plate. The expression of XEDAR wis shown (left). Alter 4 h (spreading assay. middle) or 12 h (processing morphogenesis. right)
of the incubation, the proportion of spreading or processing cells was indicated (upper panels). The representative images of spreading
orprocessing cells were shown (fower panelscarrowhends): (¢) Cells were transfected with either of two plasmids expressing the sense
strand (SE, pcDNA3. 1+ /XEDAR) or the antisense strand (AS. pcDNAXI/XEDAR) of XEDAR: und colony formation ASSAY WiIs
carried out in'soft agar. The expression of XEDAR was shown (left), The cells were cultired in the prosence of geneticin (0.4.0.5. 1.0
1.0 and 0.8 mg/ml for DLD-1, HCT 116, SW480. SW620 and H1299 cells; respectively) for 2 weeks: Numbers of colonies senerited
were quantified using the Image') software. (d) Twenty-four ours after the transfection with peDNA3.14£/NEDAR or mock plasmid,
HER293 cells were secded in a poly-2-hydroxyethyl methacrylate-conted plate. The viability, caspase-3 activity and FAK expression in
the cells were analyzed after the 24-h incubution. Results are given as vitio against the cells transfecied with moek plasmid; B-Actin wis
used for the normalization of the expression levels. *2<0.05 by, Student’s 7-test; :
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failed to clarify the role of- XEDAR in- development. The X-linked' cctodermal-dysplasia receptor (XEDAR)
In this study, we showed the crucial role of the p53/.  interacts: with- TRAF3 und"TRAFG, activates: NF-xB
XEDAR pathway in human carcinogencesis. signaling and: conscquently promotes cell proliferation
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(Sinha ¢r al.. 2002). On. the other hand, the EDA-A2/
XEDAR pathway was also shown to promote apoptotic
cell death through the DISC (death-inducing signaling
complex)  formation containing FADD, " caspasc-8.
caspasc-10 and ¢-FLIP (Sinha and Chaudhary, 2004).
However, XEDAR lacks a discernible death doniain:
the molecular mechanism of XEDAR-induced apopto-
sis wis not well understood. Some TNER members that
lacked the death domain were shown to induce
apoptosis through the interaction with FAS, another
p33-inducible TNFR superfamily member (Afford ¢ al .
1999: Grelber al.. 1999). Similarly, our result suggested
that XEDAR promoted apoptotic signaling through the
interaction with- FAS: We also examined the effect of
FAS and XEDAR ‘on: NF-kB signaling; however,
coexpression of XEDAR and FAS did not enhance
the: NF-kB pathway (data not shown), indicating that
the- XEDAR-FAS “interaction: would ‘rather: promotc

apoptotic signaling than NF-kB-mediated cell prolifera--

tion:

We also: found that XEDAR negatively ‘regulated
FAK, which is'a major mediator of cell ‘adhesion and
functions as an adaptor protein that: transduces adhe-
sion-dependent and growth factor-dependent signaling
(McLean et al.; 2005). FAK expression was {requently
increased in various cancer tissues; including colorectal
cancer, and its upreguldtion: was associated: with poor
prognosis and. anoikis resistance (Lark er al; 2003;
Owens et al;, 1995; Weiner et ul.,; 1993). Metastasis
occurs through a- series ‘of sequential steps in which
tumor cells: first migrate from the primary tumor,
penctrate. blood: vessels: ‘and  colonize - distant: sites.
Among. them, the metastatic: potential of tumors. is
generally associated with  an increased: resistance to
anoikis during the initial ‘step: of cell migration. Our
findings indicated 'that XEDAR inactivation would
cause  FAS suppression and FAK activation and
subsequently confer anoikis resistance in cancer cells.

We also found three mechanisms: that inactivated
XEDAR in colorectal cancer cells, One mechanism was
p33 mutations that were found in nearly half-of the
colorectal cancers (Beroud and Soussi, 2003). The
second one was inactivation by the promoter hyper-
methylation that was also observed in half of the
colorcetal cancer tissues and in all of the colorectal
cancer cell lines. The fact that treatment with S-aza-2':
deoxycytidine restored: YEDAR expression in none of
the p53 mutant colorectal cancer cell lines mdicated that

cither the p53 mutation or promoter hypermethylation
is sufficient to suppress the XEDAR expression. In
addition, we found, although rare, genetic mutations
that would cause the inactivation of XEDAR in
colorectal cancers. Taken together, our findings indi-
cated: that. XEDAR 'is - putative colorectal tumor
suppressor that would prevent the malignant transfor-
mation and tumor progression by the cross-talk between
EAS and FAK.

Matcrials and methods

CDNA microarray

¢DNA microarray analysis was carried out as previously
described (Kitahara et al...2001; Mori et al., 2002). Briefly,
colorcctal cancer tissucs or its: surrounding: normal: mucosa
that were obtained: witly informed consent were miicrodissected
from frozen tissue sections. The total RNA of each sample was
isolated and amplified using RNeasy spin column kits (Qiagen,
Valencia,. CA.. USA) and T7-Transcription kit (Epicentre
Technologices, - Madison, - ML, 'USA). Replication-deficiént
recombinant adenovirus “encoding p53(Ad-p33) or LacZ
(Ad-LdcZ) was generated and purified, as previously described
(Oda et al., 2000). U373MG cells were infected: with viral
solutions at an -indicated  multiplicity of infection and
incubated at'37°C until the time of harvest. poly(A) + RNAs
were isolated from U373MG cells using a standard protocol.
Each RNA sample was labeled and hybridized to a microarray
consisting: ‘of 36864 ¢cDNA. fragments: The' microarray
data set is accessible from the Gene: Expression Onminibus
(hitp://wwwnebinim.nihigov/geo/index.cgi,  Accession No.
GSE14953).

Cell-culture-and transfections

Each cell line was purchased from the. American Type Culture
Collection (Manassas, VA, USA), Lonza Biologics (Pors-
mouth, "NH, USA) or JCRB: (Osaka, Japan).. Cells were
transfected with  plasmids ‘using: FUGENEG: (Roche, Basel,
Switzerland) or: Lipcfectamine LTX (Invitrogen, Carlsbad,
CA, USA). siRNA oligonucleotides, commercially synthesized
by Sigma Genosis (St Louis, MO, USA). were transfected with
Lipofectamine 2000 reagent (Invitrogen) for 4 h. Sequences for
each oligonucleotide are indicated in Supplementary Table 1.
For suspension culture. 6-well plates were coated with 2 ml of.
poly-HEMA  (poly-2-hydroxyethyl methacrylate; Sigma, St
Louis, MO, USA) solution in ethanol (10 mg/ml) for at least 3
days until the solvent had evaporated completely. The cells
were suspended in 2ml of media containing 0.5% methyicel-
lulose and plated onto poly-HEMA-=coated dishes. For
methylation analysis, the cells were treated with an indicated
dosage of 5-aza-2'-deoxycytidine (Sigma).

>

Figure 4. X-linked eéctodermal dysplasia receplor (XEDAR) as a mediutor of pS3-dependent apoptosis. (a) Expressions of endogenous
NEDARFAS, FAK and p2 14 were exaimined: in U73MG or H1299 cells 48 :ifter inféction: with Ad-p53. Each siRNA was
transfected 6 h before.infection with Ad-p33. (b) Expression of XEDAR and FAS protein in HEK 293 cells after transfection witli each
siRNA (left) or plasmid (right). B-Actin was used for the normalization of expression levels. (¢) Cell Ivsates from HEK293T cells that
were transfected with plasmids expressing either Flig-XEDAR and/or HA-FAS were immunoprecipitated vsing anti-Fl goranti-HA
antibody followed by -immunoblotting with anti-Flag and anti-HA antibody; respectively (Ieft); Subcellular localization of XEDAR
and FAS was examined by immunocylochemistry (right). Cells were transfected with two plasmids expressing either Myc-XEDAR or
HA-FAS. Cells were double stained with anti-Mye antibody (Alexa fluor 488) and antiz:HA antibody (Alexa fior 504y (dy At 6 hafter
transfection of each siIRNA, U373MG cells were infected with Ad-pS3. Representative images of Ad-pS3 infécted cells were shown
(lef). SIEGFP was used: as control. Analysis of p33-induced apoptotic cell death in’ XEDAR knockdown' cells (middle). is shown,
SIXEDAR or siEGEP was transfected into. U373MG cells 6h before infection with Ad-pS3 or Ad-LiacZ: Proportionis ol apoptotic cells
are indicated as o percentage of sub-G1 fractions in FACS unalysis. Each iRNA was transfected into MCET cells 6 b before tredtment
with adriamyein (ADR) (right). Cell viability was examined by, MTT assay. ¥*£<0.05 by Student’s 7-test.
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Quaniitative real-time PCR

Quantitative, real-time PCR. was conducted using the SYBR
Green 1 Master. or Probe. Master: on- a LightCycler. 480
(Roche). The: primer and: probe sequences. are indicated in
Supplementary Table 1. The mRNA of 26 normal tissues was
purchased from TAKARA Clontech (Kyoto, Japan).
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ChiP assay
Chromatin immunoprecipitation assay was carried out using
the CHIP Assuy kit (Upstate Biotechnology, Waltham, MA,
USA) as previously described (Tanikawa er af. 2003). PCR
amplifications of YEDAR intron 1. containing the consensus
p53-binding sites, were performed on inimunoprecipitated

Mock XEDAR
60 36 0 36 60 (h)

| -

Absorbance

SiXEDAR
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Figure 5 A ‘schema of X-linked eclodermal dysplasia receptor
(XEDAR): function as a’ tumor suppressor gene. XEDAR was
induced through a p33:dependent manner and mediated anoikis
pathway through the cross-talk between FAS and FAK. However,
XEDAR is frequently. inactivated in colorectal cancers by the p53
mutation, or by its genetic or cpigenetic alteralions.

chromatin. using the primers indicated in Supplementary
Table 1.

Gene reporter assay

DNA fragments; including pofential p33-binding sites of the
XEDAR gene, were amplified and subcloned into the pGL3:
promoter veclor (Promega). The primers for amplification are
indicated in: Supplementary Table 1. To make a series of
mutant vectors, a point mutation T’ was inseried into the site
of the fourthand the fourteenth nucleotide *C’ and into the
seventh and the seventeenth nucleotide *G” of the consensus
p53-BS using the QuickChange site-direcled mutagenesis kit
(Stratagene, La Jolla, CA, USA). A reporter assiy was carried
out using the Dua]l Luciferase assay system (Promega): as
previously described (Oda er a/., 2000).

Bisulfite sequencing analysis

Genomic DNA of 3pg was digested for 16h with 30U of
Sauz 4l (Takara, Tokyo, Japan) in'a 150l of reaction-volume
The digested DNA was denatured-in 0.3 m of NaOH for 20 min
at:37°C, and: then the winmethylated cytosine residues were
sulfonated by incubation in-3:12 M of sodium bisulfite: (pH 5.0)
and 0.5ms of hydroquinone at 55°C for: 161 The sulfonated
DNA was: recovered using the: QIAquick: PCR. purification
systen1 (Qiagen) according to: the manufaclurer's recomnien-
dations. The conversion reaction was conipleted by desulfo-
nating'in 0.3 M of NaOH for 20min at'37°C; The DNA wis

Oncogene

cthanol precipitated and resuspended in double-distilled water.
The modificd DNA was subjected 1o PCR amplification of the
CpG islands in:the: YEDAR “promoler using: the primers
indicated in Supplementary Table 1. Amplified products were
subcloned using the TOPO-TA Cloning System (Invilrogen),
Plasmid DNA of at least six' inscrt-positive clones was isolated
and scquenced using the ABI sequencing system (Applied
Biosystems, Foster City, CA. USA).

Muration aiialysis

The entire coding region of the p33 gene was amplified by PCR
using ¢DNA prepdred from 77 cancer ccll lines. @nd PCR
products. were directly sequenced. For analysis in the YEDAR
gene,sgenomic: DNA- was purified by standard protocol. Six
coding exons of the YEDAR gene were amplified, purified and
sequenced. The priniers used in- this unalysis are indicated in
Supplementary Table I

Antibodies

Anti-Flag _monoclonal (clone M2) and polyclonal: (F7425)
antibody, as well as anti-B-actin monoclonal antibody (clone
AC]5) were purchased from Sigma. Anti-p53 monoclonal
antibody (Ab-12, clone DO-7) and anti-p21*4%L monoclonal
antibody (Ab-1; clone EA10) were purchused froni Calbio-
chem (San Diego, CA, USA). Anti-XEDAR polyclonal
antibody (T-14), anti-FAS monoclonal antibody (B-10), anti-
HA monoclonal (F-7) and polyclonal (Y-11) antibody, as well
as: anti-c-Myce polyclonal antibody ' (A-14) were purchased
from Santa Cruz Biotechnology (Sinta Criz, CA, USA). Anti-
HA ‘monoclonal antibody (clone 3F10) was purchased from
Roche. Anti-FAK polyclonal antibody: (ab2999) was: pur-
chased from Abcam (Cambridge; UK). Rabbits were' inimiu-
nized with the recombinant proteins corresponding to the -
extracelular domain (amino acids 15139) of XEDAR: Anti-
bodies were subsequently purified on antigen affinity columns:
For labeling F-actin, Alexa fluor 594 phalloidin (Molecular
Probes, Eugene, OR, USA) was used.

Spreading assay and processing morphogenesis

Forty-eight hours after transfection with ‘each: siRNA oligo-
nucleotide; HEK 293 cells were detached with: 0.02% ethyle-
nediaminetetraacetic acid (EDTA), resuspended in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% of fetal bovine
serum and plated onto 6:well plates. Spreading ‘cells were
counted after 4 h of incubation, and processing morphogenesis
was determined 12 h later.

Anchorage-independent growih assay

Soft ‘agar assays were carried out in 6-well culture plates,
A volume ‘of 2ml of culture media with 0.5% agar wus
solidified i the bottom of each well. At 24 h after transfection
with either plasniid, equal numbers of cells were suspended in
1.3 ml of media with 0.33% agar and added to each well. Cells
were fed with Iml of media supplement with geneticin
{Invitrogen) every ‘3 days. Afler 2 weeks of incubation,
colonies were stained with iodonitrotetrazolium chloride
(Sigma) and scored using the Image J software,

Cell death assay

Cells. were incubated with adriamycin for 2h or infected with
either Ad-p53 or Ad-LacZ at 6h after transfection of $§RNA
oligonucleotide. Apoptotic cells were quantified by FACS
analysis as previously described (Matsuda ¢ al., 2002).
Activitics of caspase-3 were monitored vsing a caspuase-3 assay
kit (MBL, Nagoya; Japan). Cell viability was deteimined using



the MTT assay using Cell. Counting Kit-8 {Dojindo, Kuma-
moto, Japan).
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An RNA-dependent RNA polymerase
formed by TERT and the RMRP RNA

Yoshiko Maida', Mami Yasukawa', Miho Furuuchi’, Timo Lassmann’, Richard P’ossematoﬂ, Naoko Okamoto,
Vivi Kasim'. Yoshihide Hayashizaki’, William C. Hahn ' & Kenkichi Masutomi'

Constitutive expression of telomerase in human cells prevents the onset of senescence and crisis by maintaining telomere
homeostasis. However, accumulating evidence suggests that the human telomerase reverse transcriptase catalytic subunit
(TERT) contributes to cell physiology independently of its ability to elongate telomeres, Here we show that TERT interacts
with the RNA component of mitochondrial RNA processing endotibonuclease (RMRP), a gene that is mutated in the inherited
pleiotropic syndrome cartilage-hair hypoplasia. Human TERT and RMRP form a distinct tibonucleoprotein complex that has
RNA-dependent RNA polymerase (RdRP) activity and produces double-stranded RNAs that can be processed into small

interfering RNA in a Dicer (also known as DICER1)-dependent manner. These observations identify a-mammalian’ RdRP

composed of TERT in-complex with RMRP.

isolating TAPSTERT {Fig: 1a) or endogenous TERF: (Fig. 1b) com-
plexes in both Heba and 2937 cells under conditions in which we
failed 1o recover. the ribozyme RNase P We also found that the

Felomierise is a ribonuccoprotein complex that elongates telomeres,
Although several proteins interact with telomerase’ % the mininal
components of active telomerase include the catalylic teJomerase
reverse transcriptase (TERT) and a noncoding RNA (TERC) that  abundance of TERT-RMRP and TERT-TERC complexes was siim-
encades the template to synthesize telomeric DNA Telomere home-ilar, even though TERC was expressed at five-fold higher Tevels than
ostasis medinted by {elomerase mainfains genomic stability and regs - RMRPi these cells (Fig. Teand Supplementary Fig. 3%

ulates cell Jifespant. Mutations in TERT. TERC or dyskerin, a

telotnerasesassociated nucleolar - protein involved. in ribosomal

RNA maturation; are found in dyskeratosis congenita, a syndrome

characterized by ectodermal dysplasia and bone marrow failure, and 18: anti-HA D S PRTPOR. .
TERT mutations have been reported inaphistic anaemia and idio- L TR nput . Anti-TERT Pre-immune
pathic pulmonary librosis™, Morcaver, alterations in the regulationof T P s
telomeres and telomerase contribute to malignant transformation by
allecting genomic mtegrity and cell immortalization”.

However, accumulating evidence suggests that TERT has activities
bevond telomere maintenance” ' and forms several intracellalar
complexes™ % In particular, the overexpression of TERT induces
increased tumour susceptibilin™ ™ and disrapts stem-cell function
independently of telomere maintenance'”, whereas the suppression
of TERT expression alters global chromatin siructure’”. Indeed, some
of these telomere-independent functions of TERT do not require the
expression of TERC!,

RI-PCR

Identification of a second RNA that interacts with TERT
To identify human TERT partners. we stably overexpressed a tandem e s
alfinity peptide (TAP)-tagged TERT protein in Hela 83 cells, isolated
TERT immune complexes, and identified a heterogencous mixture of
38 RNA sequences associated with TERT (Supplementary Fig. 2 and
Supplementary Table 1). We found that 5% of the sequences corre- op! olat )
sponded o TERC and the RNA component of mitachondrial RNA transcription (RT-P CR). RT () indicates the absence of reverse
processing endoribonuclease (RMRP). RMRP is a 267-nucleotide ;'tal)SL'l}’las.e - Right panel shows the levels of TAP-TERT, Ha,
T e e = haemagglutinin; 1B, immiunoblot, b, TERT interacts with endogenous
nonujdmg }\N;\. that. is a -M“;-];” nucleokn l\A\.:\, like lﬂl:lx(., ~}ﬂd IS~ 'RMRP. TERT complexes from 293T and HeLa cells were isolated with an
:\]s\? found in mitochondria™' R.\-’lBP mutations are l(.ml—]d in the L {-TERT antibody and associated RNAs were subjected 1o RT-PCR.
pleiotropic inherited syndrome, cartilage=hair hypoplasia ™, ¢, RNAs purified from TERT complexes isolated from Hela S3 cells
From a single immunc complex, we confirmed that cither over-  expressing TAP-TERT or a control vector or 293T cells were subjecied to
expressed or endogenous TERT interacts with RMRP and TERC, by northern blotting, Ab, antibody: .

Figure 1| TERT and RMRP.interact. a, Detection of RMRP and TERC. RNA by
species associated with TAP-TERT complexes from a single
immunoprecipitation (1P) were isolated and subjected to PCR with reverse

fitite, 5-1-1 Tsukiji, Chuo“ku, Tokyo.104-0045, Japan. “RIKEN Omics Science Center, RIKEN Yokohama Institute; 1:7-
Dana-Farber Cancer Institite and Deparlments of Medicine, Brighamn and Women's
Sireet; Boston, Massachusells 02115, USA; “Broad nstitute of Harvard and MIT, 7 Cambridge Center; Cambridge, Massachusells

02142, USA. "PREST, Japan Science and Technology Agency, 4-1-8'Honcho Kawaguchi; Saifama 332-0012; Japan,

Cancer Stem Cell Project; National Cancer Center Research Ins
57 Suehiro-cho; Tsurumi-ku, Yokoliama 230-0045, Japan.-Department of Medical Oncology;
Hospital and Harvard Medical School, 44 Binney
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To characterize the interaction between TERT and RMRP, we used
TERT truncation mutants and found that the amino terminal end
of TERT (1-531) was necessary for interactions with RMRP {Sup-
plementary Fig. 4). This region overlaps with two regions required
for the binding of TERC™. These observations demonstrate that
TERT and RAMRP form a new ribonucleoprotein complex distinet

The TERT-RMRP complex has RdRP activity
To test whether RAMRP substitutes for TERC to reconstitute telomic-
rase aclivity, we combined recombinant TERT with TERC or RMRP
RNAs transcribed in vifro. Although we detected telomerase activity
with TERT and TERC (Supplementary Fig. 3), we failed to detect
teJomerase activity when TERT and RMRP were co-incubated:
TERT has also been shown to act as a terminal transferase’?, and
human TERT shares sequence similarity to both' viral reverse tran-
scriptases. and RARPs™. RARPs participate in the endogenous RNA
interference (RNAI) pathway and in the regulation of post-transcrip-
tional: gene silericing” "% "To examine whether the: TERT=RAMRP
complex has RARP and/or terminal transferase aciivity, we established
an RNA “synthesis activity assay with recombinant TERT ‘protein
(Supplementary Fig. 6) and RNA molecules {raniscribed: inn vitro. We
predicted three modes that the TERT=RMRP complex might use: (o
clongate RNA::(1) as an RARP: that uses a de-novo-synthesized RNA
primer to elongate a complementary strand (Fig: 2a, Jeft panel); (2)as
an RARP-that uses a° 3’ fold-back (back-priming) configuration of
template RNA as a primer (Fig, 2a; middle panel); or (3)as a terminal
translerase (Fig. 2a, right panel). Viral RARPs™2* have been shown {o
use the first two modes to primie RARP activity, and cellular RARPs in

b
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produced by RdRP or terminal transferase (TT) activity. b, RNA products
produced by the RARP activity derived from' recombinant TERT and RMRP.
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fission yeast™ and fungi™ use similar priming mechanisms to produce
double-stranded (ds) RNAs that act as precursors for RNA,

We found that recombinant TERT and RMRP produced two dif-
ferent products depending on the salt concentration (Fig. 2b and
Supplementary Fig, 7). Specifically, we found ~267-nudlcotide-
(corresponding to sense RMRP) and ~334-nucleatide-sized pro-
ducts (hercafter refesred 1o as sense plus antisense RMRP products)
under high salt conditions, and RMRP-sized products under Jow salt
conditions. To discriminate between these modes; we treated the
products of the RARP assay with RNase T1 (Fig. 2¢) using conditions
that favour the digestion of single-stranded RNA, RNase T1 (reat:
ment eliminated the ~267-nucleotide RMRP-sized RNA products -
produced under low salt concentrations (data not shown), indicating
that [*PJUTP was incorporated by terminal transferase activity.

In contrast, under high salt conditions, we found two RNAs (~267
and ~53+ nucleatides) that collapsed into a single ~267-nucleotide
band after treatment with RNase T1 (Fig. 2¢). To climinate the pos-
sibility that the sense plus antisense product represented partially
denatured RNAs, we treated the products of the RARP assay with
bacterial RNase 11 to digest dsRNA, and Tound' that only the input
~267-nucleotide RNA remained (Fig, 2d). Furthermore, when we
left oul adenine or guanine ribonucleotides; we failed o deiect the
sense plus-antisense: product (Fig. 2e). These observations confiri
that the ~534-nucleotide sense plus antisense products are formed
by RARP activity and represent a double-stranded hairpin structure
created by an RNA molecule composed of sense and antisense strands
of RMRP:

To confirm that the interaction between TERT and RMRP was
required for RARP activity, we performed an RARP activity assay using

d e 16TP
ANase TATP

Sense + o Tt sanee s
nt) antisense (o) antisense

451 RMRP:
451 AMRP. & Sense s
5 antisense

Serise
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~ ey
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RMRP.
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isolated from 2937 cells expressing Flag-tagged TERT or Flag-tagged TERT-
DN. RdRPactivity isshown in the bottom panel, WT; wild-type. g, Northern
blotting o detect complementary sequience of RMRP; h; Time course of
RdRP activity. i, RNA products produced by recombinant TERT and
truncation mutants of RMRP transcribed i vitro. Faint signals at 200, 120
and 60 nucleotides are TERT terminal transferase products, j, RNA products
produced by the RARP activity derived from recombinant TERT 6r TERT:
DN and total RNA. A limited pool of RNAs serves as template for RARP
activity,
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combinations of recombinant mutant TERT proteins and RMRP. We
failed to deteet RARP reaction products when TERT and TERC were
co-incubated (Supplementary Fig. 8). Morcover, when we used the
TERT-HT1 mutant that does not bind RMRP(Supplementary Fig. 4},
we failed to observe Jabelled RNA products (Supplementary Fig. 8)
unider conditions in which we detected two different RNA productsin
reactions. containing wild-type TERT and RMRP. We previously
described a catalytically inactive TERT mutant (TERT-DN) that fails
to clongate telomeres!. We confirmed that the recombinant TERT-
DN mutant retained the ability 1o bind RMRP (Fig. 20); but that the
TERT-DN=RMRP complex facked detectable RARP activity (Fig: 2.
Thus TERT acts as the catalytic subunit for both the telomerase reverse
franscriptase and RARP activities,

TERT-RMRP RdRP produces dsRNA
These observations suggest that the TERT=RMRP RARP synthesizes
dsRNA i a template-dependent manner. To confirm the synthesis of
~the RAMRP complementary strand, we used the sense strand of RARP
as a probe in northern blotling. We detected the antisense strand of
RMRPin Feactions containing recombinant wild-type TERT protein
and RAMRP, bul notin reactions containing TERT-DNand RMRP
(Fig. 2g). Furthermore, we detected the sense plus antisense product
in the RARP assay using the antisense strand of RAMRP as a probe
(Supplementary Fig. 9). These observations indicate that the TERT=
RMRP RARP produces dsRNAs in a template-dependent manner
i vitro,

To determine whether the TERT-RMRP RARP uses a back-prim-
ing mechanism, we examined (he priming process using TERT and
RMRP as a model system and found that clongation  producls
appeared in a time-dependent manner (Fig. 2h and Supplementary
Fig, 10)..To assess whether the RMRP RNA forms a 3’ fold-back
configuration, we generated 3' RMRP truncation mutants and failed
to find any reaction products (Fig. 2i). Thus, unlike what has been
described for other cellular RARPs, the TERT-RMRP RdRP has a
restricted preference for RNA molecules that can be used as a tem-
plate. Indeed, when we incubated purified recombinant TERT
together with tolal cellular RNA and [FPPIUTR, we identified a lim-
ited number of Tabelled RNAs (Fig. 2j). Although the secondary
structure adopted by RMRP to create the 3’ fold-back is not known,
these observations suggest that RMRP can itself serve as a primer for
the polymerization process using a 3’ fold-back structure.

Toascertain whether this RARP activity also occurs in vivo, we used
the sense strand of RMRP as a probe and: found ~534-nucleatide
RNAS that containantisense RMRPin RNA derived from 29371, Hela
and MCF7 cells (Fig. 3a and Supplementary Figs 11 and 12).
Moicover; we detécted sense products and sense plus antisense pro-
ducts using RMRP antisense-strand probe (Fig. 3b). These observa-
lions confirmed that the ~534-nucleotide products contain both
sense and antisense RMRP sequences. To determine whether TERT
was necessary for the appearance of antisense RMRP in cells, we
examined the levels of the complementary RMRP strand in cells that
do not express TERT and TERC (VA-13 cells)™, in cells that transi-
ently express low levels of TERT (B) cell)?2 and incells that
constitutively express TERT (2937 and Hela cells). We also intro-
duced 4 control vector or a veclor that encodes TERT in VA-13 and
B cells; We detected the complementary. RMRP strand using a
quantitative RNase protection assay with a sense-strand probe that
detects antisense RMRP (Fig. 3¢ and Supplementary Fig. 13), and
using northern blotting with both sense and antisense strand-specilic
RMRP probes (Fig. 3d and Supplementary Fig. 11a). The levels of
antisense RMRPcorrelated with the expression of TERT (Fig. 3¢ d).
These observations confirmed that the TERT=RMRP RARP produces
doublesstranded RMRP in vivo,

Effects of the TERT-RMRP corhplex on RMRP expression
To assess the cansequences of overexpressing the TERT=RMRP com-
plex on RMRP levels, we introduced RMRP into cells that lack TERT
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Figure 3| Identification of dsRNA synthesized by the TERT-RMRP RdRP.
a, Northern blotting to detect complementary sequence of RMRP in cell
Tines: ‘+indicates samples treated with RNase. b, Northern blotting to
detect the RMRP sense strand. ¢, TERT expression correlates with the levels
ofantisense (AS) RMRP detected by RNase protection'assay. Vector denotes
cells infected with a control vector, d, TERT expression correlates with the
levels of the sense (S) plus antisense RMRP products detected by northern
blotting: The bottom panel shows levels of the small huclear RNA U2,

expression (VA-13), that transiently express TERT in-a cell-cycle-
dependent manner (B fibroblasts); and that constitulively express
TERT (VA-13 and BJ ibroblasts expressing cctopic TERT, and Hela
and MCE7 cells). Aller expressing RMRP in cells lacking TERT (VA-
13), we found that. RMRP. levels: were increased (Fig. da and
Supplementary Fig. 14). In contrast, in cells that express TERT, we
found that the steady-state levels of RMRP were decreased when
RMRP was overexpressed, regardless of the promoter that was used
toexpress RMRP(Fig: da and Supplementary Fig, 14). Weaalso found
that forced TERT expression in YA=13 or B] cells suppressed RMRP
expression (Fig: 4b and Supplementary Fig. 15). Consistent iith
these indings, suppression of TERT in HeLacells led to increased
RMRPexpression (Fig. 4¢).

Because the 3/ end of RMRP was cssential for TERT=RMRP acli-
vily (Fig. 21}, we examined the effects of expressing RAMRP {runcation
mutants lacking 3/ ends and: found that only truncation mutants
lacking intact 3" ends were readily overexpressed (Fig. 4d). These
observations demonstrate that: RMRP expression Jevels are depen-
dent on the TERT=RMRP RdRP and suggest that RMRP levels are
controlled by an RARP-dependent, negative-feedback mechanism,

Identification of siRNAs derived from RMRP

Tii other organisms, RARPs synthesize dsRNAs thatare processed into
active short interfering RNAs (siIRNAs)'.: Because ‘manipulating
TERT and RAMRPlevels affected RAMRP expression, we proposed that
the TERT=RMRP complex produces: RMRP-specific siRNA o regu-
late RMRPlevels: To test this possibility; we used sense and antisense
probes: corresponding 1o- RMRP. (nucleotides 21-40) in orthern
Blotting and found double-stranded 22-nucleotide: RNAs (Fig. de
and Supplementary Fig. 11b). Because $iIRNAs contain 5" monopho-

sphate and 3% hydroxyl groups™, we characterized the chemical
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Figure 4 | Effects of dsRNA produced by the TERT-RMRP RdRP. a, Semi-
quantitative RT=PCR for total RMRP and retrovirally delivered RMRP
{ectopic) in cell lines expressing control or RMRP expression vectors.
Promoters used to express RMRP are indicated. The relative intensity of
RMRP is noted below each panel. CMV, cytomegalovirus. See
Supplementary Fig. 14. b, RT-PCR for total RMRP, See Supplementary Fig.
15, ¢, Effects of suppressing TERT on RMRP levels. A control shRNA (green
fluorescent protein (GFP) shRNA) or two different TERT=specific sShRNAs
were stably introduced into Hela cells. d, Effects of RMRP.mutants on

nature of the small RNA ends. We found that calf intestinal phos=
phatase slowed: the migration of these short RNAs, and subsequent
incubation with polynucleotide kinase and ATP restored the mobility
of the short RNAs, indicating that either the 5/ or the 3! end of this
small RNA 1s monophosphorylaied: (Fig. 4f and data not shown).
Moreover, incubation with polynucleotide kinase in the absence of
ATP did not alter the migration (Fig. 4f), and oxidation and
B-climination. treatment increased the migration of these small
RNAs (Fig. 4g), indicating that the 3/ ends bear vicinal 24,3" dihy-
droxyls. Together, these observations confirm that these small RNAs
contain'5’ monophosphate and 3’ hydroxyl groups, and therefore
share the size and chemical composition of known siRNAs,

To demonstrate that dsRNAs produced: by the TERT-RMRP
RARP are processed into siRNA, we suppressed the cxpression
of Dicer with: two distinct  Dicer-specific _short hairpin. RNAs
(shRNAs). Suppression of Dicer 1o Tevels that partially inhibited the
processing of the microRNA miR-16 (Fig. 5a and Supplementary Fig.
16): led to diminished Jevels of the siRNAs derived from RMRP
(Fig. 5a). When we suppressed: Dicer expression in Hela, 2937 or
MCEF7 cells, we found that endogenous RMRP levels increased up to
3.7-fold (Fig. 5b). Suppressing Direr expression in VA-13 cells that
lack TERTdid notaflect the levels of single-stranded RMRP (Fig. 5b);
but:did increase levels of the elongated sense plus antisense. RMRP
products in cells that constitulively express TERT (Supplementary
Fig. 17). Morcover, we found thal only: the sense strands of these
endogenous RMRP-specific siRNAs: were associated with: human
AGO2 (also known as EIF2C2; Fig: 5¢). These observations indicate
that' the endogenous. RMRP-specific siRNAs are processed by the
RNA:induced silencing complex, similar:to- other: small RNAs (hat
are processed into siRNA,

14
: 16
mirs-

RMRP Jevels. LTR; long terminal repeat. RT-PCR was used to detect RMRP
levelsin cand d. ¢, Detection of small RNA species in human cells, Northern
blotting to detect sinall RNAs (22 nucleotides in length) using antisense (left
panel) and sense (right panel) probes derived: fron nucleotides 21-40 6f
RMRP. f, g Analysis of the termini of the small RNA species identified in
e, Total RNA was'incubated with the indicated enzyme (f), or oxidation-f3-
elimination reactions (g) were performed. Northern blotting wwas performed
withantisense probe. CIP, calf intestinal phosphatase; PNK; polynucléotide
kinase. ATP- indicates samples lacking ATP.

To confirm (hat these small RNAs actas siRNAs, we identified sinall
RNAs [rom tolal RNA that hybridized to probes spanning RMRP,
synthesized siRNA corresponding to the identified sequences, and
tested the consequences of introducing this siRNA in Hela, 293T
and MCEF7 cells. We found that the synthesized siRNA suppressed
endogenous RMRPlevels (Supplementary Fig. 18). These observations
provide evidence that similar to other cellular RdRPs, the TERT=

RMRP RARP synthesizes dsSRNAs that act as a precursor for siRNAs,

Discussion

Here we demonstrate that human TERT and RAMRP form a distinct
ribonucleoprotein complex that has the ability to produce dsRNAs
(Supplementary Fig. 1). Like RARPs found in other organisms, the
human TERT-RMRP complex produces dsRNAs that act as sub-
strates for the generation of siRNA. However, unlike other cellular
RARPg*2021352, the human TERT-RMRP RARP shows a strong
preference for RNA templates ihat can form 3! fold-back structures,
Because other cellular RARPs have been identified using assays that
require primer-independent RARP activity****, (he substrate spe-
cificity of the human TERT-RMRP RdRP may, in part, account for
the difficulty in identifying mammalian enzymes that have RdRP
activity, :

Although the cellular RARPs described: until now do not show a
primer requirement, several viral RARPs use both primer-dependent
and primer-independent mechanisms, and fungal and yeast RARPs
arcalsoableto usea back-priming mechanism?*2¢: Because TERT is 4
closed right-handed polymerase’” evolutionarily related to both
reverse transcriptases and viral RARPs', these observations are con-
sistent with previous observations that indicate that right-handed
RdRPs exhibit primer-dependent RARP polymerase activity™,
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Figure 5| Production of RMRP-derived endogenous siRNAs depends on
Dicer. a, Effect of suppressing Dicer on RMRP-derived small RNAs.
Northern blotting was performed to detect: (1) small RNAs using the
Antisense strand of RMRP as a probe in the indicated cells expressing control
shRNA (GEP shRNA) or Dicer-specific ShRNAs (Dicer shRNAland
shRNA2); (2) precuirsor microRNA pre-miR-16 and mature imiR-16 using a
miR-16-specific probe; and (3) U6 RNA. See Supplementary Fig,'16.

b, RT-PCR for total RMRP from cell lines expressing contro) shRNA or
Dicer-specific shRNAs, 1B, immunoblot: The relative intensity of RMRP is
noted at the bottom of the panel. ¢, RMRP-derived small RNAs are
associated with AGO2. Human AGO2 immune complexes were isolated
using anti-AGO2-specific anlisera or pre-immune serd, and small RNAs
were detected by northern blotting. Blotting of oligonucleotides (RMRP
20-41 and RMRP AS 41-20) is also'shown,

Using RMRP as a template, the TERT-RMRP RdRP produces
dsRNAs that are processed by Dicer into 22-nucleotide dsRNAs that
contain 5" monophosphate and 3' hydroxyl groups and are Jonded
into AGO2, confirming that these short RNAs represent endogenous
SRNAs. Recent work has shown that in oocytes and embryonic stem
cells, endogenous siRNA can also be formed by the transcription of
complementary sense and antisense strands™" Thus, in mammals
at Jeast Lo mechanisms lead to the production of dsRNAs that are
processed into siRNA. Further work will be necessary 1o determine
iwhether there are lissue-dependent differences in the vse of these two
mechanisms and whether other mammalian RARPs exist.

We found that the TERT=RMRPRARP regulates RMRPlevels by a
negalive-feedback control mechanism. The identities and functions
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of the RNAs other than' RMRP that act as templates for the TERT-
RMRP RARP remnin to be identified {Fig. 2j). However, because
endogenously encoded siRNAs suppress L1 retrotransposition in
human cells™, these observations suggest that the TERT-RMRP com-
plex may regulate the expression ol other: genes by generating
siIRNAs.

Becauise mulations in RMRP are found in cartilage~hair hypopla-
sia'%, these findings suggest that perturbation of the TERT-RMRP
complex is involved in the pathogenesis of this disorder, The involve-
ment of human TERT in two syndromes characterized by stem-cell
failure (cartilage=hair hypoplasia and dyskeratosis congenita)”™**
suggests that ribonucleoprotein complexes containing TERT has a
critical role in: stem cell biology. Indeed, overexpression of mousce
TERT in mice lacking: Tere leads o defects in normal hair follicle
stem-cell function'at least in part by altering gene expression pro-
grams related to stemy cell function™, In mammals, TERT may regu-
Jate both: telomere biology and gene expression through these two
ribonucleoprotein complexes;

METHODS SUMMARY

RNAS that Bind TERT were identified from Heba 83 eclls expressing a TAP
epitope-tagged TERT. RNAs that bound to TERT afier two rounds of purifica-
tion were analysed using an Experion capillare clectrophoresis device (Bio-Rad)
1o vistalize RNA specics. For RNA cloning and scquencing: the same samples
\were separated using a 7 M area/15% polyaciviamide geliand RNAs recovered
from’ the gelwere: cloned using a small RNA cloning Kit (TaKaRa), Purified
glutathione: S-transferase: (GST)-TERT was isolated fromy” Escherichia coli and
incubated with cither TERC or RMRP transcribed fif vifro, to assess the ability of
such complexes to exhibit teJomerase or RARP activity. RNAi was used to sup-
press TERT and to show that the TERT-RMRP complex also produces dsRNA in
¢ells. Northern blotting with sense and. antisense probes: specific for RMRP
(nucleotides 21240} identified 22-nucleotide, double-stranded RNAs that con-
tained. 2 5° monophosphate and a 3' hydroxyl group, which were loaded into
human' AGOZ. Ta détermine the function of these RMRP-derived small RNAs; a
chemically synthesized siRNA corresponding to these small RNAs (siRNA: 5/
GGCTACACACTGAGGACTC-3"; Dharmacon) was transfected 'into” Hela,
2937 and MCF7 cells.

Full Methods and any associated references are available in the online version of
the paper al www.nature.com/nature.

Received 28 May; accepted 10 July 2009.
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