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Abstract: Endogenous genes regulated by telomere length have not previously been identified in human cells. H
show that telomere length regulates the expreism of interferon stimulated gene 15 (ISG15, 1p36.33). ISG15 expre
(RNA and protein) increases in human cells with short telomeres, and decreases following the elongation of telom
human telomerase reverse transcriptase (hTERT). The staboimere-dependent upregulation of ISG15 is not mediated
replicative senescence/DNA damage signaling or type | interferons. In human skin specimens obtained from variol
individuals, ISG15 is upegulated in a subset of cells in older individuals. Oesults demonstrate that endogenous hum
genes can be regulated by the length of telomeres prior to the onset of DNA damage signals, and suggest the pc
that cell turnover/telomere shortening may provide a mechanism for adjusting cellular physigloghe upregulation ¢
ISG15 with telomere shortening may contribute to chronic inflammatory states associated with human aging.

INTRODUCTION

The ends of human chromosomes (telomeres) consist of
many kilobases of the repeating DNA sequence
TTAGGG, ending in ~18 to 600 nucleotides of single
stranded @ich repeats[1-4]. Thi s 30
proposed to be inserted into the doustimnded DNA,
forming a local Bloop and an overall structure called a
t-loop [5, 6]. In combination with the binding of
telomeric proteins, this structure is thought to hide the
ends of the chromosomes from being recognized as
doublestrand breaks needing repair by NHEJ, which
would form dicentric chromosomes and cause a mitotic
catastrophé§7, 8.

A combination of incomplete replication, processing

events and oxidative damage shortens telomeres with
each round of cell division. This shortening is prevented
in the germline and c&in stem cells[9] by the

gr;sgnceof telomerase. Telomerase is a ribonueleo
oV

proteln‘?1 Tk RNA component hTR (hTERQ{)O0]
contains a @ich sequence that serves as a template for
the addition of TTAGGG repeats using the reverse
trarscriptase activity contained within the protein
catalytic subunit hnTERTL1, 12] Telomerase activity is
repressed in moéshuman somatic tissues during
development[13], leading to progresse telomere
shortening with  subsequent cell divisions. When
telomeres become short enough to produce inadequate
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telomeric protein binding or-lbop packaging they
generate a DNA damage signal, which causes the
growth arrest known as senescence or replieatging
[8]. Many other stimuli can also induce an irreversible
growth arrest which has historically been called

areas of chronically increased cell turnover due to
inflammatory or other processes, to adjust the
physiologi@l response over time. Either of these
hypotheses predicts that the number of genes regulated
by telomere length might be small, since it would not

senescence even though the arrest is not telomere based represent a general mechanism of gene regulation used

[14] .

In addition to protection of linear chromosome ends,
telomeres may also be involved in the regulation of
gene expression. The evidence comes from experiments
in which a reporter gene inserted next to a natural or an
artificial telomere results irrepression of expression of
the reporter genea phenomenon called telomere
position effect (TPE). Telomere position effect (TPE),
first described irDrosophilg can result in the silencing

of genes positioned next to telomefs, 16] TPE has
been described in a variety of organisms, including
Saccharomyces cerevisig7], Saccharomyces pombe
[18], Trypanosoma fucei [19, 20] Plasmodium
falciparum[21], mice[22] and humans[23, 24] In S.
cerevisiag there appears to be two diféet
mechanisms of TPE5]. "Classical* TPE is dependent
on theSIR family of proteins, and usually spreads in a
continuous fashion for several kb into the subtelomeric
region. A second mechanism involving HAST domains
(HdaZl-affected subtelomeric) influences the expi@ss

of genes ~1@5 kb from the telomeres. There is
evidence suggesting that both of these mechanisms may
respond to nutrient deprivation or stress, in which relief
of TPE contributes to the upregulation of/ariety of
subtelomeric genesdviewed in[25]).

How telomere length might regulate gene expression in
mammals is completely unknown. The efficiency of
TPE on model reporters placed next to healed
chromosomes in human cells varies with telomere
length [24]. In contrast to yeast and parasites, where
telomere length is thought to be relatively consian
normal cells, telomere length decreases with age in
humans, raising the intriguing possibility that telomeric
regulation of gene expression might have a different
function in mammals. Replicative senescence has been
shown to be associated with DNAmage signals from
"too-short" telomere$26, 27] so there is no reason to
suspect thaTPE is involved in senescence. However,
there is currently no demonstrated mechanism by which
cells monitor the length of their telomeres prior to their
becoming short enough to generate a DNA damage
signal. We have speculated that telomere length cange
in TPE might be a mechanism for using cell turnover to
monitoring long periods of time (years or decades) in
order to coordinate lifdistory strategies in lontived
organismf28]. Similarly, lengthregulated TPE might

during development and normal physiology but only in
special circumstances.

In previous studies, reporter genes and artificially
truncated telomeres were used to demonstrate that
telomere length could play a role in the repression of
reporter gene expression in mammai2-24]. No
endogenous genes next to telomeres have yet been
shown to be regulated by telomere length in human
cells. None of 34 telomeqgroximal genes were found

to vary with telomere length when youagd senescent
human fibroblasts were compard@9]. Telomere
proximal genes have been poorly represented in
microarry chips because the completh repeat nature

of the subtelomeric region delayed completion of the
human genome sequence to the very ends of the
chromosomes until recently. In order to perform a more
comprehensive search for genes regulated by telomere
length, we constructed a microgy chip containing
many newly identified telomesproximal genes. We
examined gene expression patterns in a variety of cell
types in which we had manipulated telomerase in order
to dissociate telomere length changes from other
confounding factors such @sne in culture and DNA
damage signals from short telomeres. We here report
the identification oiISG15(Interferon Stimulated Gene
15kda) as the first endogenous human gene whose
expression is regulated by telomere leng8G15is a
stressresponse genghat may function as a tumor
suppressor and contributor to inflammatory responses
[30]. This raises many intriguing issues camieg the

role of telomere length prior to replicative arrest in the
physiology of human aging.

RESULTS

Identification of Genes Upregulated with Telomere
Shortening

Table 1 lists a panelf human fibroblasts and mammary
epithelial cells with variationg telomere lengths used

in the present studies. To examine the correlation of
gene expression and telomere shortening, we used a
ATeChi po, a customized mi
potential subtelomeric genes (within 1,000 kilobase
pairs from the telmeres) representing all 92 telomere
ends. The Tek&€hip also contained 92 random control
genes, 12 housekeeping genes and 198 other genes

be used to change gene expression in tissues undergoing (GEO Datasets, GSE6799). The initial screen was
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performed using total RNA extracted from proliferating
young cells wih long telomeres (B18, HME3126,
and IMR9026), cells proliferating with short telomeres
(B}78, HME31E6/769, IMR9G62, and IMR90E6/7
84), and cells proliferating with experimentally
elongated telomeres (BJ18hTER%8, HME31hTERT

68, and IMR90OhTERTL34) (Table 1). Probes were
hybridized to the TekZhips, and data were analyzed
with GeneSpring software. Approximately 24 genes that
showed at least a bld increase in all the cells with

short telomeres were further examined using
guantitative PCR (@PCR.
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Figure 1. Upregulation of gene expression wi
telomere shortening in human fibroblastsnRNA leve
of ISG15&ndagrinwere assayed bygantitative PCR in hum:
fibroblasts with different telomere lengths. Results fromr
least three separate experiments are shown as means +
GAPDH was used as an internal normalization contrc
values were then normalized to the level (=100%) of mRI
young cells with longelomeres (PD18) (see Table 1). Re
show increase ofSG15and agrin expression with telomer
shortening. Similar results folSG15were also obtained |
IMR90 cells, NHK and HME epithelial cells (Supplem
Figire S1).

A major problem with previous efforts to identify TPE
regulated genes is a failure to distinguish telomere
length effects from multiple confounding influences,
such as the length of time in culture, DNA damag
signaling from short telomeres and clonal succession
[31] in heterogeneous primary culturédnly a single
gene,interfereon stimulated gene 15 (ISG1&)et our
criteria for being regulated by telomere length when
examined using the series of BJ fibroblasts with
different natural and manipulated telomere lengths (see
below). The ugregulation ofISG15 mMRNA was also
observed in a human lung fibroblast cell lin®&R90)

and in human breast and kidney epithelial cell lines
(HME31 and NHK) with short telomeres (see
SupplementaryFigure S1). ISG15 is a ubiquititike
molecule that can e conjugated to other proteins
(reviewed in[30, 32) to modify their function[33].
Figure 1 compares the behavior 8G15with Agrin,

one of many genes that failed to meet our criteria. Agrin
is a neuronal aggregating faci®4] and was selected
for illustrative purposes because it is located just
centromereproximal to ISG15 on chromosome
1p36.33. The mMRNA levels of bottsG15 and agrin
increase in human skin fibroblasts as their telomeres
shortened with population doublings between PD18 and
PD83 in culturekigurel).

Up-regulation of Agrin Expression is Associated
with  DNA Damage Signaling and/or Replicative
Senescence

As cells age,dlomeres shorten and the cells eventually
enter replicative senescence due to-pkRliated DNA
damage signaling from the shortest telom¢§2&$. This
raised the possibility that damage signaling contributed
to the upregulation of gene expression we observed in
cells with short telomeres. In order to examine this
guestion, we elongated the shortest telomeres by
expressing hTERT in human fibroblasts BJ1&1.
BJ13 is a clone in which telomerase flanked by loxP
sites was expressed for seven doublings (beginning at
population doubling (PD) 85, approximately five
doublings before the parental culture senesced). After
seven doubling hTERT was excised by cre
recombinase. The preferential elongation of the shortest
telomeres conferred an extra 50 doublings before this
clone senesced at PD145 with a telomere length of ~4
kb rather than the usual ~6 kb length at senescence of
normal BJ fibroblast$35]. We characterized the cells
both shortly after réntroducing hTERT (early
expression, before significant telomere gation had
occurred) and again ~50 doublings later (lbegn
expression, after telomeres were significantly
elongated). The expression of the senescence marker
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SA-b gal ac Figusei2dAg s ea n(d 2 H2 A XtheDNAdamage signaling and replicative senescence

damage fociKigure 2B) increased as cells apprbad induced by short telomereSimilarly, the expession of
senescence in both WD and BJ1341 cells. the p53 transcriptional target p21 was elevated in the
Expressing hTERT rapidly eliminated the -®Ayal two near senescent cell types, and its expression also

staining and reduced t he odidaddpeated inaatld witht both ttarsient (BJ&3~+6H) s
"young" cells Figure 2A and B), even after only six and longterm (BJ13141+53H) introduction of hTERT

doublings (BJ13l41+6H) when the average telomere  (Figure 2C), further confirmig the inhibition of DNA

length was still close to that of the cells at PD141 damage signaling from short telomeres by
(Tablel), indicatingthe expression dfTERT eliminated expression of hTERT.
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Figure 2 Replicative senescence and DNA damage signaling independeméegplation of ISG15 expression in cells w
short telomeres.(A) Short and longerm expression of hTERT rescued cells freplicative senescence. BJ cells with short telom
(BJ380 and BJ1:341) exhibited significant increases in the number of SBal positive cells; whereas, the cells with long telomeres
18) did not show SA-Gal staining. Exogenous telomerase rapidly elated senescent cells (B31381+6H, when only the shorte
telomeres had been lengthened) as well as after bulk telomere elongation had occurred1®¥E8H). Rare fields with an-545a
staining positive cell were selected for the last two images twlage the staining procedure. The number in each image is a key
cell lines used inB. B0 -HR2AX staining shows that exogenous hTERT rapidly eliminates DNA damage signalling due to short
Approximately 500 nuclei of each cell line waralyzed using Metasystems software (Metasystems, Germa@yWéstern blot show
that p21, a transcriptional target of DNA damagduced p53 signaling, rapidly disappeared following the introduction of telomer:
elongate the shortest telomeres(D) Q-PCR showing that ISG15 expression remained high in BJ cells rescued from re
senescence/DNA damage signaling after only a few doublings in the presence of exogenous telomerase when telomereshet
(ISG15, column 4), while elongationtié telomeres after 53 doublings led to decreased expression (ISG15, column 5). In contra
nating replicative senescence/DNA damage following a short exposure to telomerase caused a decrease in the expagssi¢egoh
column 4) Agrin thusdid not meet our criteria for telomere length regulaticsince its increase in old cells (agrin, columns 2&3) is secc
to senescence and/or DNA damage (columrf)BJ cells overexpressing hTERT and having long telomeres express low levels of IS
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Table 1.Cell lines and strains with different telomere length and telomerase activity

Human Cell Lines and I TRAP Telomere
Strains Description * Lenggh
(kb)
Skin Fibroblasts
BJ-18" PD 18 - 12.9
BJ24 PD 24 - 12.1
BJ50 PD 50 - 9.7
BJ72 PD 72 - 7.6
BJ-83" PD 83 - 5.8
BJE6/%78 Expressing oncoproteins E6/E7 to block p53/pRB signe - NA
PD 78
BJhTERTF168 Expressing hTERT, PD 168 + 13.4
BJ18hTERT148 ExpressindhTERT, PD 148 + 10.6
BJ13141 Near senesence with very short telomeres, PD 141 - 4.6
BJ13141+6H 6 PD after introducing hTERT into BJHI3l1 cells to + 4.8
remove DNA damage signaling and replicative senesce
still with short telomeres
BJ13141+53H 53 PD after introducing hTERT into BJA1311 cells, with + 6.7
elongated telomeres, PD 194
BJB14411 Minimal expression of hTERT, short telomeres, PD 411 + 2.7
BJB14411+5H 5 PD after introducing hTERT into BJB#L.1 cells to + 2.7
remove DNA damage signalingéreplicative senescenc
still with short telomeres
BJB14411+50H 50 PD after introducing hTERT into BJB#¥41 cells, with  + 4.8
elongated telomeres
Lung Fibroblasts
IMR90-24.6 PD 24.6 - 9.9
IMR90-61.7* PD 61.7 - 6.8
IMR90OE6/7-84.1" Expressing oncoproteins E6/E7 to block p53/pRB - 7.2
signaling, PD84.1
IMROOhTERT-124.6 Expressing hTERT, PD 124.6 + 13.3
Mammary Epithelial
Cells
HME31-25.9' PD25.9 - 3.9
HME31E/669.3 Expressing oncoproteins E6/E7 to block p53/pRB signe - 2.6
PD69.3
HME31hTERTF67.7 Expressing hTERT, PD67.7 + 3.7

# Cell lines and strains used for Microarray analysis.
* TRAP = telomeric repeat amplification protocol. + telomerase positive sgldmerase negative.

u ¢St 2YSNB

tSy3adk gl a

§ PD = population doublings.

R S (i @RBY, kby'kBoRase NA, Horadailakl& NI/
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We then examined the expressionI&G15andagrinin
BJ13 cells early and late after expressing of hTERT.
ThemRNA level ofagrinwas upregulated in cells with
short telomeresHjgures 1B and 2D). However, the
expression ofagrin decreased in BJiB41+6H cells
(Figure 2D), suggesting the wpegulation ofagrin in

cells approaching senescence was due to DNA damage
replicative senescence.

signaling perhaps as part of
This pattern was typical of most of the 22 other genes
that did not fit our criteria for coeguation by telomere
length. In contrast tagrin, in spite of the elimination of
DNA damage signaling and replicative senescence,
ISG15expression (MRNA ifrigure2, protein in Figure

3) remained at a high level in B3131+6H cells,
indicating that the wpegulation ofiISG15expression in
cells with short telomeres was not due to DNA damage
signaling and/or replicative senescence.

Telomere Length is Involved in the Regulation of
ISG15 Expression

To examine the rolef telomere length in the regulation
of ISG15 expression, we cultured the BRHIERT cells

for an extended period to elongate the telomere length.
After 53 population doublings (BJABTERT+53H), the
average telomere length was elongated from 4.6kb
(BJ13141) to 6.7kb (Table 1). With telomere
elongation, thdSG15expression decreased to the level
of young cells [figure 2D, lane 5 andrigure 3A), sug
gesting that ISG15 expression is associated with
telomere length in human fibroblasts. This is further
confirmed by the observation that populations of BJ
fibroblasts overexpressing hTERT that had long
telomeres (Table 1) expressi&{z15at levels of young
cells Figure2E and 3A).
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Figure 3.p53 is not involved in the ugegulation of ISG15 expression in cells with short telomergs) Western blot ¢
ISG15 in human fibroblasts with different telomere lengths. Both free and conjugated (dathowh)sISG15 increase with telomi
shortening (lanes 1 and 2) and in cells with short telomere (B413efore and after expressing telomerase for 6 doublings, lanes
6). Expression of HPV16 E6, which degrades p53, had no effect on ISG15 protessiexpmhile elongation of telomeres by
expression of telomerase for 53 doublings returned ISG15 levels to badalikatin served as a loading control. A typical result 1
three independent experiments is s showB) {Vestern bolt analysis of IS&and total p53 protein in young and old human fibrobl
with long and short telomeres, respectively. Stable expression of shRNA led to significant (> 80%) reductideviel tf p53 protei
comparedto those in parental and mock infection cells inttbgoung and old cells. The reduction of p53 protein levels had no eff

the expression of ISG1B-actin served as a loading control.
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telomeres. Young (BIB) and old (B36) cells were treated with neutralizing dmbdies against INFA and INFB1.

Up-regulation of ISG15 with Telomere Shortening is
Independent of the Expression of p53 and Type |
Interferons

ISG15 expression can be regulated by genotoxic stress
[36-38] and type | iterferong32]. The upregulation of
ISG15in the BJ fibroblasseries is not associated with
p53 expression and function as shown by knocking
down the expression of p53 in both young and old BJ
cells. Reducing p53 levels had no effect on 1SG15
protein expressior{Figure3B). Similarly, blocking of

p53 functions by overexpression of E6 had no effect of
ISG15 expressiorF{gure3A, lane 4).

Q-PCR ofi nt er f(I&lFAY showed no change in
expression between young and old cells (data not shown)
while i nt er f ¢INFBY) indbedsed Kigure 4A).
Stably reducindNFB1 expression by ~60% in PD76 BJ
cells using shRNA produced no change in the
expression ofiISG15 Eigure 4B), indicating that the
increase inlISG15 expression in cells with short
telomeres is not a result of increased interferon
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expression. This is further confirmed by the fact that
adding blocking antibodies to both INFA and INFB1 to
the medim failed to reduce ISG15 expression in old
cells. However, the antibodies did reduce ISG15
expression in young (PD19) BJ fibroblagtglre 4C),
suggesting that much of the basal level of 1SG15
expression in young cells is secondary to the interferons
they secrete. However, the increase seen in cells with
short telomeres is controlled by an independent
mechanism other than upgulation of type | interferon
expression, since blocking antibodies failed to affect
expression.

Up-regulation of ISG15 with Aging in Human Skin
Biopsies

Significant upregulation inISG15 protein expression
with telomere shortening was also confirmed by
immunofluorescence staining-igure 5A) in human
skin fibroblasts. Intense staining was observed in the
cells with short telomess at PD78Since telomereshor

ten with in vivo aging [39], we also examined 1ISG15
expression in human skin tissues from donors of
different agesKigure5B). The older adult group (ages
53-68) showed a significant increase in the number of
ISG15-positive cells in the dermis Figure 5C),
indicating that ugregulation of ISG15 can occur vivo.

Expression of ISG15 is Not Regulated by "Classical"
TPE

ISG15is located on 1p36.33, about 1M base pairs from
the telomere. In yeast, classical TPEesgls in a
continuous fashion from the telomere, so that all of the
genes between a TPE silenced gene and the telomere
would also be silenced. We examined eight other genes
located betweehSG15and the telomere, and none of
them showed a correlation betwegene expression and
telomere length in BJ cellSupplementary Figur§2).
Whether 1ISG15is regulated by telomeritooping or
indirectly by other telomerkength regulated genes
remains to be determined.

Figure 5. ISG15 is increased in human skin with a
(A) Immunofluorescence staining of ISG15 in BJ ce
different population doublings. The negative sample
treated identically except no pnary antibody was adde
Nuclei were stained with DAPI. Staining intensity increas
cells with short telomeres. B) Immunochemical stainir
illustrating an agealependent upregulation of ISG]
expression in the dermis of human skin tissued.&seswere
examined in each group. Infant;10year old; young adult, 2
24 year old; older adult, 588 year old. No primary antibo
was added to the negative control. (C) Quantitation of
results of all the samples described abovelBrandom field
were counted for each sample.
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DISCUSSION

In this study, we analyzed more than 1,300 subtelomeric
genes and open reading frames (ORFs) and another 300
genes of interest using a customized microarray chip.
Using young (long telomeres) and old (short telomeres)
human cells we found genes whoseregulaton is
associated with DNA damage and senescence when
telomeres shorten, e.digrin. We also demonstrated
that upregulation of ISG15 with telomere shortening
was not due to genotoxic stress but correlated with
telomere length, providing evidence that oiddion to
protecting linear chromosome ends, telomeres are also
involved in the regulation of gene expression in human
cells.

ISG15 [40] is the founding member of a family of
ubiquitin-like modifiers (Ubls) that include SUMO,
NEDDS8 , HUB1, APG2 and APG8[41, 42] ISG15
has the structure of a-dbiquitin molecule, and the E1
and E2 enzymes that prepare ISG15 for conjugation
[UBELL [43] and UBCHB8/UBE2L6 [44]] are also
ubiquitin-conjugating enzymes. Although there appears
to be common pathways involving ubiquitin and 1SG15,
conjugation does not increase the degiada of
ISGylated proteing45, 46] Although many targets of
ISGylation have now been identified45], the
consequences of modification by 1SG15 are in most
cases unknown. ISG15 is ableindibit viral release by
blocking the neddylation of viral assembly proteins
[47]. In addition, free ISG15 can be secreféd] and
there is evidence that it has cytokiiltee immunc
modulatory propertiegl9-51].

There are three properties of ISG15 that make it
particularly intriguing as a gene regulated by telomere
length. Most of the genes that are regulated in yeast by
TPE can be characterized as being related to
stress/nutritional deprivatiof25]. ISG15 is expressed
as part of the innate immunity/stress response pathway,
and its regudtion by telomere length is consistent with a
conservation of telomeric input into the control of some

related physiological conditions, such as sarcopenia
[52], atherosclerosis and cardiovascular disedS8s

54]. In addition, neurodegenerative diseaf&s, 56]
renal failure[57], osteoporosi$s8], and the metabolic
syndrome/diabeteg59] are associated withinflam-
mation, and it has been suggested that dysregulation of
inflammation is a fundamental aging mechanigt-

62].

The role of replicative aging in human aging has long
been debated, and the relatively low number of
senescent cells in tissues from eldettnors has been
used as an argument that it is not relevant to organismal
aging. However, it is well established that telomere
length declines with age in a large number of different
human tissue$39]. Since ISG15 expression increases
progressively with decreasing telomere lengtfore
cells become senescenfEiqure 1A), the effects of
replicative aging/telomere shortening on organ function
could also be exhibited before cells became senescent.

Finally, there is suggestive evidence that 1SG15 can
function as a tumor suppresg480]. Premalignant cells
have to undergo many divisions before they become
invasive, and it is thought that the primary function of
replicative aging is to limit the number of available
divisions as a brake against cancer formatj6a].
Furthermore, hyperproliferation provides one of the
conditions favoring the development of malignancies. It
is possible that the increased ISG15 expression that
accompanies proliferation induced telomere shortening
functions tocreate an internal or external environment
that restricts tumor progression. Terminal telomere
shortening has been viewed as a “wdped sword",
since in the absence of p53 very short telosesn
cause genomic instability and may contribute to the
formaion of cancer. ISG15 regulation may be one
mechanism by which telomere shortening suppresses
tumor formation prior to the telomeres becoming
sufficiently short to cause problems of genomic
instability.

aspects of the stress response. Secondly, secreted ISG15 At least five genes betwed$G15 and the telomere

may contribute to ageelated inflammation. ISG15 can
stimulate the production of the proinflaratory
interferon, | B\NS0] Aht BDBgh
alone did not stimulate the proliferation and cytotoxicity
of NK cells in mixed cultures with CD3+ lymphocytes,
their growth and notMHC-restricted killing activity
was greatly increased followgnexposure to free ISG15
[49]. Unconjugated ISG15 is alsochemotactic factor
for neutrophils[51]. Collectively, these mailts suggest
that secreted ISG15 could contribute to a -pro
inflammatory enviroment. It is well known that
inflammation is associated with a large number of age

were not regulated by telomere lengBupplementary
Figure S2). Discontinuous TPE can occur in yef#zt,
658 Brd PNA looping[66] might be one mechanism
that TPE could extend 1Mb from the telomere to the
ISG15gene withoutcontrolling the expression of the
intervening genes. Alternatively, telomere length could
control ISG15 indirectly by affecting a different
telomeric gene that we have not yet identified.
Regardless of whether it is direct TPE or not, the
consistent changa gene expression that we observe
when we manipulate telomeres establishesI8@f5is
regulated by telomere length.
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The fact that only a single gen&§G15 was identified

in this study is not unexpected. There are reasons to
suspect celtype specift variation in the expression of
telomerelength ceregulated gene67]. In the absence

of gene regulation by telomere length cells would lack
the ability to monitor telomere length prior to the point
when they become so short that they generate a DNA
damagesignal. The role of telomere shortening in
monitoring cell turnover or the passage of time may
vary in different tissues. There may be many other
genes that are tissigpecific and only expressed in
particular cell types as a function of telomere length.

The finding that 1SG15 expression correlates to the
telomere length in human cells suggests that telomeres
are involved in the regulation of gene expression and
may be involved in broader physiological functions
beyond the protection of the linear endsf o
chromosomes. Shortening of telomeres occurs with
aging bothin vivo and in cell culture. It will be of great
interest to explore the role ofSG15 in tumor
suppression andigeassociated inflammatory condi
tions, and finally to identify additional genesnd
pathways regulated by telomere length and how they
impact human biology.

METHODS

Microarray analysis. Microarray analysis was
carried out at the UT Southwestern Medical Center at
Dallas DNA Microarray Core Facility
(http://microarray.swmed.edu/Briefly, 60-70 nt olige
nucleotides representing the selected genes were
synthesized (Operon Biotechnologies, Inc.) and printed
on glass slides (Cat. PXP 50B, Full Moon
BioSystems, CA). Total RNAs isolated fromurhan
skin fibroblast (Bdl9, BJ378, BJ18hTERT148 and
BJhTERT168), human lung fibroblasts (IMRS6.4,
IMR90-61.7, IMR90E6/784.1 and IMR9OhTERT
134.6) and human mammary epithelial cells (HME31
25.9, HME31E6/7%69.3 and HME31hTER'B7.7) were
used to make ldorescencdabeled cRNAs for
hybridization by following the procedure provided by
the Microarray Core Facility hftp:/microarray.
swmed.edu/protocols/General_spotted_arkdag). The
slides were scanned and the data were analyzed using
GeneSpring software.

Quantativite PCR.Quantatitive PCR was carried out
using the human Universal Probe Library (Cat.
04683633001) and TagMan Master (Cat. 04535286001)
from Roche followingt h e
experiments were repeated32times, and the relative
expression level of each gene was normalized to the
young cells with long telomeres (B8, IMR9G24.6,

and HME3125.9). The primers and probe for each gene
were selectedybusing ProbeFinder software provided
by Roche littps://www.rocheappliedscience.com/sis/
rtpcr/upl/adc.jsp GAPDH was used as loading control.

Western blot analysisVestern bt analysis was carried
out as described68]. Monoclonal antibody against
human ISG15 was generously provided by Ernest
Borden (Cleveland Clinic Foundation, 1:1,000)
Antibody against p53 was purchased from Calbiochem
(OP-43, 1:1,000), and antibody agdifssactin was from
Sigma (A1978, 1:20,000).

ShRNASs. The retroviralvector based shRNA construct
against human p53 gene was provided by Dr. J.D.
Minna (Hamon Center for Therapeutic Oncology
Research and Departments of Internal Medicine,
Pharmacology,UT Southwestern Medical Center at
Dallas). The retroviravector based shRNA constructs
against human INFL gene were purchased from
OpenBiosystems (Cat. RHS1764198161, RHS1764
97197488, and RHS17&206903).
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. ISG15 expression in other cells lifies expression of ISG15 in other
lines with long (young and hTERT expression) and short (old) telomeres. PCR reagents was anal
PCR using probdsom Roche Applied Science. The relative levels are normalized to that in young ¢
each cell type. Telomere length was determined by Southern blot analysis (RRF)IMR 90 lun
fibroblasts. B). HME31 mammary epithelial cell§).(NHK human kidey epithelial cells.
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