tween the N-CoR C terminus and AR was ligand independent.
Moreover, in the mammalian two-hybrid assay for AR-N-CoR
interaction analysis, the authors used AR-ligand binding do-
main, not the full-length of the receptor. In fact, in a recent
study by Hodgson et al., DHT-dependent interaction between
the C terminus of N-CoR and the full-length AR was not
detected (20), which corresponds with our present results (Fig.
1 and 6). Therefore, it is supposed that the middle region may
be important for the agonist-dependent interaction between
N-CoR and AR, whereas the C terminus of N-CoR may be
important for the antagonist-induced interaction. In the
present study, the middle region of the N-CoR, N-CoR(1134~
1798), but not the amino- or carboxyl-terminal region of the
N-CoR, was recruited by agonist-bound AR, GRa, and ERa in
living cells (Fig. 5). Furthermore, coimmunoprecipitation ex-
periments revealed that N-CoR(1134-1798) containing RD3
was able to interact with the AR. Therefore, N-CoR(1134~
1798) containing RD3 is strongly suggested to be the major
region for the repression of transactivation function of agonist-
bound steroid hormone receptors. The N-CoR(1-1133) also
contributes to the interaction with agonist-bound receptors but
does not seem to be responsible for the repression of their
transactivation function (Fig. 6 and 7).

Many coactivators have been shown to regulate AR trans-
activation function through an interaction with the N-terminal
domain of the AR. The pl60 coactivators such as SRC-1 and
TIF2 directly interacted with the N-terminal domain of the AR
(2). It has previously been reported that SRC-1 and TIF2 were
recruited into the AR-AF-1 foci (41). The N-CoR protein was
also shown to interact with the N-terminal domain of steroid
hormone receptors (20, 44, 60). In the present study, the N-
CoR was also recruited to the AR-AF-1 foci, and the interac-
tion between N-CoR and AR-AF-1 was confirmed by mam-
malian one-hybrid assay. The N-CoR is thus suggested to
repress AR-mediated transactivation through an interaction
with the N-terminal domain of the AR.

We demonstrated that the N-CoR inhibited the AR N-C
interaction in the mammalian two-hybrid assay and also in the
AR-mediated transactivation. A specific HDAC inhibitor,
TSA, could not tecover the N-CoR-mediated suppression of
AR-dependent transactivation (Fig. 12A). It has been recently
reported that SMRT-mediated inhibition of the steroid hor-
mone receptor function is not recovered by TSA (1, 23) and is
largely due to the blockage of the AR N-C interaction (1, 34).
In the present study, we confirmed that N-CoR also had such
inhibitory effects on the AR N-C interaction. In a recent paper
(32), it has been reported that the intramolecular N-C inter-
action controls AR chromatin binding and is required for the
recruitment of SWI/SNF, which remodels chromatin. Inhibi-
tion of intramolecular interactions by N-CoR might affect
chromatin remodeling, resulting in repression of the transac-
tivation function.

Recently, it was proposed that coactivators and corepressors
exert equilibrium interactions with nuclear receptors (61) and
that the properties of nuclear receptors are determined by the
intracellular ratio of coactivators and corepressors (45, 51, 61).
It was also proposed that the transcriptional regulation by
nuclear receptors requires the corepressor-coactivator ex-
change via the TBL1/TBLR1-containing exchange complex
(39). Competition between N-CoR and coactivators to regu-

late N-C interaction and the transactivation activity of AR was
revealed in the present study, which seems consistent with the
above hypothesis.

The appearance of intranuclear focus formation has been
shown to be closely related to the transcriptionally active con-
formation of steroid hormone receptors with coactivators (13,
30, 41, 56). Upon treatment with DHT, AR-GFP alone formed
complete foci with recruitment of coactivators such as SRC-1,
TIF2, and CBP (41). Such focus formation was clearly dem-
onstrated for endogenous AR in the present study (Fig. 8A).
Treatment with some antagonists, which inhibit the transcrip-
tional activation, translocates the receptors from the cytoplasm
into the nucleus; however, the translocated receptors are not
able to form intranuclear foci and are diffusely distributed (13,
56). The N-C interaction is also required for complete focus
formation of ARs (41). However, the present study clearly
demonstrated that the quality of AR foci or ERa foci contain-
ing the N-CoR was different from that of AR foci or ERa foci
without N-CoRs. The focus pattern of AR-GFP and ERa-GFP
without N-CoRs (Fig. 2Ab and Gb and 9A and K) seemed
much more distinct than the speckle pattern of AR-GFP and
ERa-GFP coexpressed with the N-CoR (Fig. 2Ci and Ii and 9C
and M), but such differences in the appearance of the intranu-
clear compartments were not confirmed only by simple two-
dimensional images. However, a quantitative analysis of fluo-
rescence intensity fluctuation in two-dimensional images and a
three-dimensional imaging method we previously developed
(41, 56) clearly demonstrated impaired formation of AR or
ERa foci (incomplete focus formation) in the presence of the
N-CoR (Fig. 9 and 10). The transactivation activities of AR
and ERa were parallel at the level of their distinct (complete)
focus formation (Fig. 6 and 10). It was thus suggested that only
complete focus formation is related to the full transactivation
function of ARs. An antagonist, tamoxifen, was shown to in-
duce ERa focus formation, which was similar to foci induced
by estradiol (Fig. 8Bd and Ca). However, the present study
demonstrated that the tamoxifen-induced foci of ERa are not
complete foci (Fig. 8Cb and Cc). The biochemical analyses
using the two-hybrid and reporter gene assays revealed the
functional competition between the N-CoR and CBP/SRC-1
on transactivation activity of the AR. This finding would fur-
ther conceive that the N-CoR and coactivators mutually and
exclusively bind to ARs, namely, binding of CBP and SRC-1
leads to a change in molecular conformation of the AR that
hinders further binding of N-CoRs and vice versa. The present
three-dimensional imaging analysis provided evidence for the
above concept. Additional expression of SRC-1 or CBP in
DHT-bound ARs coexpressed with N-CoRs led to release of
N-CoRs from incomplete foci containing DHT-bound ARs
and N-CoRs and to formation of distinct/complete foci with
the coactivators (Fig. 13). Essentially the same phenomena
were observed for endogenous N-CoR (Fig. 14). We speculate
that there is a conformational equilibrium between transcrip-
tionally active and inactive steroid hormone receptors in the
presence of agonists, determined by the relative ratio of coac-
tivators and corepressors.

The present observations that transcription inhibitors, acti-
nomycin D and a-amanitin, disrupt intranuclear foci of steroid
hormone receptors (Fig. 8B) revealed that the focus formation
is considered not to precede the transcriptional activation. The
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steroid hormone receptors and coactivators show multiphasic
on and off switching for binding to promoter elements of the
target genes. The receptor-coactivator complexes also undergo
a rapid exchange between the target genes and their sub-
nuclear compartments (34, 35, 48). Based on these reported
observations and the present findings that complete focus for-
mation is related to the transcriptional activation, it is sug-
gested that complete focus formation of steroid hormone
receptors reflects the accumulation of steroid hormone recep-
tor-coactivator complexes released from their target genes.
Therefore, it is further suggested that focus formation is a
mirror of transcriptionally active complex formation of steroid
hormone receptors and coactivators at transcription sites.
Thus, investigation of focus formation would be useful for the
elucidation of the mechanism of steroid hormone receptor-
dependent transactivation in living cells. A physiological role
for focus formation still remains to be clarified. One speculated
possibility is as follows. Numerous important molecules are
functioning in the nucleus. Some regulatory mechanisms for

these molecules should be present. Focus formation might be
one of these mechanisms, and foci function as temporary stor-
ing and buffering sites that are related to steroid hormone
receptor cycling. Figure 15 summarizes the speculation of the
intranuclear compartmentalization and transactivation func-
tion of the AR based on the present findings.

ACKNOWLEDGMENTS

We thank Mitoshi Toki for excellent technical assistance in perform-
ing the three-dimensional imaging analyses.

This study was supported in part by grants-in-aid for Science Re-
search (B) and Exploratory Research (C) and by a grant for the 21st
Century Center of Excellence (COE) Program (Kyushu University)
from the Japanese Ministry of Education, Culture, Sports, Science,
and Technology.

REFERENCES

1. Agoulnik 1. U., W. C. Krause, W. E. Bingman IllI, H. T. Rahman, M.
Amrikachi, G. E. Ayala, and N. L. Weigel. 2003. Repressors of androgen and
progesterone receptor action. J. Biol. Chem. 278:31136-31148.

2. Alen, P., F. Claessens, G. Verhoeven, W. Rombauts, and B. Peeters. 1999.



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

The androgen receptor amino-terminal domain plays a key role in pl60
coactivator-stimulated gene transcription. Mol. Cell. Biol. 19:6085-6097.

. Ariumi, Y., T. Ego, A. Kaida, M. Matsumoto, P. P. Pandolfi, and K. Shimo--

tohmo. 2003. Distinct nuclear body components, PML and SMRT, regulate
the trans-acting function of HTLV-1 Tax oncoprotein. Oncogene 22:1611~
1619:

. Barrack, E. R. 1987. Specific association of androgen receptors and estrogen

receptors with the nuclear matrix: summary and perspectives, p. 85-107. In
V. K. Moudgil (ed.), Recent advances in steroid hormone action. Walter de
Gruijter, Berlin, Germany.

. Beato, M., and J. Klug. 2000. Steroid hormone receptors: an update. Hum.

Reprod. Update 6:25-36.

. Belmont, A. 2003. Dynamics of chromatin, proteins, and bodies within the

cell nucleus. Curr. Opin. Cell Biol. 15:304-310.

. Bubulya, A., S. Y. Chen, C. J. Fisher, Z. Zheng, X. Q. Shen, and L.

Shemshedini. 2001. c-Jun potentiates the functional interaction between the
amino and carboxyl termini of the androgen receptor. J. Biol. Chem. 276:
44704-44711.

. Chen, J. D., K. Umesono, and R. M. Evans. 1996. SMRT isoforms mediate

repression and anti-repression of nuclear receptor heterodimers. Proc. Natl.
Acad. Sci. USA 93:7567-7571.

. Cheng, S., S. Brzostek, S. R. Lee, A. N. Hollenberg, and S. P. Balk. 2002.

Inhibition of the dihydrotestosterone-activated androgen receptor by nuclear
receptor corepressor. Mol. Endocrinol. 16:1492-1501.

Dotzlaw, H., U. Moehren, S. Mink, A. C. Cato, J. A. Iniguez Lluhi, and A.
Baniabmad. 2002. The amino terminus of the human AR is target for
corepressor action and antihormone agonism. Mol. Endocrinol. 16:661-673.
Downes, M., P. Ordentlich, H. Y. Kao, J. G. Alvarez, and R. M. Evans. 2000.
Identification of a nuclear domain with deacetylase activity. Proc. Natl. Acad.
Sci. USA 97:10330-10335. :

Fan, W., T. Yanase, Y. Wu, H. Kawate, M. Saitoh, K. Oba, M. Nomura, T.
Okabe, K. Goto, J. Yanagisawa, S. Kato, R. Takayanagi, and H. Nawata.
2004. Protein kinase A potentiates adrenal 4 binding protein/steroidogenic
factor 1 transactivation by reintegrating the subcellular dynamic interactions
of the nuclear receptor with its cofactors, general control nonderepressed-
S/transformation/ transcription domain-associated protein, and suppressor,
dosage-sensitive sex reversal-1: a laser confocal imaging study in living KGN
cells. Mol. Endocrinol. 18:127-141.

Fejes-T6th, G., D. Pearce, and A. Niray-Fejes-T6th. 1998. Subcellular local-
ization of mineralocorticoid receptors in living cells: effects of receptor
agonists and antagonists. Proc. Natl. Acad. Sci. USA 95:2973-2978.
Graham, J. D., D. L. Bain, J. K. Richer, T. A. Jackson, L. Tung, and K. B.
Horwitz. 2000. Nuclear receptor conformation, coregulators, and tamoxifen-
resistant breast cancer. Steroids 65:579-584.

Hager, G. L., A. K. Nagaich, T. A. Johnson, D. A. Walker, and 8. John. 2004.
Dynamics of nuclear receptor movement and transcription. Biochim. Bio-
phys. Acta 1677:46-51.

Hager, G. L., C. Elbi, and M. Becker. 2002. Protein dynamics in the nuclear
compartment. Curr. Opin. Genet. Dev. 12:137-141.

Hager, G. L. 1999. Studying nuclear receptors with green fluorescent protein
fusions. Methods Enzymol. 302:73-84.

He, B., and E. M. Wilson. 2002. The NH(2)-terminal and carboxyl-terminal
interaction in the human androgen receptor. Mol. Genet. Metab. 75:293-
298.

Heltweg, B., and M. Jung. 2002. A microplate reader-based nonisotopic
histone deacetylase activity assay. Anal. Biochem. 302:175-183.

Hodgson, M. C., 1. Astapova, S. Cheng, L. J. Lee, M. C. Verhoeven, E. Choi,
S. P. Balk, and A. N. Hollenberg. 2005. The androgen receptor recruits
nuclear receptor corepressor (N-CoR) in the presence of mifepristone via its
N and C termini revealing a novel molecular mechanism for androgen
receptor antagonists. J. Biol. Chem. 280:6511-6519.

Horlein, A. J., A. M. Naar, T. Heinzel, J. Torchia, B. Gloss, R. Kurokawa, A.
Ryan, Y. Kamei, M. Soderstrom, C. K. Glass, and M. G. Rosenfeld. 1995.
Ligand-independent repression by the thyroid hormone receptor mediated
by a nuclear receptor co-repressor. Nature 377:397-404.

Htun, H., L. T. Holth, D. Walker, J. R. Davie, and G. L. Hager. 1999. Direct
visualization of the human estrogen receptor alpha reveals a role for ligand
in the nuclear distribution of the receptor. Mol. Biol. Cell 10:471-486.

Hu, X,, Y. Li, and M. A. Lazar. 2001. Determinants of CoORNR-dependent
repression complex assembly on nuclear hormone receptors. Mol. Cell. Biol.
21:1747-1758.

Ikonen, T., J. J. Palvimo, and O. A. Janne. 1997. Interaction between the
amino- and carboxyl-terminal regions of the rat androgen receptor modu-
lates transcriptional activity and is influenced by nuclear receptor coactiva-
tors. J. Biol. Chem. 272:29821-29828.

Ishizuka, M., H. Kawate, R. Takayanagi, H. Ohshima, R. H. Tao, and H.
Hagiwara. 2005. A zinc finger protein TZF is a novel corepressor of andro-
gen receptor. Biochem. Biophys. Res. Commun. 331:1025-1031.

. Jackson, T. A, J. K. Richer, D. L. Bain, G. S. Takimoto, L. Tung, and K. B.

Horwitz. 1997. The partial agonist activity of antagonist-occupied steroid
receptors is controlled by a novel hinge domain-binding coactivator L7/SPA
and the corepressors N-CoR or SMRT. Mol. Endocrinol. 11:693-705.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

40.

41.

42,

43,

44.

45,

46.

47.

48.

49.

Jenster, G., H. A. van der Korput, J. Trapman, and A. O. Brinkmann. 1995.
Identification of two transcription activation units in the N-terminal domain
of the human androgen receptor. J. Biol. Chem. 270:7341-7346.

Jones, P. L., and Y. B. Shi. 2003. N-CoR-HDAC corepressor complexes:
roles in transcriptional regulation by nuclear hormone receptors. Curr. Top.
Microbiol. Immunol. 274:237-268.

Kawata, M. 2001. Subcellular steroid/nuclear receptor dynamics. Arch. His-
tol. Cytol. 64:353-368.

Kawate, H., Y. Wy, K. Ohnaka, H. Nawata, and R. Takayanagi. 2005. Tob
proteins suppress steroid hormone receptor-mediated transcriptional activa-
tion. Mol. Cell. Endocrinol. 230:77-86.

Langley, E., Z. X. Zhou, and E. M. Wilson. 1995. Evidence for an anti-
parallel orientation of the ligand-activated human androgen receptor dimer.
J. Biol. Chem. 270:29983-29990.

Li, J., J. Fu, C. Toumazou, H. G. Yoon, and J. Wong. 2006. A role of the
amino-terminal (N) and carboxyl-terminal (C) interaction in binding of
androgen receptor to chromatin. Mol. Endocrinol. 20:776-785.

Liao, G., L. Y. Chen, A. Zhang, A. Godavarthy, F. Xia, J. C. Ghosh, H. Li,
and J. D. Chen. 2003. Regulation of androgen receptor activity by the
nuclear receptor corepressor SMRT. J. Biol. Chem. 278:5052-5061.
McNally, J. G., W. G. Miiller, D. Walker, R. Wolford, and G. L. Hager. 2000.
The glucocorticoid receptor: rapid exchange with regulatory sites in living
cells. Science 287:1262-1265.

Metivier, R., G. Penot, M. R, Hubner, G. Reid, H. Brand, M. Kos, and F.
Gannon. 2003. Estrogen receptor-alpha directs ordered, cyclical, and com-
binatorial recruitment of cofactors on a natural target promoter. Cell 115:
751-763.

Moilanen, A., N. Rouleau, T. Ikonen, J. J. Palvimo, and O. A. Janne. 1997.
The presence of a transcription activation function in the hormone-binding
domain of androgen receptor is revealed by studies in yeast cells. FEBS Lett.
412:355-358.

Nagy, L., H. Y. Kao, D. Chakravarti, R. J. Lin, C. A. Hassig, D. E. Ayer, S. L.
Schreiber, and R. M. Evans. 1997. Nuclear receptor repression mediated by
a complex containing SMRT, mSin3A, and histone deacetylase. Cell 89:373—
380.

Nagy, L., H. Y. Kao, J. D. Love, C. Li, E. Banayo, J. T. Gooch, V. Krishna,
K. Chatterjee, R. M. Evans, and J. W. Schwabe. 1999. Mechanism of core-
pressor binding and release from nuclear hormone receptors. Genes Dev.
13:3209-3216.

. Perissi, V., A. Aggarwal, C. K Glass, D. W. Rose, and M. G. Rosenfeld. 2004.

A corepressor/coactivator exchange complex required for transcriptional
activation by nuclear receptors and other regulated transcription factors.
Cell 116:511-526.

Phair, R. D., and T. Misteli. 2000. High mobility of proteins in the mam-
malian cell nucleus. Nature 404:604-609.

Saitoh, M., R. Takayanagi, K. Goto, A. Fukamizu, A. Tomura, T. Yanase,
and H. Nawata. 2002. The presence of both the amino- and carboxyl-termi-
nal domains in the AR is essential for the completion of a transcriptionally
active form with coactivators and intranuclear compartmentalization com-
mon to the steroid hormone receptors: a three-dimensional imaging study.
Mol. Endocrinol. 16:694-706.

Schaaf, M. J., and J. A. Cidlowski. 2003. Molecular determinants of glu-
cocorticoid receptor mobility in living cells: the importance of ligand affinity.
Mol. Cell. Biol. 23:1922-1934.

Schaaf, M. J., L. J. Lewis-Tuffin, and J. A. Cidlowski. 2005. Ligand-selective
targeting of the glucocorticoid receptor to nuclear subdomains is associated
with decreased receptor mobility. Mol. Endocrinol. 19:1501-1515.

Schulz, M., M. Eggert, A. Baniahmad, A. Dostert, T. Heinzel, and R.
Renkawitz. 2002. RU486-induced glucocorticoid receptor agonism is con-
trolled by the receptor N terminus and by corepressor binding. J. Biol. Chem.
277:26238-26243.

Smith C. L., Z. Nawaz, and B. W. O’Malley. 1997. Coactivator and corepres-
sor regulation of the agonist/antagonist activity of the mixed antiestrogen,
4-hydroxytamoxifen. Mol. Endocrinol. 11:657-666.

Soderstrém, M., A. Vo, T. Heinzel, R. M. Lavinsky, W. M. Yang, E. Seto,
D. A. Peterson, M. G. Rosenfeld, and C. K. Glass. 1997. Differential effects
of nuclear receptor corepressor (N-CoR) expression levels on retinoic acid
receptor-mediated repression support the existence of dynamically regulated
corepressor complexes. Mol. Endocrinol. 11:682-692.

Stein, G. S., S. K. Zaidi, C. D. Braastad, M. Montecino, A. J. van Wijnen,
J. Y. Choi, J. L. Stein, J. B. Lian, and A. Javed. 2003. Functional architecture
of the nucleus: organizing the regulatory machinery for gene expression,
replication and repair. Trends Cell Biol. 13:584-592.

Stenoien, D. L., K. Patel, M. G. Mancini, M. Dutertre, C. L. Smith, B. W.
O’Malley, and M. A. Mancini. 2001. FRAP reveals that mobility of oestrogen
receptor-alpha is ligand- and proteasome-dependent. Nat. Cell Biol. 3:15-23.
Stenoien, D. L., M. G. Mancini, K. Patel, E. A. Allegretto, C. L. Smith, and
M. A. Mancini. 2000. Subnuclear trafficking of estrogen receptor-alpha and
steroid receptor coactivator-1. Mol. Endocrinol. 14:518-534.

. Stenoien, D. L., M. Mielke, and M. A. Mancini. 2002. Intranuclear ataxinl

inclusions contain both fast- and slow-exchanging components. Nat. Cell
Biol. 4:806-810.



51.

52.

53.

54.

55.

56.

57.

58.

59.

Szapary, D., Y. Huang, and S. S. Simons, Jr. 1999. Opposing effects of
corepressor and coactivators in determining the dose-response curve of
agonists, and residual agonist activity of antagonists, for glucocorticoid re-
ceptor-regulated gene expression. Mol. Endocrinol. 13:2108-2121.

Tao, R. H., H. Kawate, Y. Wu, K. Ohnaka, M. Ishizuka, A. Inoue, H.
Hagiwara, and R. Takayanagi. 2006. Testicular zinc finger protein recruits
histone deacetylase 2 and suppresses the transactivation function and in-
tranuclear foci formation of agonist-bound androgen receptor competitively
with TIF2. Mol. Cell. Endocrinol. 247:150-165.

Tazawa, H., W. Osman, Y. Shoji, E. Treuter, J. A. Gustafsson, and J.
Zilliacus. 2003. Regulation of subnuclear localization is associated with a
mechanism for nuclear receptor corepression by RIP140. Mol. Cell. Biol.
23:4187-4198.

Tetel, M. J., S. Jung, P. Carbajo, T. Ladtkow, D. F. Skafar, and D. P.
Edwards. 1997. Hinge and amino-terminal sequences contribute to solution
dimerization of human progesterone receptor. Mol. Endocrinol. 11:1114-
1128.

Tian, B., Z. Mei, Y. Song, J. Dian, Y, Dong, H. Liu, B. Liu, G. Zhao, and Z.
Sun. 2006. Knocking down PML impairs p53 signaling transduction pathway
and suppresses irradiation induced apoptosis in breast carcinoma cell
MCEF-7. J. Cell. Biochem. 97:561-571.

Tomura, A., K. Goto, H. Morinaga, M. Nomura, T. Okabe, T. Yanase, R.
Takayanagi, and H. Nawata. 2001. The subnuclear three-dimensional image
analysis of androgen receptor fused to green fluorescence protein. J. Biol.
Chem. 276:28395-283401.

Tsai M. J., and B. W. O’Malley. 1994. Molecular mechanisms of action of
steroid/thyroid receptor superfamily members. Annu. Rev. Biochem. 63:
451-486.

Voss, T. C., 1. A. Demarco, C. F. Booker, and R. N. Day. 2005. Corepressor
subnuclear organization is regulated by estrogen receptor via a mechanism
that requires the DNA-binding domain. Mol. Cell. Endocrinol. 231:33-47.

Voss, T. C., L. A. Demarco, C. F. Booker, and R. N. Day. 2005. Functional
interactions with Pit-1 reorganize corepressor complexes in the living cell
nucleus. J. Cell Sci. 118:3277-3288.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wang, D., and S. S. Simens, Jr. 2005. Corepressor binding to progesterone
and glucocorticoid receptors involves the activation function-1 domain and is
inhibited by molybdate. Mol. Endocrinol. 19:1483-1500.

Wang, Q., J. A. Blackford, Jr., L. N. Song, Y. Huang, S. Cho, and 8. S.
Simons, Jr. 2004. Equilibrium interactions of corepressors and coactivators
with agonist and antagonist complexes of glucocorticoid receptors. Mol
Endocrinol. 18:1376-1395.

Warnmark, A., E. Treuter, A. P. Wright, and J. A. Gustafsson. 2003. Acti-
vation functions 1 and 2 of nuclear receptors: molecular strategies for tran-
scriptional activation. Mol. Endocrinol. 17:1901-1909.

Webb, P., C. M. Anderson, C. Valentine, P. Nguyen, A. Marimuthu, B. L.
West, J. D. Baxter, and P. J. Kushner. 2000. The nuclear receptor corepres-
sor (N-CoR) contains three isoleucine motifs (I/LXXII) that serve as recep-
tor interaction domains (IDs). Mol. Endocrinol. 14:1976-1985.

Wau, X., H. Li, E. J. Park, and J. D. Chen. 2001. SMRTe inhibits MEF2C
transcriptional activation by targeting HDAC4 and 5 to nuclear domains.
J. Biol. Chem. 276:24177-24185.

Yeh, S., E. R. Sampson, D. K. Lee, E. Kim, C. L. Hsu, Y. L. Chen, H. C.
Chang, S. Altuwaijri, K. E. Huang, and C. Chang. 2000. Functional analysis
of androgen receptor N-terminal and ligand binding domain interacting
coregulators in prostate cancer. J. Formos. Med. Assoc. 99:885-894.

Yoon, H. G., D. W. Chan, Z. Q. Huang, J. Li, J. D. Fondell, J. Qin, and J.
Wong. 2003. Purification and functional characterization of the human N-
CoR complex: the roles of HDAC3, TBL1 and TBLR1. EMBO J. 22:1336-
1346.

Zeng, C., E. Kim, S. L. Warren, and S. M. Berget. 1997. Dynamic relocation
of transcription and splicing factors dependent upon transcriptional activity.
EMBO J. 16:1401-1412.

Zhao, Y., K. Goto, M. Saitoh, T. Yanase, M. Nomura, T. Okabe, R. Takaya-
nagi, and H. Nawata. 2002. Activation function-1 domain of androgen re-
ceptor contributes to the interaction between subnuclear splicing factor
compartment and nuclear receptor compartment. Identification of the p102
US small nuclear ribonucleoprotein particle-binding protein as a coactivator
for the receptor. J. Biol. Chem. 277:30031-30039.



Pivotal role of Notch signaling in regulation
of erythroid maturation and proliferation

Tachikawa Y, Matsushima T, Abe Y, Sakano S, Yamamoto M,
Nishimura J, Nawata H, Takayanagi R, Muta K. Pivotal role of Notch
signaling in regulation of erythroid maturation and proliferation.

Abstract: Notch signaling plays an important role in cell fate decisions
in developmental systems. To clarify its role in committed hematopoietic
progenitor cells, we investigated the effects of Notch signaling in
erythroid colony forming cells (ECFCs) generated from peripheral
blood: ECFCs express Notch receptors, Notchl and Notch2, and Notch
ligands Deltal, Deltad, and Jaggedl. When we assayed the effects of
Notch ligands on erythroid maturation by flow cytometry, we found
that immobilized Deltal and immobilized Delta4 in particular inhibited
maturation, whereas Jagged! had no effect. In addition, Delta4 inhibited
proliferation without reducing cell viability. Increases in expression
levels of the Notch target gene hairy enhancer of split (HES) -1 were
evident by real-time PCR after stimulation with immobilized Deltad.
The effect of soluble Delta4 on expression of HES-1 was less
pronounced than that seen with the immobilized form, indicating that
all surface-bound ligands are important for effective signal transduction.
When ECFCs were cultured in the presence of soluble Delta4 at a low
cell concentration, erythroid maturation was slightly inhibited, but at a
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Notch receptors play an important role in cell fate
decisions by binding to their ligands on adjacent
cells in various developmental systems (1-3). At
present, four Notch receptors, Notch-1, -2, -3, -4 (4-
6), and their ligands, Delta-1, -3, and -4, and
Jagged-1 and -2 (7-10), have been identified in
mammals. Notch ligands bind to Notch receptors
through their extracellular domains, trigger proteo-
lytic processing, and release the Notch intracellular
domain (NIC) from the cell membrane. Cleaved
NIC interacts with the DNA-binding transcription
factor CBF1/RBP-Jk, and the complex translocates
into the nucleus (11). This complex binds to the
Hairy enhancer of split (HES) -1 promoter and
stimulates the transcription of the HES-1 gene (1,
12). Moreover, over-expressed NIC acts as a con-
stitutively active form of Notch receptor (13, 14).
Recently it has been demonstrated that cell—cell
signaling via Notch regulates lineage commitment

high concentration, maturation was promoted via competition of
soluble Deltad with endogenous ligands. These results indicate a pivotal
role of Notch signaling in regulating erythroid maturation and
proliferation, and further suggest that cell—cell interactions modulate
growth of erythroid progenitor cells via Notch system.
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at various points during hematopoiesis. For exam-
ple, NIC transgenic mice have defective B-cell
development, and Notch signaling influences the
decision to differentiate into aff or v T cells (15), as
well as that of differentiation into CD4 or CD8 T
cells (16). These observations indicate that Notch
signaling plays a central role in regulation of cell
fate decisions of multi- or bi-potent precursors (17,
18). Notch receptors expressed by bi-potential
progenitors are activated by Notch ligands ex-
pressed on neighboring progenitors, leading to
inhibition of differentiation of the Notch-expressing
cells along a fate-specific pathway. These cells
remain undifferentiated or differentiate along an
alternate pathway in the presence of appropriate
stimuli (namely, lateral inhibition) (1). The Notch
system is known to play crucial roles in the
regulation of blood cell production, modulation
of proliferation, and lineage commitment. Even so,



the role of Notch signal in growth of committed
progenitors is not fully understood.

Human erythroid progenitor cells purified from
peripheral blood (erythroid colony forming cells;
ECFCs) are committed erythroid progenitor cells
and it has been known that in erythroid maturation
and proliferation, several growth factors, such as
interleukin-3 (IL-3), erythropoietin (EPO), stem
cell factor (SCF), and insulin-like growth factor 1
(IGF 1), play essential roles at each maturation
stage. Highly purified peripheral erythroid burst-
forming units (BFU-E) are dependent on IL-3 for
the first 2-3 d of in vitro culture. SCF is required in
the earliest BFU-E through day 8 ECFCs. ECFCs
proliferate and mature from erythroid progenitor
cells into late erythroblasts in serum-free cultures
with EPO and IGF-1 (19). However, the role of
Notch signaling in these committed human eryth-
roid progenitor cells has not yet been investigated.

In this study, we investigate whether components
of the Notch pathway are expressed in human
ECFCs and whether Notch signaling influences
erythroid maturation. We found that components
of the Notch pathway were expressed in human
erythroid progenitor cells and that maturation and
proliferation of these cells can be altered by
activation of the Notch signaling pathway. The
© results suggest that cell—cell interactions modulate
growth of erythroid progenitor cells via the Notch
system.

Materials and methods
Reagents

Recombinant human erythropoietin (thEPO) was
kindly provided by Chugai Pharmaceutical Co Ltd
(Tokyo, Japan); recombinant human interleukin 3
(rhIL-3), and recombinant human stem cell factor
(rhSCF) were kindly provided by Kirin-Brewery Co
Ltd (Tokyo, Japan). Mouse anti-IgGl antibody
was purchased from Life Technologies (Rockville,
MD, USA), and human IgGl kappa from The
Binding Site (Birmingham, UK).

Purification and expansion of ECFCs

The ECFCs were prepared as previously described
(20-22). Briefly, light-density mononuclear cells
were obtained from 40 mL of heparinized periph-
eral blood buffy coat from healthy Japanese
volunteers after informed consent. Cells were iso-
lated by density centrifugation using lymphocyte
separation medium (LSM, density 1.0770-1.0800 g/
mL; ICN Biomedicals, Aurora, OH, USA). Red
blood cells were lysed by suspending the mononu-
clear cell pellet in red cell lysis buffer (0.16 mol/L

ammonium chloride, 10 mmol/L potassium bicar-
bonate, 5 mmol/L. EDTA). Platelets were removed
by cell centrifugation through phosphate-buffered
saline (PBS) containing 10% human serum albumin
(HSA, kindly provided by the Chemo-Sero-Thera-
peutic Research Institute, Kumamoto, Japan).
Adherent cells were depleted by a 1-h incubation
in a polystyrene tissue culture flask at 4 °C. Non-
adherent cells were then collected and two cycles of
negative selection were performed using anti-CD3,
-CD11b, -CD15, and -CD45RA antibodies and
immunomagnetic beads with VarioMACS columns
(Miltenyi Biotech, Auburn, CA, USA). The
remaining cells were cultured in Iscoves modified
Dulbecco medium (IMDM; GIBCO BRL, Grand
Island, NY, USA) containing 15% heat-inactivated
fetal calf serum (FCS; Commonwealth Serum
Laboratories, Melbourne, Vic., Australia), 15%
pooled human AB serum, 2 U/mL EPO, 20 ng/mL
SCF, 10 ng/mL IL-3, 100 U/mL penicillin, and
100 ug/mL streptomycin (GIBCO) at 37°C in a
high humidity, 5% CO,, 95% air incubator (day 0).
On day 3, the cells, referred to as day 3 ECFCs,
were centrifuged over LSM, then collected and
incubated under the same conditions, but without
IL-3. The purity of day 3 ECFCs, with proery-
throblastic features, was 79.8% =+ 11.6%, as deter-
mined by cytospin preparation. Cell purity was
assessed in each experiment.

Serum-free liquid cuiture of day 3 ECFCs

Day 3 ECFCs (1.0 x 10* cells/mL) were incubated
in serum-free liquid medium containing 50%
IMDM/50% F-12 medium (Sigma Chemical, St
Louis, MO, USA) with 0.1% detoxified bovine
serum albumin (BSA; Stem Cell Technologies,
Vancouver, BC, USA), 300 pg/mL iron-saturated
transferrin (652202, Boehringer Mannheim, Mann-
heim, Germany), lipid suspension prepared, as
described (21), 10 U/mL rhEPO, and 50 ng/mL
rh SCF at 37 °C in a high humidity, 5% CO,, 95%
air incubator. Cultured cells were collected on days
5, 7, and 9 (referred to as day S ECFCs, day 7
ECFCs, and day 9 ECFCs).

Cloning and expression of human Notch receptors and ligands

Purified human Notch ligand-immunogloblin (Ig)
G1 chimeric proteins and a human Deltad-FLAG
octapeptide chimeric protein were prepared as
described previously (23). Briefly, isolation of a
complementary DNA (cDNA) clone of human
Notch ligands was performed by plaque hybridiza-
tion. cDNA encoding the extracellular domain of
Notch ligands was fused in frame to a sequence of
human IgG1 or of FLAG octapeptide. The Notch



ligand-IgG or -FLAG fusion proteins were pro-
duced by transfection of the fused genes in the
expression vector pcDNA3 or pM-KITneo into
Chinese hamster ovary cells via electroporation,
followed by G418 selection. The Notch ligand
fusions were detected using anti-human IgGl or -
FLAG antibody. The chimeric proteins were puri-
fied from culture supernatants by affinity chroma-
tography and stored in PBS. The purity was more
than 90%, as determined by SDS-PAGE.

Determination of cell viability

Viability of the cells was determined by trypan blue
exclusion using a hemocytometer.

MTT colarimetric assay

Cell growth was examined using the 3-(4, S5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrasodium
bromide (MTT) colorimetric assay (Chemicon
International Inc., Osaka, Japan). After incuba-
tion, cells were washed with IMDM and plated into
serum-free liquid medium in 96-well tissue culture
plates. Then MTT solution (1 mg/mL) was added
to each well, and the cells were further incubated
for 4 h at 37 °C. The absorbance at the wavelength
of 570 nm was measured by a micro-ELISA reader.
The negative control well contained medium only.
The effect of additives on cell survival was estima-
ted as a percentage of the value of untreated
control.

Assessment of erythroid maturation by flow cytometry

To determine the effect of Notch ligands on
erythroid maturation, expression of the transferrin
receptor (TfR) and glycophorin A (GPA) on
ECFCs were analyzed by flow cytometry as des-
cribed (24). The cells (1.0 x 10%) were washed twice
with PBS and resuspended in PBS with 0.05%
BSA. The cells were then incubated with fluorescein
isothiocyanate ~ (FITC)-conjugated  anti-GPA
MoAb (11E4B-7-6, IM2212; Immunotech, Mar-
seilles, France) and phycoerythrin (PE)-conjugated
anti-CD71 MoAb (YDIJL1.2.2, IM2001; Immuno-
tech) for 30 min on ice. Samples were analyzed
using the Epics Elite ESP flow cytometer (Coulter,
Miami, FL, USA).

Plasma clot assay

The erythroid colony-forming capacity of ECFCs
was determined by the plasma clot method (22).
Day 3 ECFCs were incubated for 6 d in serum-free
liquid medium containing 50% IMDM/50% F-12
medium with 0.1% BSA, 300 pg/mL iron-saturated

transferrin, lipid suspension, 10 U/mL rhEPO, and
50 ng/mL rhSCF at 37 °C in a high humidity, 5%
CO,, 95% air incubator. The cells (day 9 ECFCs)
were then collected, and 600 cells with the media
consisting of IMDM, 20% FCS, 1% BSA, 10 ng/
ml rhSCF, 2 U/ml rhEPO, and 10% citrated
human AB plasma were plated in triplicate 35-
mm culture dishes and incubated for an additional
7 d. The clots were then fixed and stained with 3, 3’
dimethoxybenzidine. The number of hemoglobi-
nized cells in randomly selected colonies was
counted for each plate.

Reverse transcriptase PCR (RT-PCR} and real-time quantitative
RT-PCR

Total RNA was isolated from 10° cells with TRIzol
reagent (Invitrogen Corp., Carlsbad, CA, USA)
according to the manufacturer’s instructions. First-
strand ¢cDNA was synthesized using 1 pg total
RNA by the RT-PCR kit (Takara, Shiga, Japan)
according to the protocol of the manufacturer. To
determine the expression of Notch signaling com-
ponents, RT-PCR reactions for Notch receptors
and ligands were performed in a Perkin-Elmer 9700
cycler (Foster City, CA, USA) for a total of 40
cycles. Reactions were optimized for each set of
primers as shown in Table 1.

To serve as an internal control, B-actin was
amplified from all cDNA templates generated. PCR
products were separated on a 2% agarose gel,
stained with ethidium bromide, and photographed.

Quantitative real-time PCR assay of transcripts
were carried out using gene-specific double fluores-
cently labeled probes in LightCycler Software
Version 3.5 (Roche, ID, USA). Target quantities
were normalized to 18S rRNA and calibrated using
day 6 values and defined as a value of 1.0. All
quantities were expressed as n-fold relative to the
calibrator (day 6).

Statistical analysis

The Student’s ¢-test was used to determine signifi-
cant differences between the groups and results are
expressed as the mean + SD.

Results
Notch receptors and ligands are expressed on ECFCs

To determine the expression pattern of Notch
receptors and ligands in erythroid progenitor cells,
we examined the expression of all of four Notch
receptors and three of five ligands, Deltal, Deltad,
and Jaggedl, during liquid culture of ECFCs via
RT-PCR. As shown in Fig. 1A, Notchl and



Size Annealing

Gene (bp}  temperature (°C} 5’ primer 3 primer

Notch1 547 58 CAGGTCAGTACTGTACCGAG TGGCACTCTGGAAGCACTGC
Notch2 398 58 ACATCATCACAGACTTGGTC CATTATTGACAGCAGCTGCC
Notch3 659 58 TGGATGAGTGTCAGCTGCAG AGGTGCAGCTGAAGCCATTG
Notch4 622 61 ACATACCCCCAGATCCAGTG AGAGGCAGGAGAAAGAGCCC
Deltal 489 58 TGCAGGAGTTCGTCAACAAG TCCGTAGTAGTGTTCGTCAC
Deltad first 656 58 GTTCATCAACGAGCGCGGCG GGGATGCATTCGTTACACAG
Deltad second 642 62 TCAACGAGCGCGGCGTAGTG TCGTTACACAGCCGGCCCTG
Jagged1 438 58 GATCCTGTCCATGCAGAACG GGATCTGATACTCAAAGTGG
HES-1 374 59 GACAGCATCTGAGCACAGAAATG ~ GTCATGGCATTGATCTGGGTCAT
-B~actin 266 57 TACCTCATGAAGATCCTCA TTCGTGGATGCCACAGGAC
18S rRANA 269 66 ACTCAACACGGGAAACCTCA GGACATCTAAGGGCATCACA

18S rRNA Probe: LightCycler — Red 640 — 5" — TCCGATAACGAACGAGACTCTGGCAT — 3°

Table 1. Specific primer pairs used for RNA analysis

5 —GTTGGTGGAGCGATTIGTCTGGTTAA —~ 3" ~ HIC
HES, hairy enhancer of split.

Notch 1
Notch 2
Notch3
Notch4 &

B-actin

B peltai

Fig. 1. Expression of Notch receptors and ligands on
erythroid colony forming cells (ECFCs). Day 3 ECFCs
(1.0 x 10* cells/well) were transferred to serum-free medium
containing recombinant human erythropoietin (10 U/mL)
and recombinant human stem cell factor (50 ng/mL). At the
indicated times, RNA was extracted and subjected to RT-
PCR followed by electrophoresis on an agarose gel and
staining with ethidium bromide. (A) Expression of Notch-1,
-2, -3, -4. Notchl and Notch2 are expressed during eryth-
roid maturation. Neither Notch3 nor Notch4 can be
detected. (B) Expression of Deltal and Jaggedl. Deltal is
expressed only on day 3. Jagged! is detected throughout
erythroid maturation. (C) Expression of Deltad as detected
by nested PCR. The purity of ECFCs collected at day 3
ECFCs was 79.8% =+ 11.6%; day 5,91.8% = 0.3%;day7,
93.6% + 5.1%; day 9, 98.5% =+ 0.8%; and day 11,
99.8% = 0.2% (mean + SD).

Notch2 were expressed at all stages investigated. In
contrast, Notch3 and Notch4 were not detected at
any stage of maturation we tested. In addition,
Deltal and Deltad were expressed only on day 3
ECFCs, and Jagged! was expressed at all stages
investigated (Fig. 1B and C). Although Deltad was

not detectable in first-round RT-PCR, Deltad
transcripts could be detected by nested PCR in
day 3 ECFCs. The purity of day 3 ECFCs prepared
for RT-PCR was 79.8% = 11.6% after the second
negative selection; the purity of day 5 ECFCs was
91.8% =+ 0.3%,; day 7 ECFCs, 93.6% =+ 5.1%;
day 9 ECFCs, 98.5% = 0.8%; and day 11 ECFCs,
99.8% =+ 0.2%. Regarding the stage of erythroid
differentiation, days 7 and 9 ECFCs were in
basophilic erythroblast stages and about 75% of
day 11 ECFCs were in polychromatic stages and
the others, orthochromatic.

Immobilized Deltal and Delta4 inhibit maturation of ECFCs

The fact that ECFCs expressed both Notch
receptors and their ligands suggested the possibil-
ity that Notch signaling induced by cell—cell
interaction might affect the maturation of eryth-
roid progenitors. Thus, we next examined the
effects of Notch ligands on maturation of ECFCs.
When day 3 ECFCs were incubated in serum-free
media, the cells first began to express TfR and
then these TR+ cells expressed GPA; i.e., the
percentage of mature cells (TfR +/GPA +) gradu-
ally increased during culturing (Fig. 2A, upper
panel). When day 3 ECFCs were cultured with
immobilized Delta4-IgG1 fusion proteins (30 mg/
mL) that had been plated on 24-well plastic plates
coated with BSA, the percentage of mature
erythroid cells (TfR+/GPA+) was lower than
the percentage detected in controls at any time
point (Fig. 2A, lower panel).

Next, we looked at the effect of other Notch
ligands, Deltal and Jaggedl, on maturation of
ECFCs. On day 9, the percentage of TfR + /GPA +
cells was significantly lower after incubation with
immobilized Deltal and Deltad (vs. control;
Deltal, P < 0.05, Deltad, P < 0.001), whereas
immobilized Jaggedl had no effect on erythroid
maturation even at day 9 (Fig. 2B).
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Fig. 2. Effects of immobilized Notch ligands on maturation
of erythroid colony forming cells (ECFCs). Day 3 ECFCs
(1.0 x 10%/mL) were cultured with human IgGl-kappa or
immobilized Notch ligands (30 mg/mL) in serum-free
medium and expression of transferrin receptor (TfR) and
glycophorin A (GPA) was determined by flow cytometry at
the indicated days. Data are representative of three experi-
ments. Numbers in corners show the percentage of gated
events. (A) Serial change of expression of GPA and TfR
during erythroid maturation in control (upper panel) and
with Deltad (lower panel). (B) Each bar represents the ratio
of mature cells (TfR +/GPA +) on day 9 after culture with
Notch ligand to the number of mature cells in the control.
Each point shows the mean % SD of triplicate experiments.

Immobilized Delta4 inhibits proliferation of ECFCs without
reducing cell viability

Next we examined the effect of Notch ligands on
cellular proliferation of ECFCs. Immobilized Del-
tad4 significantly reduced the number of ECFCs
without having an effect on viability, as measured by
the trypan blue exclusion test on day 9 (control vs.
Deltad; 17.56 + 0.60 x 10°/mL vs. 7.13 £ 1.32
x 103/mL, P < 0.0001; Fig. 3A). This effect on
cellular proliferation was also confirmed by per-
forming an MTT assay on day 9 ECFCs (Fig. 3B).
The other two ligands assayed did not have a
detectable effect on cell proliferation. Furthermore,
we were able to confirm that none of the four ligands
examined induced apoptosis of ECFCs using flow
cytometry with Annexin V-FITC and phosphatidyl-
serine staining (data not shown).

We examined the effect of immobilized Delta4 on
colony-forming capacity of ECFCs (Fig. 3C).
Immobilized Delta4 did not reduce colony-forming
capacity of ECFCs, despite the fact that Delta4 has
been shown to act as an inhibitor of proliferation in
other contexts. Moreover, ECFCs incubated with
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Fig. 3. Effects of immobilized Notch ligands on prolifer-
ation of erythroid colony forming cells (ECFCs). Day 3
ECFCs (1.0 x 10%/mL) were incubated with or without
immobilized Notch ligands (30 mg/mL), and (A) viable cell
number (left panel) and cell viability (right panel) were
measured by trypan blue exclusion at the indicated days. (B)
Measurement of cell growth by MTT assay. (C) Effect of
immobilized Delta4 on function of erythroid colony for-
mation. Each point shows the number of hemoglobinized
cells in randomly selected colonies. Data are representative
of two experiments.

immobilized Deltad tended to form erythroid
colonies that are larger than control colonies.

Expression of HES-1 mRNA increases after stimulation
with immobilized Deltad

To investigate if Deltad actively induces Notch
related intracellular signaling in erythroid progen-
itor cells, we determined the ratio between the
number of copies of mRNA of HES-1 (a Notch
target gene) and the number of copies of 185 rRNA
(an internal control) on days 6 and 9 using real-time
PCR. The relative expression of HES-1/number of
copies of 18S in the culture with ligand was then
compared with the control. Increased expression of
HES-1 mRNA became evident after stimulation
with immobilized Deltad on day 6 (P = 0.0003;
Fig. 4A). In contrast, no significant change in
expression of HES-1 could be detected when cells
were stimulated by non-immobilized, soluble Del-
ta4-FLAG fusion protein (10 mg/mL; Fig. 4B).

Soluble Delta4 slightly inhibits maturation of ECFCs

We next investigated the effects of soluble Deltad
on maturation of ECFCs by using flow cytometry
to determine the level of expression of TfR and
GPA. When day 3 ECFCs were cultured with
soluble Deltad4 (10 mg/mL) at a low cell concentra-
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Fig. 4. Induction of the Notch target gene, hairy enhancer
of split (HES) -1, by Delta4. Relative expression of mRNA
of the Notch target gene, HES-1, and the number of copies
of 188 TRNA (a ubiquitously expressed gene) were deter-
mined by real-time PCR on days 6 and 9 for cells cultured
with 1gG1-kappa (white bar), immobilized Delta4 (gray bar)
or soluble Deltad (gray bar). Relative expression of hairy
enhancer of split (HES) -1/number of copies of 18S in the
culture with ligand was compared with the control. (A)
Expression of HES-1 mRNA increases after stimulation
with immobilized Deltad. (B) Expression of HES-1 after
stimulation by soluble Delta4.

tion, cell—cell interaction among ECFCs is likely to
be at negligible levels. After 6 d of culture, the
percentage of GPA + cells was lower than that in
the control (63.7% vs. 52.1%, Fig. SA, left panel).

The percentage of TfR+/GPA+ cells also de-

creased in cultures with soluble Deltad (64.3% vs.
53.1%, Fig. 5A, right panel). However, this effect
of soluble Deltad was less significant than that seen
in cells cultured with immobilized Delta4 (Fig. 2B).
This finding is consistent with the expression data
for HES-1 mRNA (Fig. 4).

In order to ask if soluble Delta4 inhibited
maturation of ECFCs in cultures at a high density
of day 3 ECFCs, in which endogenous cell-cell
interaction among ECFCs might exist, we cultured
day 3 ECFCs with soluble Delta4 (10 mg/mL) at a
high density (1.0 x 10°/mL). Unexpectedly, the
percentage of GPA+ cells was higher than that
seen in the control (46.6% vs. 65.6%, Fig. 5B, left
panel). In addition, the percentage of T{R+/
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Fig. 5. Effects of non-immobilized Delta4 on erythroid
maturation. Day 3 erythroid colony forming cells (ECFCs)
were incubated at low density (A; 0.1 x 10°/mL) or at high
density (B; 1.0 x 10°/mL) with or without soluble Delta4
(10 mg/mL), and expression of transferrin receptor and
glycophorin A (GPA) on day 9 ECFCs were determined by
flow cytometry. In the left panel of each figure, numbers in
corners represent the percentage of GPA + cells. In the right
panel of each figure, numbers in corners represent the per-
centage of gated events within that quadrant. Data are
representative of three experiments.

GPA + cells significantly increased with Delta4
treatment (46.9% vs. 66.2%, Fig. 5B, right panel).
These results suggested that maturation of ECFCs

could be promoted by the addition of soluble

Deltad to the culture medium when the cells are at
high density. In contrast, immobilized Deltad
inhibited maturation of ECFCs plated at high cell
density (1.0 x 10°/mL; data not shown).

Effects of soluble Delta4 differ with changes in cell density

To further examine the effects of cell—cell interac-
tion in modulation of erythroid maturation, we
examined the effect of soluble Delta4 in cells at
different densities at day 3 (Fig. 6A). In each of
four independent experiments, at low cell-density,
the percentage of TfR +/GPA + cells decreased as
compared with controls with addition of soluble
Deltad. When cell density of the culture was
increased, the effect of soluble Delta4d was lost,
and finally, at high cell density, the percentage of
TfR + /GPA + cells was higher with soluble Delta4
than that seen in the control. Cumulative data are
shown in Fig. 6B. The percentage of TfR +/GPA +
cells was significantly lower than the control at low
cell density (0.25 x 10°/mL, P = 0.02) and higher
at high cell density (1.0 x 10°/mL, P = 0.03).

Discussion

Notch signaling maintains an immature, precursor
state of cells and affects the lineage outcome in a
number of developmental and differentiation sys-
tems (15-18, 25-29). When progenitors have both
Notch receptors and ligands, Notch receptors on
one cell are activated by ligands on neighboring
cells. This results in inhibition of differentiation of
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Fig. 6. Effect of soluble Deltad. on maturation at different
cell densities. Day 3 erythroid colony forming cells were
incubated at various cellular densities (0.1, 0.25, 0.5, 0.75,
1.0 x 10°/mL) in serum-free liquid medium with or without
soluble Deltad for 6 d. (A) The percentage of transferrin
receptor (TfR) + /glycophorin A (GPA)+ cells on day 9 was
determined in four independent experiments. (B) Each bar
represents the ratio of TfR + /GPA + cell number in soluble
Deltad-treated cultures to the number of double-positive
cells in the control cultures at each cellular density.

receptor-expressing cells at the same time that
ligand-expressing cells differentiate along a fate-
specific pathway. The result is that the two cell
populations exist in different stages of differenti-
ation as a result of the effects of differential Notch
signaling.

In studies of hematopoietic cells, Notch signaling
has mainly been investigated in multipotent hema-
topoietic stem cells. With regard to the effect of
Notch signaling on commitment to an erythroid
lineage fate, activation of Notch signaling inhibits
differentiation along erythroid lineage in mouse
stem cells (18, 30). Moreover, in human and mouse
erythroleukemic cells, Notch signaling inhibits
erythroid differentiation (31, 32). Despite these
advances in our understanding, the role of Notch
signaling in committed hematopoietic progenitor
cells has not been fully explored.

Here, we have shown that Notch receptors and
their ligands are expressed in human erythroid
progenitor cells purified from peripheral blood
(ECFCs). In addition, we found that Notch sign-
aling through immobilized Delta4 inhibits eryth-
roid maturation and proliferation without affecting
their function or inducing apoptosis.

The level of the expression patterns of Notch
receptors and ligands on ECFCs differs between
cells at different stages of maturation, as seen in the
B-cell lineage (33). These observations suggest the
possibility that the pattern of functional Notch
receptors and ligands differs at different stage of
maturation of ECFCs.

We detected a maturation inhibition effect of
Notch signaling by comparing the percentage of

TfR+ and GPA+ cells. The effect of Notch
signaling on ECFCs was rather faint and thus
difficult to detect by less sensitive methods, such as
benzidine staining (data not shown). Kumano et al.
reported that Notchl signaling inhibited erythroid
differentiation in mouse erythroleukemic cell lines
F5-5 and that the expression of GATA-2, one of
the transcription factors, which expression level
decreased during erythroid differentiation, was
sustained after Notchl activation (34). However,
it has not been known if any transcription factors
relevant to erythroid differentiation, such as
GATA-2, were affected by activation of Notch
signaling in primary human hematopoietic progen-
itor cells. Although we analyzed the expression
level of GATA-2 mRNA by real-time PCR, we
found no significant difference between control cells
and cells stimulated by immobilized Deltad.
GATA-2 is known to be important in decision of
lineage commitment of multipotent progenitor cells
toward erythroid lineage and in primary progenitor
cells Notch may play a role at more differentiated
stage (i.e., at a stage where GATA-2 mRNA level
has already decreased).

We show that immobilized Deltad4 induced
elevation of HES-1 mRNA expression in ECFCs,
a cell type in which Delta4 also delayed maturation.
Ishiko et al. reported that forced expression of
HES-1 inhibited erythroid differentiation in an
erythroid/megakaryocytic cell line (K562) and in
murine normal hematopoietic stem/progenitor
cells. Thus, in human erythroid progenitor cells,
similar HES-1-directed mechanisms may also take
part in Notch signaling.

The observation that ECFCs expressed Notch
and Deltad4, together with the observation that
immobilized Deltad4 delayed erythroid maturation,
indicate that erythroid progenitors may modulate
maturation of one another via cell—cell interaction.
Moreover, the data also suggest that interaction
occurs between ECFCs and endothelial cells. In
vertebrates, some of Notch receptors and ligands
are expressed in the vascular endothelium (35-37).
Delta4 is predominantly expressed in arterial endo-
thelium (10). Recently, it was shown that Delta4 can
function as a ligand for Notch4 in a human primary
endothelial cell line derived from neonatal dermal
microvasculature (38). It is possible that ECFCs
stimulate Notch signaling in primary endothelial
cells through Deltad-Notch binding. It was also
reported that VEGF induces expression of Notchl
and of its ligand, Delta-like 4, in human arterial
endothelial cells (39). Given that ECFCs produce
VEGF (data not shown), and given that VEGF
stimulates the proliferation of endothelial cells,
negative feedback via Delta-like 4-Notch binding
may occur between ECFCs and endothelial cells.



Our study shows that the elevation of HES-1
mRNA expression and inhibition of maturation of
ECFCs induced by soluble Delta4 are less prom-
inent than what is seen with immobilized Delta4.
Similar results were obtained using immobilized or
soluble Deltal in C2 myoblasts and U208 cells. In
these cell lines, Notch is not activated by soluble
Deltal. Furthermore, soluble Deltal blocks the
effect of immobilized Deltal (40). These results
imply that ligation of Notch receptor by a stabilized
ligand may be essential for full activation of Notch
signaling.

Surprisingly, effects of soluble Delta4 differ with
changes in cell density. When the density of day 3
ECFCs is high, there may exist many cell-cell
interactions among ECFCs and thus, signaling
between the Notch receptor on one ECFC and the
endogenous Notch ligand on neighboring ECFCs
may occur. When soluble Delta4 is added to day 3
ECFCs, some of the soluble Deltad (but not the
endogenous Delta4) binds to Notch receptors.
Consistent with the idea that the effect of soluble
Delta4 is smaller than that of endogenous Deltad,
inhibitory effect of Notch signaling on maturation
is less prominent than that seen in the culture
without soluble Deltad. On the other hand, when
the density of day 3 ECFCs is low, the frequency of
cell—cell interaction among ECFCs is rare and thus,
we expect that signaling between endogenous
Notch receptors and ligands will only rarely be
seen. But when soluble Delta4 is added to this
culture, soluble Delta4 can bind to Notch receptors
on ECFCs and the ligand weakly inhibits the
maturation of receptor-expressing cells. The result
is that in the presence of soluble Delta4, maturation
is inhibited slightly in comparison with what is seen
in cells without soluble Delta4. Based on these
observations, we conclude that there exists a cell-
cell interaction among ECFCs that acts via the
Notch signal transduction pathway.

In conclusion, we demonstrate that Notch
signaling plays a pivotal role in the regulation
of erythroid maturation and proliferation. Addi-
tionally, the data suggest that cellcell interactions
modulate growth of erythroid progenitor cells via
the Notch pathway. However, the precise molecu-
lar mechanism(s) by which Notch signaling
modulates erythroid ‘maturation is not fully
understood. Further investigation of the mecha-
nisms of inhibition of erythroid progenitor cell
maturation by Notch signaling components may
be revealing.
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An increase in the serum amylase level in patients
after peroral double-balloon enteroscopy:
an association with the development of pancreatitis

K. Kanayama
“. N. Higuchi
> S. Yoshinaga

= K Nakamura
. R. Takayanagi

Background and study aims: Double-balloon enteroscopy
(DBE) is a novel technique that allows the enteroscope to be in-
serted deep into the small intestine. The procedure has been
thought to be safe, but cases of acute pancreatitis after peroral
DBE have recently been observed. The aim of this study was to
confirm the occurrence of hyperamylasemia after peroral DBE.

Patients and methods: Peroral DBE was carried out in 13 pa-
tients from July 2005 to February 2006. Blood samples were tak-
en before and 3h after the procedure, and serum pancreatic
amylase levels were measured. The patients were also evaluated
for pancreatic-type abdominal pain after the procedure. Hyper-
amylasemia after peroral DBE was defined as an elevation of the
serum pancreatic amylase level to more than the upper normal

limit and twice the level before the procedure. Pancreatitis was
diagnosed on the basis of both pancreatic-type abdominal pain
and hyperamylasemia.

Results: Hyperamylasemia after peroral DBE occurred in six pa-
tients (46.2%). One of the six patients with hyperamylasemia had
pancreatic-type abdominal pain after the procedure and devel-
oped acute pancreatitis. The average procedure time was
105 min (range 65 - 155 min) in the patients with hyperamylas-
emia, and did not significantly differ from that in the group with-
out hyperamylasemia (99 min).

Conclusions: Hyperamylasemia after peroral DBE occurs fre-
quently and may be associated with development of pancreatitis.

Introduction

Double-balloon enteroscopy (DBE), which is a novel technique,
allows the insertion of the instrument deep into the small intes-
tine via either the peroral or peranal approaches, allowing visua-
lization of the entire small intestine [1 - 3}]. The system includes a
200-cm enteroscope and a 145-cm overtube, with two balloons
attached to the tips. The balloons can be inflated or deflated, al-
lowing for shortening of the proximal intestine and thus en-
abling the enteroscope to be inserted deep into the small intes-
tine. The enteroscopes are currently available with two different
diameters: the EN-450P5/20 (Fujinon-Toshiba ES System Co., To-
kyo, Japan) has an outer diameter of 8.5 mm, with an overtube
that has an outer diameter of 12.2 mm, and the EN-450T5 (Fuji-

non-Toshiba ES System Co.) has an outer diameter of 9.4 mm,
with an the overtube that has an outer diameter of 13.2 mm.
With a larger accessory channel, the EN-450T5 allows a variety
of endoscopic treatments to be carried out. The technique of
DBE is considered to be safe, as few complications have been re-
ported [4,5].

We recently encountered a patient who developed acute pan-
creatitis after peroral DBE using the EN-450T5 instrument [6].
In this case, it was considered that the thicker diameter of the
EN-450T5 instrument might possibly have been associated with
the development of pancreatitis. However, there have recently
been several cases of acute pancreatitis after peroral DBE using
not only the EN-450T5 but also the EN-450P5/20 in Japan. In ad-
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Table1 Clinical details and serum amylase levels before and after peroral double-balloon enteroscopy (DBE)

Patient Age (y)f Total Reason for DBE Pancreatic-type Pancreatic amylase Lipase
sex procedure abdominal pain before/3 h after before/3 h after
time {min) after procedure (normal: 10-65 U/l) (normal: 16-51 Ufl)

1 15/M 1000 Severe IDA Absent . - 3835 Not measured
2 47[F 120 Follicular lymphoma Absent 42/58 Not measured
3 38/F 145 Obscure Gl bleading Absent .20/189 Not measured
4 78/M 85 Obscure Gl bleeding Absent 23/23 Not measured
5 31F 90 Chronic diarrhea .. ‘Absent 22/35 Not measured
6 67/[F 155 Small intestinal tumor Absent 28/823 27/2093
7 67/M 75 Obscure Gl bleeding Absent 45/228 57/634
8 40/M 85 Carcinoid of the duodenum Absent 45/66 33/39
g 28JF 115 Peutz-jeghers syndrome Absent 37/50 3333

10 53/M 75 Follicular lymphoma Absent 53/48 34/25

11 50/M 85 Follicular lymphoma Absent 42]96 43125

12 39/M 90 Obscure Gl bleeding Present 36/632 20/1124

13 58/M 80 Follicular lymphoma Absent - 54/168 - 50/330

Gl, gastrointestinal; IDA, iron-deficiency anemia.

dition, three cases of acute pancreatitis after peroral DBE using
the EN-450P5/20 in the Netherlands have been reported [7,8].
The peroral DBE procedure itself might thus be regarded as a
cause of acute pancreatitis. However, the mechanism underlying
the development of pancreatitis after peroral DBE has not yet
been clarified, and the evidence for an association between per-
oral DBE and pancreatitis has yet to be confirmed.

It is well known that endoscopic retrograde cholangiopancrea-
tography (ERCP) is a cause of acute pancreatitis. Elevated serum
amylase levels frequently occur after ERCP, and there have been
some reports showing that post-ERCP hyperamylasemia after 2
or 4 h is predictive of the subsequent development of pancreati-
tis [9~ 11]. We hypothesized that hyperamylasemia may occur in
patients undergoing peroral DBE as well as ERCP if peroral DBE is
associated with acute pancreatitis. The aim of the present study
was therefore to determine whether or not hyperamylasemia oc-
curs in patients who undergo peroral DBE.

Patients and methods

From July 2005 to February 2006, peroral DBE was carried out in
13 patients (five women and eight men; age 15-78, median 47)
(Table 1). Written informed consent to the enteroscopic proce-
dure was obtained from all of the patients. The reasons for DBE
included the following; obscure gastrointestinal bleeding (four
patients), severe iron-deficiency anemia (one patient), suspected
small-intestinal lesions with duodenal follicular lymphoma (four
patients), suspected small-intestinal lesions with duodenal mul-

tiple carcinoids (one patient), suspected small-intestinal lesions .

because of chronic diarrhea and malabsorption (one patient), a
small intestinal tumnor detected by a barium meal study (one pa-
tient), and suspected small-intestinal polyps in Peutz-Jeghers
syndrome (one patient). None of the patients had a history of
pancreatitis, gallstones, or alcohol abuse. Serum pancreatic
amylase levels (normal range 10-65 U/l) were measured both
before and 3 h after the peroral DBE procedure. [soamylase was

used, as it is well known that hyperamylasemia even after upper
gastrointestinal endoscopy sometimes occurs due to an increase
in salivary amylase, probably associated with hypersalivation
[12]. Serum lipase levels were also measured in eight patients
(normal range 16 -51 U/l).

Pancreatic-type abdominal pain (persistent epigastric pain ra-
diating to the back) was also evaluated after the procedure. Ele-
vation of the serum pancreatic amylase level was defined as an
increase greater than the upper normal limit (65 Ufl) and twice
the level before the procedure. Pancreatitis was defined as a
combination of pancreatic-type abdominal pain and elevation
of the serum pancreatic amylase level.

Peroral double-balloon enteroscopy procedure

Twelve patients underwent peroral DBE using the EN-450P5/20
instrument, and one patient with Peutz-Jeghers syndrome was
examined with the EN-450T5. Peroral DBE was carried out using
the same procedures described by Yamamoto et al. [4]. When
necessary, biopsy specimens were obtained using biopsy forceps.

. Statistics

The average procedure time in the groups with elevated pancre-
atic amylase and without elevated pancreatic amylase was com-
pared using Student's t-test and the difference was considered to
be statistically significant at P<0.05.

Resuits

The total procedure time, including insertion of the enteroscope
and observation, ranged between 75 and 155min (mean
102 min). No small-intestinal lesions were detected in patients
1,3, 4, 7, and 12. In patients 2 and 8, no other lesions apart from
the known duodenal lesions were found. In patients 10, 11, and
13, with duodenal follicular lymphoma, other lesions were de-
tected in the small intestine and biopsies were taken. In patient
5, marked villous atrophy from the upper jejunum to the deep




Inbrief Lo
'An mterestlng series based on the recent observatlon of pancrea-
'txtxs cases after double-balloon: enteroscopy (DBE) In this pro-
spectlve study of 13 patients who underwent DBE, one developed
clinical pancreatitis and almost half had hyperamylasemla This re-
quires systemat;c assessment wnth larger numbers of patlents :

small intestine was found, and a biopsy was therefore per-
formed. In patient 6, a tumor with ulceration in the jejunum
was found and a biopsy was performed. The serum pancreatic
amylase levels measured before and 3 h after peroral DBE are
shown in Table 1. In seven patients (patients 1, 2, 4, 5, 8, 9, and
10; 53.8%), the serum pancreatic amylase level did not exceed
the upper normal limit. Six patients (patients 3, 6, 7, 11, 12, and
13, 46.2%) had elevated serum pancreatic amylase levels above
the upper normal limit and twice as high as their levels before
the procedure, Patients 3, 7,11, and 13 had no pancreatic-type ab-
dominal pain after the procedure and their serum pancreatic
amylase level normalized 24 h after the procedure; computed to-
mography (CT) was therefore not carried out. Patient 6 had
marked hyperamylasemia and hyperlipemia, but no pancreatic-
type abdominal pain after the procedure. Abdominal CT per-
formed later revealed no inflammation of the pancreas. Two
days after peroral DBE, both her serum P-amylase and lipase lev-
els had normalized. One patient (patient 12) had pancreatic-type
abdominal pain after the procedure, and his serum pancreatic
amylase and lipase levels were increased to 632IUflI and
1124 1U/l, respectively. He was therefore diagnosed as having
acute pancreatitis. A laboratory test showed an elevated C-reac-
tive protein level, at 14.52 mg/dl (normal range <0.06 mg/dl).
Abdominal CT revealed acute pancreatitis with edema of the
pancreas and infiltration of the peripancreatic fat. The pancreati-
tis resolved with conservative therapy after 28 days in hospital.

There were no complications apart from acute pancreatitis asso-
ciated with the peroral DBE procedure.

The average procedure time in patients with an elevated pancre-
atic amylase level was not significantly longer than that in pa-
tients who had no elevation of the pancreatic amylase level
(105 min vs. 99 min).

Discussion

The present study clearly demonstrates that latent hyperamylas-
emia without the development of pancreatitis occurs after peror-
al DBE more frequently than was previously thought. The high
incidence of postperoral DBE hyperamylasemia strongly indi-
cates that there is indeed a link between peroral DBE and pan-
creatitis, In peroral DBE, the duodenum and proximal small in-
testine were markedly shortened, and it the duodenum was
sometimes found to be nearly straight from the pyloric ring to
the ligament of Treitz on fluoroscopic guidance. In these condi-
tions, the papilla of Vater may be subject to severe strain, and in-
traluminal pressure in the duodenumn may increase in such a way

as to disturb the secretion of pancreatic juice. This mechanism
might be associated with the occurrence of hyperamylasemia

-and pancreatitis after peroral DBE. Groenen et al. [8] hypothe-

sized that duodenal hypertension caused by inflation of the two
balloons, inducing reflux of the duodenal contents into the pan-
creatic duct and leading the activation of pancreatic enzymes,
could lead to the development of acute pancreatitis. The animal
model of acute pancreatitis due to duodenal hypertension in-
volves a closed duodenal loop [13]. In this model, a closed loop
is created by ligating the duodenum at two points on the oral
and anal sides of the major duodenal papilla, and severe pancrea-
titis is induced due to reflux of duodenal fluid containing activat-
ed pancreatic fluid, increased pressure within the pancreatic
duct, and impaired pancreatic blood flow [14-16]. Blackstone
[15] noted the importance of impairment of the pancreatic mi-
crocirculation, with increased pressure in the closed loop and in
the pancreatic duct, in association with edema-induced pancre-
atic tissue ischemia and vascular injury induced by refluxed bile.

Pancreatitis may therefore be a major complication not only of
ERCP but also of peroral DBE. On the basis of the present results
showing frequent hyperamylasemia, the factors affecting the
outcome of the latent hyperamylasemia and the onset of pan-
creatitis need to be determined, As the number of patients exam-
ined in this study is small, further research is necessary to clarify
which factors may induce hyperamylasemia and potential pan-
creatitis.

In conclusion, the results of the present study show that hyper-
amylasemia occurs frequently after peroral DBE and that it ap-
pears to be associated with pancreatitis following the procedure.
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Bile acids have long been implicated in colorectal carcinogenesis,
but epidemiological evidence is limited. Cholesterol 7o
hydroxylase (CYP7A1) is the rate-limiting enzyme producing bile
acids from cholesterol. A recent case-control study showed a
decreased risk of proximal colon cancer associated with the CC
genotype of the CYP7A7 A-203C polymorphism. The present
study examined the relationship between the CYP7A1 A-203C
polymorphism and colorectal adenoma, which is a well-established
precursor lesion of colorectal cancer. The study subjects comprised
446 cases of colorectal adenomas and 914 controls of normal
total colonoscopy among men receiving a preretirement health
examination at two hospitals of the Self Defense Forces (SDF).
The CYP7AT genotype was determined by the polymerase chain
reaction-restriction fragment length polymorphism method.
Statistical adjustment was made for age, hospital, rank in the
SDF, smoking, alcohol use, body mass index, physical activity and
parental history of colorectal cancer. The CYP7A7 polymorphism
was not measurably related to the overall risk of colorectal
adenomas. However, the CC genotype was associated with a
decreased risk of proximal colon adenomas, but not of distal
colon and rectal adenomas. Adjusted odds ratios of proximal
colon adenomas (95% confidence intervals) for the AC and CC
genotype versus AA genotype were 0.82 (0.54-1.24) and 0.56
(0.34-0.95), respectively. The findings add to evidence for the
role of bile acids in colorectal carcinogenesis. The CC genotype
of the CYP7A7 A-203C polymorphism probably renders lower
activity of the enzyme synthesizing bile acids. (Cancer Sci
2006; 97: 406-410)

B ile acids have long been implicated in colorectal
carcinogenesis. Primary bile acids, such as cholic and
chenodeoxycholic acids, are produced from cholesterol in the
liver, and more than 95% of those passing through the ileum
are reabsorbed and return to the liver. Secondary bile acids,
mainly deoxycholic and lithocholic acids, are formed by the
anaerobic bacterial flora in the large bowel from primary bile
acids that escape absorption in the ileum. Secondary bile
acids are known to promote colorectal carcinogenesis in
animals,®¥ and molecular mechanisms have been found
regarding the effect of bile acids promoting colorectal carcino-
genesis.*> However, epidemiological evidence remains
elusive regarding the relationship between bile acids and

colorectal cancer. Fecal concentrations of secondary bile
acids are higher in populations at high risk of colorectal
cancer.®” Several case-control studies have shown that fecal
or serum levels of secondary bile acids are higher in patients
with colorectal cancer or adenoma than in those without
these lesions.®Y A high ratio of serum deoxycholic acid to
cholic acid tended to be associated with an increased risk of
colorectal cancer in a prospective study."?

Cholesterol 7o-hydroxylase (CYP7A1) is the rate-limiting
enzyme that converts cholesterol into cholesterol 7a-
hydroxycholesterol in the first step of the classical pathway
of bile acid synthesis."® Overexpression of cholesterol 7o.-
hydroxylase activity in hamsters results in a dose-dependent
decrease in plasma cholesterol concentrations.”* In mice
deficient in cholesterol 7c-hydroxylase, fecal excretion of
bile acids as well as the bile acid pool is decreased."® In
humans, a polymorphism in the promoter region of the
CYP7AI gene (CYP7AI A-203C) is associated with plasma
concentrations of total or low density lipoprotein (LDL)
cholesterol, suggesting lower enzyme activities in those
with the -203CC genotype,'%” although this finding was
not replicated in another study.!® The CYP7AI A-203C
polymorphism may modulate transcription of the CYP7AI
gene and consequently the rate of bile acid synthesis.

In a case-control study of colorectal cancer," individuals
with the CYP7A1-203CC genotype were associated with a
lower risk of proximal colon cancer, but not of distal colon
and rectal cancer. In the present study, we examined the
relationship between the CYP7AI A-203C polymorphism and
colorectal adenomas, which is a well-established precursor
lesion of colorectal cancer.0?D

Materials and Methods

Subjects
Study subjects were male self-defense officials who received
a preretirement health examination at the Self Defense

“To whom correspondence should be addressed.
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Forces (SDF) Fukuoka or Kumamoto Hospital from January
1997 to March 2001. The preretirement health examination
is a program offering comprehensive medical examination
for those retiring from the SDF. Details of the health
examination and a lifestyle survey have been described
elsewhere.®?® In addition to blood samples for routine use
in the health examination, a sample of 7 mL fasting venous
blood was obtained for the purpose of medical research with
written informed consent. The study was approved by the
ethical committee of Kyushu University.

The study subjects comprised 446 cases of colorectal
adenomas and 914 controls of normal total colonoscopy. In
the consecutive series of 2454 men, except for eight who
refused to participate in the survey, 2377 (97%) underwent
total or partial colonoscopy. We excluded 242 men with a
prior history of colectomy (n = 17), colorectal polypectomy
(n=212), malignant neoplasm (rn=27) or inflammatory
bowel disease (n=1). Numbers of men according to the
macroscopic findings of colonoscopy were: normal 1073,
colorectal polyps 938, carcinoma one and other non-polyp
benign lesions 123. Of the 938 with colorectal polyps, 461
were found to have at least one histologically confirmed
adenoma without in situ or invasive carcinoma. Of the 1073
men with a normal result, 949 underwent total colonoscopy and
were used as controls subjects. Of these cases and controls,
DNA was not available for six cases and 13 controls, and
genotyping was unsuccessful with nine cases and 22 controls,
thus the remaining 446 cases and 914 controls were used in
the analysis.

Numbers of adenoma cases by subsite were: proximal
colon only 146, distal colon only 180, rectum only 42, and
multiple sites 78. Proximal colon included cecum, ascending
colon and transverse colon. Cases of adenoma with sizes of
<5 mm, 5-10 mm and >10 mm (the largest size for multiple
adenomas) numbered 260, 149 and 37, respectively.

Genotyping

DNA was extracted from buffy coat stored at ~80°C by using
a commercial kit (QIAGEN, Hilden, German). The CYP7Al
genotype was determined by the polymerase chain reaction
(PCR)-restriction fragment length polymorphism method, as
described previously by Han efal.,"® using primers 5'-
AATGT TTTTC CCAGT TCTCT TTC-3’ (sense) and 5'-
AATTA GCCAT TTGTT CATTC TATTA G-3’ (antisense).
The PCR was carried out in a reaction mixture of 10 uL.
containing 0.5 TU of Tag and 1 pL of template DNA with a
concentration of approximately 50-150 ng/uL. After the
initial denaturation at 94°C for 4 min, 30 cycles of PCR were
carried out for 30 s at 94°C, 30 s at 53°C and 30 s at 72°C,
with a final extension at 72°C for 7 min. The PCR product of
393 bp was digested with 10 IU of Bsal in a reaction mixture
of 20 pL for 3 h at 50°C. The digestion resulted in fragments
of 300 and 93 bp for the A allele, and fragments of 261, 93
and 39 bp for the C allele. The digested fragments were
electrophoresed on a 3% agarose gel (NuSieve GTG), and
visualized using ethidium bromide. The polymorphism was
described as A-204C by Couture et al.,"” but we confirmed,
by sequencing, the actual site of the polymorphism at 203 bp
upstream of the transcription start site. Genotyping was
carried out with case and control status unknown.

Lifestyle factors

Height and bodyweight were recorded, and body mass index
(kg/m® was calculated. Body mass index was categorized
by using the 30th, 60th and 90th percentiles in the
distribution of the controls. A self-administered questionnaire
ascertained smoking habit, alcohol use, leisure-time physical
activity and other lifestyle factors. Lifetime exposure to
cigarette smoking was expressed as cigarefte-years (the
average number of cigarettes smoked per day multiplied
by years of smoking), and classified into four levels of 0,
1-399, 400-799 and =800 cigarette-years. Alcohol drinking
was defined as having drunk alcoholic beverages at least
once per week for 1 year or longer, and former alcohol
use was separated from lifetime non-use of alcohol. The
amount of alcohol consumed per day was calculated for
current alcohol drinkers on the basis of consumption
frequencies and amounts per occasion of five types of
alcoholic beverages on average in the past year. Alcohol use
was categorized into never, former and current use with
consumption of <30, 30-59, or 260 mL of ethanol per
day.

Questions on leisure-time physical activity were slightly
changed in April 1999. In the earlier version, subjects were
first asked about the frequency of regular participation
in exercise and sport during leisure time on average in the
past year using a closed-ended question (none, 1-2, 3—4, 5-6
times per week and daily). If the subjects participated in
recreational physical activity at least once per week, they
reported type of activity and time spent per occasion
regarding at most three types of regular exercise. In the
revised questionnaire, the subjects were first asked whether
they participated in recreational activity regularly (one or
more times per week) in the past year. Those with a regular
participation reported at most three types of physical
activities together with frequency per week and time spent
per occasion for each activity. Type of physical activity was
classified into light, moderate, heavy or very heavy activity in
terms of metabolic equivalent (MET).?* The time spent in
recreational exercise was multiplied by the corresponding
MET value (light 2, moderate 4, heavy 6 and very heavy 8)
to yield a MET-hour score per week. Individuals were
classified into four groups with the quartiles in the control
group as cut-off points. Parental history of colorectal cancer
was also elicited.

Statistical analysis

The association between the CYP7AI polymorphism and
colorectal adenomas was assessed by means of adjusted
odds ratio (OR) and 95% confidence interval (CI), which
were derived from multiple logistic regression analysis.
Statistical adjustment was made for age (continuous variable),
hospital, rank of the SDF (low, intermediate and high),
cigarette smoking, alcohol use, body mass index, physical
activity and parental colorectal cancer. Interactions of the
CYP7AI polymorphism with selected lifestyle factors were
evaluated by the likelihood ratio test. Statistical significance
was declared if a two-sided P-value was less than 0.05 or if
the 95% CI did not include unity. All statistical analyses were
carried out using SAS version 8.2 (SAS Institute, Cary, NC,
USA).



Results

The characteristics of colorectal adenoma cases and controls
are summarized in Table 1. The age ranges were 5057 years
in the cases and 47-59 years in the controls, but the mean
ages were identical in the two groups. Cigarette and alcohol
consumption were greater in the cases than in the controls,
and body mass index was also greater in the former group.
Men with low physical activity and those with parental
history of colorectal cancer were slightly more frequent in
the cases.

In the cases, proportions of the AA, AC and CC genotypes
were 26, 50 and 25%, respectively (Table2). The corre-
sponding proportions in the control group were 24, 49, and

Table 1. Characteristics of colorectal adenoma cases and controls
Variable (ncjsfjs) (C::g?f) P-value®
Age (years), mean (SD) 52.4 (0.83) 52.4 (0.92) 0.82
Hospital (%)
Fukuoka 71.1 68.4 0.31
Kumamoto 28.9 31.6
Rank (%)
Low 60.3 62.3 0.68
Intermediate 25.3 23.2
High 14.3 14.6
Cigarette-years (%)
0 21.3 34.1 <0.0001
1-399 14.3 19.1
400-799 44.8 33.8
2800 19.5 12.9
Alcohol use (%)
None 11.2 14.6 0.0002
Past 2.9 3.1
<30 (mU/day) 21.5 31.0
30-59 34.1 28.8
260 30.3 22.6
BMI (kg/m?), mean (SD) 24.1 2.79) 23.7 (2.46) 0.007
MET-hours/week (%)
<5 28.5 23.9 0.32
5-14 23.8 25.9
15-24 24.2 249
225 235 253
Parental CRC (%)
Negative* 95.3 96.6 0.23
Positive 4.7 34

'Based on t-test or y2- test. *Including two cases and two controls
with parental colorectal cancer (CRC) unknown. BMI, body mass
index; MET, metabolic equivalent; SD, standard deviation.

Table 2. CYP7A71 A-203C polymorphism and risk of colorectal
adenoma

Cases Controls .
Genotype Crude OR  Adjusted OR
% n % (95% Q'
AA 115 25.8 219 240 1.00 1.00 (referent)

AC 221 49.6 452 495 0.93
cC 110 247 243 266 0.86

0.93 (0.70-1.24)
0.87 (0.62-1.20)

TAdjusted for age, hospital, rank, body mass index, cigarette
smoking, alcohol use, physical activity and parental history of
colorectal cancer. Cl, confidence interval; OR, odds ratio.

27%, respectively. These frequencies were in agreement with
the Hardy-Weinberg equilibrium (P = 0.98 for cases and
P =0.95 for controls). Overall, the CYP7Al polymorphism
was not measurably associated with colorectal adenomas,
although the OR for the CC genotype versus AA genotype
was slightly lower than unity.

When the association with the CYP7AI polymorphism was
examined for adenomas of the proximal colon, distal colon
and rectum separately, the OR of proximal colon adenomas
showed a statistically significant decrease among individuals
with the CC genotype compared with those with the AA
genotype. The CYP7AI polymorphism was unrelated to
adenomas at the distal colon and rectum (Table 3).

Adjusted OR of small colorectal adenomas (<5 mm) for
the AC and CC genotypes versus AA genotype were 1.11
(95% CI 0.78-1.58) and 0.87 (95% CI 0.58-1.32), respec-
tively. The corresponding OR of large colorectal adenomas
(=5 mm) were 0.74 (95% CI 0.50-1.09) and 0.86 (95% CI
0.55-1.33), respectively. Adjusted OR of small proximal
colon adenomas (n = 86) were 1.09 (95% CI 0.64-1.86) for
the AC genotype and 0.41 (95% CI 0.20-0.87) for the CC
genotype compared with the AA genotype, and adjusted OR
of large proximal colon adenomas (n = 60) for the AC and
CC genotypes were 0.52 (95% CI 0.28-0.98) and 0.71 (95%
CI 0.36-1.41), respectively.

Finally, we explored interactions between the CYP7AI
polymorphism (three genotypes) and lifestyle factors for the
risk of proximal colon adenomas with two categories used
for smoking (<400 cigarette-years vs =400 cigarette-years),
alcohol use (<30 mL/day including past alcohol use versus
230 mL/day), body mass index (<25.0 kg/m? vs 225.0 kg/
m?), and physical activity (<15 MET-hours/week vs
>15 MET-hours/week). There was no measurable interaction
for any of the lifestyle factors under study: smoking
(P =0.38), alcohol use (P =0.93), body mass index
(P = 0.62) and physical activity (P = 0.39).

Table 3. CYP7A1 A-203C polymorphism and risk of colorectal adenoma by location

Proximal colon Distal colon Rectum
Genotype
nt OR (95% CI)* nt OR (95% CI)* nt OR (95% Ci)*
AA 441219 1.00 (referent) 42/219 1.00 (referent) 10/219 1.00 (referent)
AC 73/452 0.82 (0.54-1.24) 86/452 1.01 (0.67-1.52) 23/452 1.07 (0.49-2.35)
cC 29/243 0.56 (0.34-0.95) 52/243 1.14 (0.72-1.80) 9/243 0.89 (0.35-2.31)

tNumbers of cases/controls. *Adjusted for age, hospital, rank, body mass index, cigarette smoking, alcohol use, physical activity and parental

history of colorectal cancer. Cl, confidence interval; OR, odds ratio.





