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Inhibitors of programmed cell death (apoptosis) aberrantly prolonging cell viability may contribute to cancer' by facilitating the
insurgence of mutations and by promoting resistance to therapy'. Despite the identification of several new apoptosis inhibitors related to bc/-22' 3 or to the baculovirus lAP gene-<-•, it is
not clear whether apoptosis inhibition plays a general role in
neoplasia. Here, we describe a new human gene encoding a
structurally unique lAP apoptosis inhibitor, designated survivin.
Survivin contains a single baculovirus lAP repeat and lacks a carboxyl-terminal RING finger. Present during fetal development,
survivin is undetectable in terminally differentiated adult tissues. However, survivin becomes prominently expressed in
transformed cell lines and in all the most common human cancers of lung, colon, pancreas, prostate and breast, in vivo.
Survivin is also found in approximately 50% of high-grade nonHodgkin's lymphomas (centroblastic, immunoblastic), but not
in low-grade lymphomas (lymphocytic). Recombinant expression of survivin counteracts apoptosis of B lymphocyte precursors deprived of interleukin 3 (IL-3). These findings suggest that
apoptosis inhibition may be a general feature of neoplasia and
identify survivin as a potential new target for apoptosis-based
therapy in cancer and lymphoma.
Hybridization screening of a human Pl genomic library with the
eDNA of effector cell protease receptor-! (EPR-1 ) 10 yielded a new
gene spanning -15 kb (Fig. 1a), and located to band 17q25 by
fluorescence in situ hybridization (not shown). Three putative
splice sites were identified at positions 2922, 3284 and 5276
(donor) and 3173, 5157 and 11954 (acceptor), defining four
exons and three introns of 252, 1874 and 6678 nucleotides (Fig.
1a). Sequence analysis demonstrated that the new gene differed
from EPR-1 for five nucleotide changes and six nucleotide insertions and for its orientation opposite to EPR-1, as judged by the
position of splice sites at intron-exon boundaries (Fig. 1a). The
coding strand of the new gene contained an open reading frame
(ORF) of 426 nucleotides complementary to EPR-1 (Fig. 1a), beginning with a CGGCATGG initiator at position 2811. This ORF
was preceded by a TATA-less promoter and a 5' GC-rich region
(nucleotides 2560-2920) typical of a CpG island", spanned all
four exons and terminated with a TGA codon at position 12042.
Analysis of polymerase chain reaction (PCR) products amplified
from HeLa cell RNA and of two A.gt11 HEL eDNA clones isolated
by hybridization with the EPR-1 eDNA matched the genomic sequence and intron-exon boundaries (Fig. 1a). The mature EPR-1
complementary transcript was 1619 nucleotides in length, containing a 49-nucleotide 5' untranslated region with an in-frame
stop codon and a 3' untranslated region of 1144 nucleotides, terminating with a homopolymeric A tail 14 nucleotides downNATURE MEDICINE • VOLUME 3 • NUMBER 8 • AUGUST 1997

stream from a canonical polyadenylation signal (AATAAA).
Translation of the ORF predicted a new protein of 142 amino
acids unrelated to EPR-1, with an estimated molecular weight of
16,389 and an acidic pi of 5.7 4, lacking an amino-terminal signal
peptide or a carboxyl-terminal hydrophobic stretch for membrane insertion (Fig. 1b). BLAST database searches revealed a significant degree of similarity between residues 18 and 88 of this
gene product and the Cys/His baculovirus lAP repeat (BIR)",
found in lAP apoptosis inhibitors'-• (Fig. lc). For this analogy,
this molecule was designated survivin. At variance with other
lAP proteins, survivin contained only one, partially conserved,
BIR (Fig. 1c) and lacked a carboxyl-terminal RING finger. Except
for the BIR, no additional sequence similarities were found between survivin and other known proteins.
The cellular distribution of survivin was next investigated.
Consistent with the expected molecular weight of survivin, a sequence-specific antibody to survivin immunoblotted a single
band of -16.5 kDa from all transformed cell lines examined of
lymphoid and myeloid lineage (Fig. 1d). In contrast, survivin
was not detected in untransformed human lung fibroblasts or
endothelial cells (Fig. ld), and no bands were immunoblotted
by a control nonimmune rabbit IgG in any cell type (Fig. 1d). In
Northern blots, a survivin-specific single-strand probe detected
a prominent 1.9-kb transcript and a fainter 3.4-kb band, in fetal
kidney and liver, and to a lesser extent, lung and brain (Fig. 2).
Abundant expression of survivin in fetal kidney, liver, lung and
gastrointestinal tract was also demonstrated by immunohistochemistry (unpublished observations). In contrast, no survivin
transcripts were found in a variety of adult human tissues, including peripheral blood leukocytes, lymph node, spleen, pancreas, kidney, skeletal muscle, liver, lung, brain and heart (Fig.
2). However, a 1.9-kb survivin mRNA was detected in thymus
and, less prominently, in placenta (Fig. 2), reminiscent of the
expression of other anti-apoptosis genes, that is, bcl-2, in these
organs"·". Control hybridization with an actin probe on all
adult tissues confirmed comparable loading of mRNA per sample (Fig. 2).
For its distribution in developing tissues and transformed cell
types, a potential expression of survivin in cancer and lymphoma was next investigated, in vivo. Survivin was abundantly
found in all cases examined of lung adenocarcinoma (Fig. 3a)
and squamous lung cell carcinoma by immunohistochemistry
and in situ hybridization (Fig. 3, c and d). No staining was observed with control goat serum (not shown), or after preincubation of the survivin antibody with the immunizing peptide A'-1'•
(Fig. 3b). Survivin was also prominently expressed in all cases examined of adenocarcinoma of pancreas (Fig. 3e), colon (Fig. 3, g
and h), breast (Fig. 3i) and prostate (not shown) by both im917
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Fig. 1 Survivin. a, Map of the survivin gene and relationship with EPR-1/survivin reading frames. Solid numbered boxes, exons; hatched box, CpG island; cross-hatched box, EPR-1 regulatory intron removed to generate the
mature 1.3 kb EPR-1 transcript". B, BamHI; H, Hindlll; P, Pstl; S, Smal; X, Xbal.
The splice site sequences at position 2922, 3284 and 5276 (donor) and
3173,5157 and 11954 (acceptor), are (2918) GCGG!.GTGAG-- -(3161)
CTGTCCCTIGCAG!.ATG; (3280) CCAT!.GTAAG-- -(5145) TIGAmCTAG!.AGAGG; (5272) AATI!.GTATG - - -(11942) TCTTIATTICCAG!.GCAAA. b, Predicted amino acid sequence of survivin. c, Alignment of BIR in
survivin and lAP proteins identified by accession number: L49433, TNFR2TRAF signaling complex-associated lAP; L49441, apoptosis 2 inhibitor
(Drosophila); P41436, lAP from Cydia pomonella granulosis virus; P41437, lAP
from Orgyia pseudotsugata nuclear polyhedrosis virus; U19251, NAIP, neuronal apoptosis inhibitory protein; U32373, Drosophila lAP protein ILP;
U32974, human lAP protein ILP; U36842, mouse inhibitor of apoptosis;
U45878, human inhibitor of apoptosis 1; U45879, human inhibitor of apoptosis 2; U45880, X-linked inhibitor of apoptosis; U45881, Drosophila inhibitor of apoptosis. Conserved residues are boxed and shaded. d, Selective
expression of survivin in transformed cell lines. )Y, Daudi, B lymphoma;
)urkat, MOLT13, T leukemia; HEL, erythroleukemia; THP-1, monocytic
leukemia; Huvec, human umbilical vein endothelial cells; LU18, human lung
fibroblasts. Molecular mass markers (kDa) are on the left.
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munohistochemistry and in situ hybridization. Consistent with
the mRNA distribution reported above, normal pancreas (Fig.
3(), or the adjacent nonneoplastic epithelium of lung (Fig. 3c,
arrow), colon (Fig. 3h, arrow) and breast (Fig. 3i) did not contain
survivin protein or mRNA. Similarly, an -16.5-kDa survivin
band was specifically immunoblotted in lung and breast cancer,

but not in the corresponding normal tissues (not shown).
Analysis of a series of non-Hodgkin's lymphoma revealed that
survivin was abundantly expressed (70-90% of positively stained
cells) in 55% (n = 38) of high-grade lymphomas (Fig. 3j, centroblastic; k, immunoblastic), but undetectable in low-grade lymphomas (Fig. 31, lymphoblastic). Similarly to other lAP proteins',
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Fig. 2 Developmentally regulated expression of survivin mRNA. Northern hybridization was carried out on multiple tissue blots of fetal and adult mRNA
with a survivin-specific single-strand probe. Control, hybridization with an actin probe on adult mRNA samples. PBL, peripheral blood leukocytes.
Molecular weight markers (kb) are on the left.
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Fig. 3 Overexpression of survivin in human cancer and lymphoma. a, lmmunostaining of survivin in lung adenocarcinoma. b, Inhibition of staining by antibody preincubation with the survivin peptide A'-1". c, Expression of survivin in squamous lung cell carcinoma by immunohistochemistry or d, in situ hybridization. The adjacent normal lung epithelium does not express survivin (c, arrow). e, lmmunostaining of survivin in pancreatic adenocarcinoma. f,
Absence of survivin in normal pancreas by immunohistochemistry. g and h, In situ hybridization of survivin mRNA in colon adenocarcinoma, but not in the
adjacent normal colon gland epithelium (h, arrow) . i, In situ hybridization of survivin mRNA in breast adenocarcinoma, but not in the normal breast epithelium. j and k, lmmunostaining of survivin in high-grade non-Hodgkin's lymphomas (j, centroblastic; k, immunoblastic). I, Absence of survivin in lowgrade non-Hodgkin's lymphoma (lymphocytic) by immunohistochemistry. Original magnification X200; g, i, j, k, X400.

survivin was localized to the cytoplasm of the tumor cell (Fig. 3).
To elucidate a potential role of survivin in apoptosis, stable
transfectants were generated in the IL-3-dependent BaF3 pre-B
cell line 15 and analyzed for viability after factor withdrawal.
Expression of survivin in stable BaF3 transfectants, but not in
vector control transfectants, was demonstrated by immunoblotting with the anti-survivin antibody (Fig. 4a), whereas no bands
were recognized in either cell type by nonimmune rabbit IgG
(Fig. 4a). After IL-3 withdrawal, wild-type BaF3 cells or vector
control transfectants underwent progressive cell death by apop-

tosis 1' , in a reaction almost entirely prevented by recombinant
expression of bcl-2 (Fig. 4b), and in agreement with previous observations'·'. Under these experimental conditions, survivin significantly prolonged the viability of BaF3 transfectants deprived
of IL-3, albeit less efficiently than bcl-2 (Fig. 4b).
The findings reported above identify survivin as a novel lAP
apoptosis inhibitor, undetectable in normal adult tissues but
prominently expressed in cancer and lymphoma, in vivo.
Intriguingly, the coding strand of the survivin gene is oriented in
the opposite direction of EPR-1 (ref. 10). Several examples of
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Fig. 4 Survivin inhibits apoptosis in factor-deprived cultures. a, Expression of survivin in BaF3 transfectants but not in vector control BaF3 cells by immunoblotting. RblgG, non immune rabbit lgG. b, Viability of wild-type BaF3 0Nf), vector control transfectants, or BaF3 transfectants expressing bcl-2 or
survivin was determined at selected time intervals after IL-3 withdrawal by trypan blue exclusion. Data are the means ± s.e.m. of at least four independent
experiments.
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complementary transcripts are known in mammalian cells'..' 0 • from Hela cells by the guanidinium isothiocyanate method were primed
Here, Southern blots of genomic DNA were consistent with the with oligonucleotide C3/27 (EPR-1 sequence, nucleotides 80-1 02), reverse
presence of multiple, evolutionarily conserved, EPR-1-related transcribed with 200 U of Superscript II (Gibco BRL, Grand Island, NY) for
genes, and Northern hybridization with single strand-specific 50 min at 42 oc and amplified by PCR with 0.5 11g of oligonucleotides
probes identified two distinct and mutually exclusive mRNA T5/27 (nucleotides 161-184) and G11/16 (nucleotides 1124-1098), 200
11M dNTPs (New England Biolabs, Beverly, MA), and 2 U Vent DNA polytranscripts for EPR-1 (1.3 kb) and survivin (1.9 kb, Fig. 2), in fetal merase (New England Biolabs). The amplified eDNA was subcloned and
and adult tissues (unpublished observations). This suggests that completely sequenced. Two A.gt11 eDNA clones isolated from an oligo(d1)EPR-1 and survivin transcripts may arise from duplicated genes primed erythroleukemia (HEL) library by hybridization with the EPR-1 eDNA
clustered head-to-head in opposite orientation21 •
were also subcloned and completely sequenced. Contig assembly and DNA
In addition to its unusual relationship with EPR-1, survivin is and protein sequence analyses were performed using Lasergene (DNASTAR,
unique among known lAP proteins•-• or other apoptosis in- Madison, WI) and MacVector (Eastman Kodak, Rochester, NY) software
hibitors'. First, its architecture containing a single BIR domain packages.
and lacking a carboxyl-terminal RING finger may have imporNorthern blots. Multiple tissue blots of adult or fetal human mRNA
tant functional implications, as judged by the increased anti- (Clontech, San Francisco, CA) were hybridized with a survivin-specific sinapoptosis function of a RING-less Drosophila lAP construct, in gle-strand probe or a control actin probe in 5 x SSPE, 1Ox Denhardt's soluvivo'. Accordingly, although certain lAP proteins were unable to tion, 2% SDS, 100 11g/ml denatured salmon sperm DNA, for 14 h at 60 oc,
prolong cell viability in several in vitro systems'·', recombinant washed in 2 X SSC, 1% SDS for 30 min at 60 °C twice, and 0.2 X SSC for 30
expression of survivin prevented apoptosis induced by growth min at 22 oc once, and exposed for autoradiography. The survivin-specific
factor (IL-3) withdrawal. Although future studies will dissect the single- strand probe was generated by asymmetric PCR amplification of the
ability of survivin to counteract apoptosis induced by other survivin eDNA with 0.2 11g of oligonucleotide 5'-ATGACCTCCAGAGGTTTC-3', 15 pmol dNTP (New England Biolabs), 7.5 pmol dCTP, 25 11Ci
stimuli, it seems plausible to hypothesize that potentially cell["P]dCTP (Amersham, Arlington Heights, IL) and 2.5 U of Taq DNA polytype specific survivin-binding proteins may regulate this novel merase (Gibco).
anti-apoptosis cascade. Second, at variance with the reported
ubiquitous distribution of lAP proteins in adult and fetal tissues, lmmunoblotting. A rabbit antibody was generated against the survivin
survivin expression was developmentally controlled, with peptide sequence A'PTLPPAWQPFLKDHRI", purified by affinity chromatogprominent mRNA and protein distribution in fetal tissues, simi- raphy on a peptide-Sepharose matrix (5 mg/ml), and tested in ELISA
larly to bcl-2", and complete downregulation in adult cells. against a control or the survivin peptide. Protein-normalized aliquots of SDS
Although the molecular requirements controlling survivin ex- extracts of B lymphoma cells JY and Daudi, T leukemia jurkat and MOLT13,
erythroleukemia HEL, monocytic leukemia THP-1 (American Type Culture
pression have not been elucidated, it will be of interest to deter- Collection, Rockville, MD), human umbilical vein endothelial cells (Huvec)
mine if the EPR-1 mRNA can act as a natural antisense and or untransformed Lu18 human lung fibroblasts were electrophoresed on a
downregulate survivin expression in adult tissues"'-'0 • Last, al- 5-20% SDS-polyacrylamide graaient gel and electroblotted to lmmobilon
though bcl-2 was found in only a small number of solid neu- membranes (Millipore Corp., New Bedford, MA) at 1.1 A for 30 min at 22
roendocrine tumors22, and the potential implication of other lAP oc. The membrane was blocked in TBS, pH 7.4, plus 5% milk, incubated
proteins in neoplasia has not been investigated, survivin was with 20 11g/ml of control rabbit lgG (Tago Inc., Burlingame, CA) or the antiprominently expressed in virtually all the most common human survivin antibody for 1 hat 22 oc, washed and incubated with a 1:7500 dilution of alkaline phosphatase-conjugated goat anti-rabbit lgG (Promega
cancers and in approximately 50% of high-grade non-Hodgkin's
Corp., Madison, WI) for 30 min at 22 oc. After washes, binding of the prilymphomas, in vivo. For its distribution in normal fetal tissues, mary antibody was revealed by tetrazolium salts.
the expression of survivin in neoplasia may not constitute a
marker of malignant transformation per se, but reflect a more Tissue samples, immunohistochemistry and in situ hybridization. The
tissue samples used in this study, including adenocarcinoma of colon (6
complex developmental cellular response.
In summary, these data suggest that through the expression of cases), pancreas (2 cases), lung (9 cases), breast (7 cases), prostate (5
survivin, apoptosis inhibition may be a general feature of cancer cases), squamous lung cell carcinoma (6 cases), high-grade (38 cases) or
low-grade (7 cases) non-Hodgkin's lymphoma, were obtained from the
and lymphoma and that survivin, alone or with other anti-apoparchives of Yale-New Haven Hospital. Tissue preparation and immunostaintosis genes like bcl-2, may extend the viability of transformed ing with the anti-survivin antibody was carried out by streptavidin-biotin
cells and regulate their susceptibility/resistance to apoptosis- conjugated peroxidase (Boehringer Mannheim) and 3'-3'-diamino-benzibased therapy. On the other hand, for its selective expression in dine (DAB), as described previously". Negative controls were carried out by
neoplasia but not in normal tissues, survivin may provide an replacing the primary antibody with normal goat serum, or by preincubatideal therapeutic target. Elucidation of the role of survivin in the ing the anti-survivin antibody with 25 11g/ml of the survivin peptide A'-1"
apoptosis cascade and its relationship with potential signaling before tissue staining. For in situ hybridization, one J.lg of the survivin eDNA
molecules should facilitate the design of targeted inhibitors of was linearized with EcoRI and transcribed in the antisense orientation using
T7 RNA polymerase in the presence of digoxigenin 11-uridine-5' triphosthis novel anti-apoptosis pathway in cancer and lymphoma.
Methods
Genomic and eDNA cloning of survlvin. A human P1 genomic library
(Genome Systems, St. Louis, MO) was screened by hybridization with the
1.6 kb EPR-1 eDNA (ref. 10). Three overlapping clones were isolated, confirmed by Southern blot and hybridizing fragments generated by restriction
digest with BamHI, Hindlll and Xbal (Boehringer Mannheim, Indianapolis,
IN) were cloned in pBiuescript (Stratagene, San Diego, CA). An overlapping
contig of 14796 nucleotides was arrayed, characterized by restriction analysis and completely sequenced on both strands by Taq FS polymerase-based
automated sequencing (Applied BioSystems, Foster City, CA)(GenBank accession number U75285). For eDNA cloning, 10 11g of total RNA extracted
920

phate (Boehringer Mannheim). Slide preparation and in situ hybridization
of the survivin riboprobe was carried out in 4 x SSC, 1 x Denhardt's solution, 50% deionized formam ide, 250 11g/ml yeast tRNA, 500 11g/ml salmon
sperm DNA and 5% dextran for 16 hat 50 oc, as described".

Generation of BaF3 transfectants and factor-dependent apoptosis. The
cDNAs encoding bc/-2 and survivin were cloned in the mammalian cell expression vector pcDNA3 (Invitrogen, San Diego, CA), transfected in the
mouse IL-3-dependent pre-B cell line BaF3 (ref. 15) by electroporation, and
stable cell lines were selected in 0.4 mg/ml G41 8 (Gibco) and cloned by
limiting dilution. Recombinant expression of bc/-2 and survivin in multiple
independent clones of BaF3 transfectants was demonstrated by immunoblotting and flow cytometry. For determination of apoptosis, wildNATURE MEDICINE • VOLUME 3 • NUMBER 8 • AUGUST 1997
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type BaF3, vector control transfectants or BaF3 transfectants expressing bc/2 or survivin were washed three times in PBS, pH 7.4, seeded in 96-well microtiter plates at 5 x 10' /ml in the absence of IL-3, and cell viability was
determined by trypan blue exclusion at increasing time intervals after IL-3
withdrawal.
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