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FIGURE 4. Sequence signatures in the vicinity of the recombination breakpoints in CRF33_01B. Amino acid sequence alignment of
major recombinant form (RF) (CRF33_01B, n = 4) with subtype B (HXB2), B’ (RL42), and CRFO1_AE (93TH253 and CM240)
reference strains in gag-po/ regions is shown. Four recombination breakpoints are clustered in this region. Periods (.) indicate the
sequence identity with HXB2, and dashes (-) denote the gaps in the alignment. The CRFO1_AE and subtype B regions are marked
with different shadows. Unshaded areas are the presumed recombination breakpoints estimated by informative site analysis.
Nucleotide sequences (consensus of four CRF33_01B isolates) within (boxed) and adjacent to (50-nucleotide region) the estimated
recombination breakpoints (sites [-IV) are shown. Sequence landmarks in the Pro-RT region, including the boundaries of the
domains of HIV-1 proteins, the conserved motifs, and the positions of major drug resistance mutations, are indicated at the top of
the alignment.

Wide distribution of CRF33_01B involving all major ethnic 5. Malim MH, Emerman M. HIV-1 sequence variation: drift, shift, and

and risk groups provides evidence for extensive bridging attenuation. Cell. 2001;104:469-472. o
of HIV-1 transmission between diffe t risk or in 6. Leitner T, Korber B, Daniels M, et al. HIV-1 subtype and circulating
. an s1 e erent risk groups 1 recombinant form (CRF) references sequences. In: Leitner T, Foley B,
Malaysia. Hahn B, et al, eds. HIV Sequence Compendium 2005. Report no. LA-UR

q p port n
06-0680. Los Alamos, NM: Theoretical Biology and Biophysics Group,
Los Alamos National Library; 2005:41-48.
ACKNOWLEDGMENTS 7. Robertson DL, Anderson JP, Bradac JA, et al. HIV-1 nomenclature
We thank Kouichi Watanabe, Toshinari Onogi, Clarence proposal. Science. 2000;288:55-57.

Sim, and Margaret Lau for assistance; Brian Foley and 8. Ou CY, Takebe Y, Weniger BG, et al. Independent introduction of two

. . . major HIV-1 genotypes into distinct high-risk populations in Thailand.
Thomas Leitner for valuable advice on assignment of the new Lancet. 1993:341:1171-1174.

CRF; and Tim Mastro and Sai Kit Lam for critical reading 9. Weniger BG, Takebe Y, Ou CY, et al. The molecular epidemiology of HIV
of the manuscript. We also thank the patients for their in Asia. AIDS. 1994;8(Suppl 2):S13-828.
participation in this Study. 10. Wasi C, Herring B, Raktham S, et al. Detcrmi}'lation of HIY-I _subtypes in
injecting drug users in Bangkok, Thailand, using peptide-binding enzyme
immunoassay and heteroduplex mobility assay: evidence of increasing
REFERENCES infection with HIV-1 subtype E. 4IDS. 1995;9:843-849.

1. Goh KL, Chua CT, Chiew IS, et al. The acquired immune deficiency 11. Vanichseni S, Kitayaporn D, Mastro TD, et al. Continued high HIV-1
syndrome: a report of the first case in Malaysia. Med J Malaysia. 1987:42: incidence in a vaccine trial preparatory cohort of injection drug users in
58-60. Bangkok, Thailand. AIDS. 2001;15:397-405.

2. Joint United Nations Program on HIV/AIDS (UNAIDS). Available at: 12. Hudgens MG, Longini IM Jr, Vanichseni S, et al. Subtype-specific
http://www.unaids.org. Accessed September 17, 2006. transmission probabilities for human immunodeficiency virus type 1

3. Ministry of Health. HIV/AIDS Report, 2004. among injecting drug users in Bangkok, Thailand. Am J Epidemiol. 2002,

4. UNAIDS. AIDS Epidemic Update: December 2005, 2005. 155:159-168.

528 © 2006 Lippincott Williams & Wilkins

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



] Acquir Immune Defic Syndr » Volume 43, Number 5, December 15,

2006 Novel CRF in Malaysia

13.

14.

15.

16.

18.

19.

20.

21

22.

Tovanabutra S, Polonis V, De Souza M, et al. First CRFO1_AE/B
recombinant of HIV-1 is found in Thailand. 4IDS. 2001;15:1063—
1065.

Viputtijul K, de Souza M, Trichavaroj R, et al. Heterosexually acquired
CRF01_AE/B recombinant HIV type 1 found in Thailand. AIDS Res Hum
Retroviruses. 2002;18:1235-1237.

Nguyen L, Hu DJ, Choopanya K, et al. Genetic analysis of incident HIV-1
strains among injection drug users in Bangkok: evidence for multiple
transmission clusters during a period of high incidence. J Acquir Immune
Defic Syndr. 2002;30:248-256.

Ramos A, Nguyen L, Hu DJ, et al. New HIV type 1 CRFOI_AE/B
recombinants displaying unique distribution of breakpoints from incident
infections among injecting drug users in Thailand. AIDS Res Hum
Retroviruses. 2003;19:667-674.

. Swanson P, Devare SG, Hackett J Jr. Full-length sequence analysis of HIV-

1 isolate CM237: a CRFO1_AE/B intersubtype recombinant from
Thailand. 4IDS Res Hum Retroviruses. 2003;19:707-712.

Tovanabutra S, Beyrer C, Sakkhachomphop S, et al. The
changing molecular epidemiology of HIV type 1 among northern
Thai drug users, 1999 to 2002. AIDS Res Hum Retroviruses. 2004;20:
465-475.

Tovanabutra S, Watanaveeradej V, Viputtikul K, et al. A new circulating
recombinant form, CRF15_01B, reinforces the linkage between IDU and
heterosexual epidemics in Thailand. AIDS Res Hum Retroviruses. 2003;
19:561-567.

Brown TM, Robbins KE, Sinniah M, et al. HIV type | subtypes in
Malaysia include B, C, and E. AIDS Res Hum Retroviruses. 1996;12:
1655-1657.

Beyrer C, Vancott TC, Peng NK, et al. HIV type | subtypes in Malaysia,
determined with serologic assays: 1992-1996. AIDS Res Hum Retro-
viruses. 1998;14:1687-1691.

Saraswathy TS, Ng KP, Sinniah M. Human immunodeficiency virus type
1 subtypes among Malaysian intravenous drug users. Southeast Asian J
Trop Med Public Health. 2000;31:283-286.

© 2006 Lippincott Williams & Wilkins

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tee KK, Pon CK, Kamarulzaman A, et al. Emergence of HIV-1
CRFO1_AE/B unique recombinant forms in Kuala Lumpur, Malaysia.
AIDS. 2005;19:119-126.

Tee KK, Saw TL, Pon CK, et al. The evolving molecular epidemiology of
HIV type 1 among injecting drug users (IDUs) in Malaysia. AIDS Res
Hum Retroviruses. 2005;21:1046-1050.

Kato K, Sato H, Takebe Y. Role of naturally occurring basic amino acid
substitutions in the human immunodeficiency virus type 1 subtype E
envelope V3 loop on viral coreceptor usage and cell tropism. J Virol.
1999;73:5520-5526.

Salminen MO, Koch C, Sanders-Buell E, et al. Recovery of virtually
full-length HIV-1 provirus of diverse subtypes from primary virus
cultures using the polymerase chain reaction. Virology. 1995;213:80-86.
Yang R, Kusagawa S, Zhang C, et al. Identification and characterization of
a new class of human immunodeficiency virus type 1 recombinants
comprised of two circulating recombinant forms, CRF07_BC and
CRFO08_BC, in China. J Virol. 2003;77:685-695.

Rambaut A. Se-41 (Sequence Alignment Editor), version 1.0, alpha 1.
Oxford, England: University of Oxford, Department of Zoology; 1996.
Saitou N, Nei M. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol. 1987,4:406-425.
Kimura M. A simple method for estimating evolutionary rates of base
substitutions through comparative studies of nucleotide sequences. J Mol
Evol. 1980;16:111-120.

Lole KS, Bollinger RC, Paranjape RS, et al. Fuil-length human
immunodeficiency virus type 1 genomes from subtype C-infected
seroconverters in India, with evidence of intersubtype recombination.
J Virol. 1999;73:152-160.

Klarmann GJ, Schauber CA, Preston BD. Template-directed pausing
of DNA synthesis by HIV-1 reverse transcriptase during polymerization of
HIV-1 sequences in vitro. J Biol Chem. 1993;268:9793-9802.
Quinones-Mateu ME, Gao Y, Ball SC, et al. In vitro intersubtype re-
combinants of human immunodeficiency virus type 1: comparison to recent
and circulating in vivo recombinant forms. J Virol. 2002;76:9600-9613.

529

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Hindawi Publishing Corporation

Journal of Biomedicine and Biotechnology
Volume 2006, Article ID 65052, Pages 1-8
DOI 10.1155/JBB/2006/65052

Review Article

Essential Notes Regarding the Design of Functional siRNAs

for Efficient Mammalian RNAI

Kumiko Ui-Tei," Yuki Naito,? and Kaoru Saigo?

! Department of Biophysics and Biochemistry, Graduate School of Science and Undergraduate Program for Bioinformatics
and Systems Biology, School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
? Department of Biophysics and Biochemistry, Gradunte School of Science, The University of Tokyo, 7-3-1 Hongo,

Bunkyo-ku, Tokyo 113-0033, Japan
Received 25 January 2006; Accepted 17 April 2006

Short interfering RNAs (siRNAs) are widely used to bring about RNA interference (RNAI) in mammalian cells. Numerous siRNAs
may be designed for any target gene though most of which would be incapable of efficiently inducing mammalian RNAiL Certain
highly functional siRNAs designed for knockout of a particular gene may render unrelated endogenous genes nonfunctional.
These major bottlenecks should be properly eliminated when RNAi technologies are employed for any experiment in mammalian
functional genomics. This paper thus presents essential notes and findings regarding the proper choice of siRNA-sequence selection

algorithms and web-based online software systems.
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INTRODUCTION

RNA interference (RNAI) is the process of nucleotide-se-
quence-specific post-transcriptional gene silencing [1-5]. In
the case of lower eukaryotes such as Drosophila and Caen-
orhabditis elegans, long dsRNA may be used as an RNAI in-
ducer [6-15], while, possibly owing to interferon response
[16-20], short interfering RNA (siRNA), a Dicer digestion
product of long dsRNA, is widely used for knocking down
mammalian genes through RNAi [21-23]. Interferon re-
sponse can be brought about even by siRNA transfection
[24-28] and may be permitted in most cultured cell exper-
iments, in which siRNA concentration is equal to or less
than 100nM [29]. In therapeutic application, low siRNA-
dependent interferon response would be a matter of concern
[17,18].

Theoretically, (n-20) siRNAs targeting for a gene n bp
in length can be designed. In Drosophila, more than 90% of
these siRNAs are capable of reducing target gene activity by
more than 80% [29]. The design of siRNAs in the case of
Drosophila as well as other lower eukaryotes would thus not
involve any real difficulty. But about 80% of theoretically des-
ignable siRNAs would not be highly functional in the case of
mammalian RNAi [29, 30]. With certain target genes rich in
GC, nonfunctional siRNAs may increase by 95% or more of
the total designable siRNAs {Y N et al, unpublished].

Mismatched siRNA may occasionally inactivate genes
other than the target, an undesired side effect designated as
the “off-target effect” {31, 32]. The molecular basis for this
remains to be clarified [33] though mRNA cleavage, the cli-
max of the RNAi reaction [34-38], requires a nearly strict nu-
cleotide sequence identity between the mRNA target portion
and sense strand (SS) of siRNA [33, 39]. Thus, at least some
fraction of undesirable siRNAs, giving rise to the off-target
effect through destabilization of mRNAs other than the tar-
get, may be eliminated by computer-based homology search
[40-45].

In the design of highly functional siRNAs for mammalian
RNAI, suitable sequence conditions or good algorithms for
selection of highly functional siRNAs and good computer
software suitable for genome-wide short-sequence homol-
ogy search to minimize the off-target effect are indispens-
able.

Too many websites are available for functional siRNA
search for mammalian RNAI as partly listed in Table 1. These
websites may incorporate one or a few algorithms for func-
tional siRNA selection previously determined based on bio-
logical validation data. Considerable mammalian RNAi data
are presently available so that, in some websites, original al-
gorithms may have been replaced with those modified to
be more effective yet do not appear in scientific journals,
thus making difficult the evaluation of individual website
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TaBLE 1: siRNA search websites.

Website URL

Reference or company

BLOCK-iT RNAi Designer https://rnaidesigner.invitrogen.com/ Invitrogen
DEQOR http://cluster-1.mpi-cbg.de/Deqor/deqor.html [46]

Gene specific siRNA selector http://bioinfo.wistar.upenn.edu/siRNA/siRNA.htm [47]

OptiRNAI http://bioit.dbi.udel.edu/rnai/ [48]

RNAI Central http://katahdin.cshl.org:9331/RNAi_web/ Hannon Lab

RNAI Design http://www.idtdna.com/Scitools/SciTools.aspx Integrated DNA Technologies
Sfold http://sfold.wadsworth.org/ [49]

SIDE http://side.bioinfo.ochoa.fib.es/ [50]

siDESIGN Center http://www.dharmacon.com/sidesign/ Dharmacon Research, Inc
siDirect http://design.RNAILjp/ {40]

siRNA Design Software http://www.cs.hku.hk/ sirna/ [51]

siRNA Design Tool

siRNA Selection Server
siRNA Sequence Selector
siRNA Target Designer

http://wwwl.qiagen.com/Products/GeneSilencing/
CustomSiRna/SiRnaDesigner.aspx
http://jura.wi.mit.edu/bioc/siRNA/ [52]
http://bioinfo.clontech.com/rnaidesigner/
http://www.promega.com/siRNADesigner/

Qiagen

Clontech
Promega

siRNA Target Finder http://www.genscript.com/rnai.html [53]
siRNA Target Finder http://www.ambion.com/techlib/misc/siRNA_finder.html Ambion
siRNA Wizard http://www.sirnawizard.com/ InvivoGen
siSearch http://sisearch.cgb ki.se/ [42]
TROD http://www.cellbio.unige.ch/RNAi.html (54}

reliability. Consequently, the present study directs attention
to basic frameworks and some related application prob-
lems of algorithms for the selection of highly functional siR-
NAs.

RNAI-INDUCING ACTIVITY AS AN INTRINSIC
PROPERTY OF THE siRNA SEQUENCE

RNAi activity induced in mammalian cells is highly de-
pendent on the particular sequence of siRNA used [29,
30] and may vary depending on transfected cell types
or transfection efficiency. To examine these factors, vari-
ous siRNAs targeting for the firefly luciferase gene (luc)
were synthesized and transfected with luc encoding plas-
mid DNA into a variety of mammalian cell lines, which in-
clude human HeLa, HEK293, and co0lo205, Chinese ham-
ster CHO-K1, and mouse E14TG2A ES cells [55]. The
concentration of siRNA used in these experiments was 5-
50 nM. siRNA-dependent RNAi activity was also exam-
ined in chicken embryos [29]. The transfection efficiency
of colo205 is quite low and about 1/100 times as high
as that of Hela [55]. Neither difference in animal species
from which cell lines or embryos were derived nor that
in transfection efficiency had any significant effect on in-
duced RNAi activity (29, 55]. RNAi activity induced in
mammalian and chicken cells upon siRNA transfection may
thus be determined primarily by the transfected siRNA se-
quences themselves as far as RNAi due to 10--50 nM siRNA is
concerned.

THREE BASIC ALGORITHMS FOR SELECTING
FUNCTIONAL siRNAs BASED ON
BIOLOGICAL VALIDATION

Many experiments have been conducted to- clarify possi-
ble sequence requirements of functional siRNAs for mam-
malian RNAi [29, 56-61]. Only three representative algo-
rithms, which may be widely used for functional siRNA
search for mammalian RNAI, are presented and discussed in
the following.

Algorithm 1. This algorithm was developed by Ui-Tei et al
[29]. As shown in Figure 1(al), all siRNAs satisfying the fol-
lowing four sequence conditions are defined as class I siRNAs
in Algorithm 1: (1) the 5" antisense-strand (AS) end, A or U,
(2) the 5" SS end, G or C, (3) the 5'-terminal one-third of
AS, A/U-rich, and (4) a long G/C stretch, absent from the 5'-
terminal two thirds of SS. Validation data obtained using fuc
as a target indicated all of 40 class [ siRNAs arbitrarily chosen
to be capable of reducing target gene activity by more than
70% {29]. All RNAI experiments were conducted at 50 nM
siRNA.

Algorithm 1 siRNAs with features completely the oppo-
site to those of class I siRNAs except for condition (4) are
defined as class 111 siRNAs (Figure 1(a2)). Validation indi-
cated that all of 15 class I1I siRNAs arbitrarily chosen are in-
capable of inducing efficient mammalian RNAi [29]. Thus,
most, if not all, class I siRNAs may possibly serve as siR-
NAs highly functional in mammalian cells. Class I1I siRNAs
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Fioure 1: Three algorithms for siRNA design for functional RNAi in mammalian cells. (a) Algorithm 1. Highly functional class I siRNAs
simultaneously satisfy the following four conditions: A/U at the 5’ AS end, G/C at the 5' SS end, more than four A/U nucleotides in the
5'-terminal one-third of AS, and lacking a long G/C stretch in the 5 -terminal two-thirds of SS. Ineffective class III siRNAs possess features
opposite to class I siRNAs. (b) Algorithm 2. There are 8 requirements for this algorithm: low G/C contents (30-52%), three or more A/U at
the five 3'-terminal base pairs of SS, low internal stability lacking stable inverted repeats, and base preferences at SS positions 3, 10, 13, and
19. (c) Algorithm 3. A/U content in the 5' AS end should be higher than that in the 5' SS end. Base preferences are also required at positions
indicated. (d) Difference in functional siRNA prediction between three Algorithms, 1, 2, and 3. 43747193 siRNA sequences were collected

from human RefSeq sequences and classified using three algorithms.

are nearly incapable of inducing effective mammalian RNAi.
With the luc, the total number of theoretically designable siR-
NAs is 1631 and class I siRNAs represent about 17%, which
is roughly identical to the percentage (25%) of highly func-
tional siRNAs estimated from validation data [29], class [ siR-
NAs may thus constitute most, if not all, of siRNAs highly
functional in mammalian RNAIL

Algorithm 2. This algorithm was proposed by Reynolds et al
[59, Figure 1B] who carried out analysis of 180 siRNAs tar-
geting mRNA of two genes and found the following charac-
teristics associated with siRNA functionality: low G/C con-
tent, preference for low internal stability at the 3'-terminus of
SS, and absence of inverted repeats. Furthermore, SS is pre-
sumed to preferably use A, U, and A at SS positions 3, 10,
and 19, respectively. The 5" AS terminal should not be G/C.
G may not be present at position 13 (Figure 1(b)). In more

than half of class I siRNAs, there are no base preferences at
position 3 and 10 [29, 55], so that Algorithms 1 and 2, re-
spectively, may predict considerably different siRNA sets to
be functional.

Algorithm 3. This algorithm was proposed by Amarzguioui
and Prydz [60] who carried out statistical analysis on 46 siR-
NAs and found Algorithm 3 to require the following features
for functional siRNAs. The 5" AS terminus and its SS partner
are A/U and the 5" SS terminus and its AS partner, G/C. An
opposite combination of terminal bases may give rise to in-
adequate functionality. These authors also found that there
is asymmetry in siRNA duplex end stability; that is, the A/U
content differential for the three terminal nucleotides at both
ends of the duplex may be considered essential to siRNA
functionality. Furthermore, they noted A to prefer position
6 of functional siRNAs (Figure 1(c)), although only a small
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fraction of class [ siRNAs is associated with A at SS position
6 [29].

To examine in greater detail, relationships among the
three algorithms, that the percentage of siRNAs considered
functional by Algorithm 1 (class I) can be repredicted as
functional by Algorithms 2 or 3 or vice versa, was determined
(see [55, Figure 1D]. Based on the three algorithms, total pos-
sible siRNA sequences (4.4 x 107) designed using RefSeq hu-
man sequences (version 11) were found to be nonfunctional
by as much as 73%. Class [ siRNAs constituted 14% of the
total theoretically predictable siRNAs, whereas Algorithms 2
and 3, respectively, predict 10 and 20% as functional siRNAs.
Nearly 90% of class I siRNAs could be repredicted as func-
tional by Algorithm 2 or 3 or both. Eighty four percent of siR-
NAs simultaneously predicted as functional by Algorithms
2 and 3 could be repredicted as functional or class I siR-
NAs by Algorithm 1. More than 50% of siRNAs predicted as
functional by Algorithm 2 could not be predicted to be func-
tional by Algorithm 3. Seventy seven percent of Algorithm 3
functional siRNAs could not be repredicted as functional by
Algorithm 2. These findings may indicate that Algorithm 1 is
capable of predicting the functionality of siRNAs more reli-
ably than Algorithms 2 or 3.

ALIGNMENT ALGORITHM FOR SHORT
NUCLEOTIDE SEQUENCES

Rapid homology comparison of the entire mRNA sequences
with siRNA AS/SS sequences is indispensable for identify-
ing off-target genes. BLAST [62] may not be a good software
for making such comparison, since a number of off-target
candidates are overlooked and too, considerable time is re-
quired for BLAST-based calculation. The Smith-Waterman
local alignment algorithm [63] is accurate but time consum-
ing to execute. Recently, Yamada and Morishita have devel-
oped a very rapid and accurate alignment algorithm for short
nucleotide sequences [41] and this software can process 60
million siRNA sequences of 21 nucleotides in length in 10
hours when executed in parallel on ten inexpensive PCs. The
hardware of Sneve Jr and Holen [64] provides similar perfor-
mance although the number of processing units is not clearly
specified. Websites using the Yamada-Morishita software or
hardware of Sneve Jr and Holen should thus prove much
more rapid and reliable compared to BLAST.

The base mismatch introduction studies indicate that
transfected siRNAs occasionally cause phosphodiester-bond
cleavage not only of the authentic mRNA target but also mu-
tated targets with 1-2 base mismatches {33, 39]. But mu-
tated targets with three or more mismatches may not un-
dergo cleavage by transfection of the same siRNA [Y N et
al, unpublished]. siRNAs less than 84 (16/19 x 100)% ho-
mology in sequence to any part of total mRNAs other than
the target should thus be used for RNAi, which would re-
duce the number of available functional siRNAs to 1/10 of
the input. That is, only 10% of class I siRNAs or less than 2%
of total siRNAs theoretically designable using human Ref-
Seq sequences becomes available in mammalian RNAi when

off-target effects due to mRNA destability are considered.
Computational analysis indicated that, even so few available
siRNAs, at least one functional class I siRNA can be assigned
to more than 99% of human mRNA sequences (RefSeq se-
quences) [Y N et al, unpublished}.

miRNAs involved in posttranscriptional gene silencing
through translational regulation [65-73] possess less homol-
ogy with the target, indicating siRNAs with lesser homology
in some cases to possibly be involved in some off-target reac-
tions [74]. The elimination of a large number of siRNA with
low homology to mRNAs other than the target may render
genome-wide gene silencing in mammalian cells quite diffi-
cult. The simultaneous use of a few to several siRNAs target-
ing for an identical gene (target gene) may possibly solve this
problem since, in most cases, off-target targets would not be
identical to each other [31, 32].

EXPERIMENTAL PARAMETERS POSSIBLY
AFFECTING FUNCTIONALITY OF siRNAs

siRNA-mediated RNAi activity may vary significantly de-
pending on not only the particular siRNA sequence but also.
parameters such as siRNA concentration, duration of siRNA
exposure, and possibly target mRNA concentration and sec-
ondary structure within cells {29, 75]. Functional siRNAs in
some cases have actually been found to induce maximum
RNAI activity 1 day after transfection, whereas other siR-
NAs to express maximum activity on 2 or 3 days follow-
ing transfection. Usually, functional-siRNA-dependent RNAi
persists 1-2 weeks, whereas virtually no RNAI is induced
within cells even after a long incubation with nonfunctional
siRNAs. Class 1 siRNAs, capable of inducing highly func-
tional RNAI when transfected at 50 nM, were considerably
heterogeneous in capability of bringing about RNA{ when
used for 1-day transfection at the concentration of 50 pM
(see [29] by Ui-Tei et al). Reduction in target gene activ-
ity varied from 20 to 60% depending on the sequences of
class I siRNAs used. Thus, additional sequence conditions
may possibly be found so as to define a subclass of class
I with more functionality but in such a case, nearly com-
plete genome-wide gene silencing might no longer be pos-
sible.

Recently, Kim et al [76] showed that a 27bp long dsRNA
with blunt ends is much greater in functionality than 21 bp
long siRNA and suggested that short Dicer substrate dsRNA
may be generally much more functional compared to au-
thentic siRNAs 21bp long. However, it was subsequently
found that this is not a general feature of 27 bp long blunt-
ended dsRNA [77]. In the absence of 3’ overhang, Dicer di-
gests dsRNA uncontrollably, generating many products vary-
ing in length, most of which may not be as functional as 21 bp
long highly functional siRNAs [77]. RNAi-inducing activ-
ity would thus appear to depend primarily on the presence
of considerable highly functional siRNAs in the digestion
products and so, consequently, 27 bp long blunt-end dsRNA
would not be necessarily a good choice for highly efficient
RNAI
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siRNA-OLIGOMER-DEPENDENT RNAi
IN MAMMALIAN CELLS

Long dsRNA possessing 2-nucleotide 3’ overhangs at both
ends is cleaved by Dicer from these ends to generate siR-
NAs having definite nucleotide sequences {28, 77-80). Thus,
should nearly all siRNAs produced by Dicer digestion belong
to class I and the interferon response due to dsRNAs equiv-
alent in length to siRNA oligomers not being significant,
the induction of effective multiple-gene knockout in mam-
malian cells may occur with transfection of siRNA oligomers
and this was recently found to be the case [28]. Through
use of class-I-siRNA oligomers multiple-target gene knock-
out was clearly shown to take place.

DNA/shRNA-MEDIATED RNAi

RNAI can be induced by introducing DNA encoding both
SS and AS of siRNA into mammalian cells. Both RNA poly-
merase III and II promoters, respectively, are used to ex-
press short hairpin RNA (shRNA) and longer RNA includ-
ing shRNA sequence in the middle [81-90]. The primary
transcript of RNA polymerase III is a mixture of shRNAs
with two to several consecutive U’s at its 3’ overhang [81-
88]. Dicer cleavage sites of shRNAs vary depending on the
length of 3" overhangs [89] and accordingly, several different
species of siRNAs are expected to be generated from shRNAs
transcribed by polymerase III [88]. Thus, the presence of
highly functional siRNAs in these Dicer digestion products is
required for successful RNAi due to a polymerase-1ii-based
system. In addition, four consecutive U’s or A’s should not be
included in the nonoverhang sequences of AS and S, respec-
tively, since these sequences stimulate premature termination
of polymerase-III-dependent transcription [88].

In polymerase Il-driven expression systems, the pri-
mary transcript is long polyadenylated RNA (pri-miRNA-
like RNA), which is recognized and cleaved by the nu-
clear microprocessor complex (91, 92]. This complex con-
tains Drosha, an RNase III-type RNase that cleaves the pri-
miRNA-like RNA to generate shRNA with a 2-nucleotide
3" overhang [93]. The shRNA thus produced is converted
mainly to two overlapping siRNAs through Dicer digestion
(see [28]), indicating that successful RNA{ requires the in-
volvement of highly functional siRNAs in these siRNA prod-
ucts.

POSSIBLE MOLECULAR BASES OF ASYMMETRIC
SEQUENCE REQUIREMENTS IN
FUNCTIONAL siRNAs

Each mammalian Argonaute proteins (eIF2Cs) is comprised
of a PRP motif and two domains: PAZ and PIWI [94]. Struc-
tural analysis of the Argonaute protein crystals from Pyro-
coccus farious indicated that the PIWI domain has essentially
the same three-dimensional structure as ribonuclease H and
that Argonaute may function as a slicer of mRNA [95]. PAZ
and PIWI domains may recognize separately two ends of
siRNA. The crystal structure of the PAZ domain from human

Argonaute 1 suggested that the PAZ domain is anchored to
the 2-nucleotide 3’ overhang of the siRNA duplex [96]. The
PIWI domain from Archaeoglobus fulgidus contains a highly
conserved metal-binding site that may recognize the 5’ nu-
cleotide of AS of siRNA in a manner not dependent on se-
quence [97].

Algorithms 1 and 3 predict functional siRNAs to pos-
sess A/U and G/C at the 5° AS and SS ends, respectively
(29, 55, 60]. The GC pair is thermodynamically much more
stable than the AU pair and thus, differences in stability in
terminal base pair of the siRNA duplex may determine ter-
minal sequence preference in highly functional and non-
functional siRNAs, most probably by stimulating asymmet-
ric binding of PIWI and PAZ domains to siRNA ends.

The 5'-terminal one-third of AS of functional class I siR-
NAs is A/U-rich, possibly due to preferable siRNA unwind-
ing from its AS end [29, 56]. A one-step motor function of
the putative siRNA helicase may unwind several base pairs
from the A/U-rich siRNA end to stimulate formation of ac-
tive RISC lacking SS of siRNA. Should this be the case, the
introduction of base mismatches into the 3'-terminal third
SS of siRNA may significantly increase the induced RNAi ac-
tivity. Studies with Drosophila extracts showed a significant
base-mismatch-dependent increase in RISC formation [56].
But, to date there are no data clearly confirm this in mam-
malian cultured cell experiments. Recently a part of RISC
has been shown to be activated through cleavage of S$ of
siRNA at its center [98]. The presence of base mismatches
in S8 might be unfavorable to SS cleavage and this negative
effect might partially prevent siRNA from being unwound.
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The C-terminal cytoplasmic domain of the metastatic potentiator
CXCR4 regulates its function and spatiotemporal expression. However,
little is known about the mechanism underlying constitutive
internalization of CXCR4 compared to internalization mediated by
its ligand, stromal cell-derived factor-1 alpha (SDF-10)/CXCL12. We
established a system to analyze the role of the CXCR4 cytoplasmic
tail in steady-state internalization using the NP2 cell line, which
lacks endogenous CXCR4 and SDF-1a. Deleting more than six
amino acids from the C-terminus dramatically reduced constitutive
internalization of CXCR4. Alanine substitution mutations revealed
that three of those amino acids Ser** Glu** Ser** are essential for
efficient steady-state internalization of CXCR4. Mutating Glu** to
Asp did not disrupt internalization, suggesting that the steady-state
internalization motif is S(E/D)S. When responses to SDF-1a were
tested, cells expressing CXCR4 mutants lacking the C-terminal 10, 14,
22, 31 or 44 amino acids did not show downregulation of cell sur-
face CXCR4 or the cell migration induced by SDF-1a. Interestingly,
however, we identified two mutants, one with E344A mutation and
the other lacking the C-terminal 17 amino acids, that were defective
in constitutive internalization but competent in ligand-promoted
internalization and cell migration. These data demonstrate that
ligand-dependent and -independent internalization is genetically
separable and that, between amino acids 336 and 342, there is a
negative regulatory element for ligand-promoted internalization.
Potential involvement of this novel motif in cancer metastasis and
other CXCR4-associated disorders such as warts, hypogammaglo-
bulinemia, infections and myelokathexis (WHIM) syndrome is
discussed. (Cancer Sci 2007; 98: 373-379)

The chemokine receptor CXCR4 is a class-A G protein-coupled
receptor (GPCR; reviewed in 2 and its natural ligand is
stromal cell-derived factor-1 alpha (SDF-1a)/CXCL12. CXCR4
also serves as the receptor for HIV type 1 (HIV-1). Many cell
types express CXCR4, including peripheral blood lymphocytes,
monocytes-macrophages, thymocytes, dendritic cells, endothelial
cells, epithelium-derived tumor cells, microglial cells, neurons
and hematopoietic stem cells. CXCR4 plays multiple biological
roles from promoting development of neuronal networks to
regulating migration of leukocytes, cerebellar granule cells and
hematopoietic stem cells.®® Analysis of knockout mice indicates
that the CXCR4/SDF-1a system is essential for maintenance of
hematopoiesis and intestinal vascularization.®?

The CXCR4/SDF-1a system also functions in pathological
processes, including autoimmune diseases, cancer progression
and metastasis, and ATDS caused by HIV-1. Recently, metastasis
of breast cancer cells was found to be regulated by the CXCR4/
SDF-1o axis.® Similarly, other studies have found that metasta-
sis of other malignancies was controlled by the CXCR4/SDF-1ax
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system, including colon carcinoma® non-small cell lung
cancer!'” and prostate cancer."® These observations suggest that
the CXCR4/SDF-10. axis is a potential target for metastatic
cancer therapy.

Warts, hypogammaglobulinemia, infections and myelokathexis
(WHIM) syndrome’ is a rare combined immunodeficiency
characterized by an unusual form of neutropenia. It is reported
that the CXCR4 cytoplasmic tail is mutated and often truncated
in WHIM syndrome.® Thus, determining the biochemical activity
of the CXCR4 cytoplasmic tail should facilitate understanding
of the pathogenesis of WHIM syndrome as well as suggest ways
to control cancer metastasis.

Following SDF-1a binding, CXCR4 is activated, triggering
multiple signaling cascades via Got or B-arrestin 2 (reviewed
in"). To desensitize activated CXCR4, the G protein-coupled
receptor kinase (GRK) is recruited and phosphorylates serine
residues on the CXCR4 cytoplasmic tail, thereby inactivating
Go-mediated signal. Simultaneously, CXCR4 is internalized in
a clathrin-dependent manner. B-arrestin 2 competes with Go. for
CXCR4 binding and can initiate signal transduction independent
from Go. B-arrestin 2 can also induce clathrin-dependent CXCR4
endocytosis. Thus, cell surface levels of CXCR4 transiently decrease
after agonist binding but, several hours later, surface levels of CXCR4
return to normal. Most internalized CXCR4 is transported to
lysosomes and degraded, but some internalized CXCR4 is recycled.
It is reported that amino acids within the cytoplasmic tail are
required for agonist-dependent endocytosis of CXCR4.0618

By contrast, it is unclear how steady-state cell surface levels of
CXCR4 are maintained in the absence of SDF-1o. Although cell
surface levels of CXCR4 could be regulated at the transcriptional
level, it is likely that primary regulation occurs post-translationally.
Given that the cell surface levels of CXCR4 are positively
correlated with cancer cells’ ability to metastasize,**® under-
standing the post-translational behavior of CXCR4 is likely to
shed light on metastatic processes. Historically, cells expressing
endogenous CXCR4 have been used for analysis of CXCR4
trafficking. However, as is the case with many G protein-
coupled receptors (GPCR), CXCR4 trafficking is influenced by
spontaneous oligomerization in the absence of ligand.@®?%
Thus, previous observauons might not correctly model pheno-
types seen in CXCR4 mutants.

In the present study, we analyzed the contnbutlon of the
cytoplasmic tail to the post-translational trafficking of CXCR4
in a cell line lacking both endogenous CXCR4 and SDF-1c.
Using genetic approaches, we identified two amino acid motifs
within the CXCR4 cytoplasmic tail; one that positively regulates
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spontaneous ligand-independent internalization and the other that
negatively regulates ligand-dependent CXCR4 internalization.

Materials and methods

Cells. The glioblastoma cell line NP2, human embryonic kidney
(HEK) 293T, and HelL a, cells were maintained in RPMI-1640
(Sigma, Tokyo, Japan) supplemented with 10% FBS (Japan
Bioserum, Tokyo, Japan), penicillin and streptomycin (Invitrogen,
Tokyo, Japan). All cell lines were incubated at 37°C in the
humidified 5% CO, atmosphere.

Plasmids. Full-length CXCR4 cDNA was amplified from a
plasmid kindly provided by Dr Shioda® using the following
primers; sense, 5-ACCGGTGCCACCATGGAGGGGATCAGT-
ATATACACTTCAG-3’, and antisense, 5'-AGATCTCGCTGGA-
GTGAAAACTTGAAGACTCAGACTC-3". CXCR4 lacking the
cytoplasmic tail (d-44) was amplified using the same sense primer
and the antisense primer, 5'-AGATCTTGGCTCCAAGGAAA-
GCATAGAGGATGGG-3’, Polymerase chain reaction (PCR)
fragments were cloned into the Age I-Bgl II sites of pEGFP-
C2 (Clontech, Palo Alto, CA, USA) to create pCXCR4 FL and
pCXCR4 d-44, respectively. To construct pPCXCR4 FL- and d-44-
GFP, the Sna BI-Bgl 1 fragments from pCXCR4 FL and d-44
were cloned into the Sna BI-Bgl II sites of pEGFP-N2,
respectively (Clontech). To construct pPCXCR4 FL- and d-44-GFP
flag, the Sna BI-Bg! I fragments from pCXCR4 FL and d-44
were cloned into the Sna BI-Bgl Il sites of pEGFP-flag in which
the following annealed oligonucleotides had been inserted
into the Bsr Gl site of pEGFP-N2: forward, 5’-GTACGACTAC-
AAAGACGATGACGACTATAAGTAAGC-3', and reverse, 5'-
GGCCGCTTACTTATAGTCGTCATCGTCTTTGTAGTC-3. To
construct pCMMP CXCR4 FL- and d-44-GFP, pCXCR4 FL- and
d-44-GFP were digested with Not 1, blunted using T4 DNA
polymerase, and further digested with Age I. The Age I-blunted
Not 1 fragments of both constructs were cloned into the pPCMMP
eGFP plasmid that had been digested with Bam HI, blunted with
T4 DNA polymerase, and digested with Age I. pPCMMP CXCR4
FL-~ and d-44-GFP-flag were constructed using the same strategy.
CXCR4 deletion and point mutants were PCR-amplified using the
sense primer 5-ACCGGTGCCACCATGGAGGGGATCAGTG-
TGAAAACTTGAAGACTCAGACTC-3" and the following
reverse primers: d-6, 5'-AAGCTTGAGCTCGAGATCTCAG-
ACTCAGACTCAGTGGAAAC-3; d-10, 5-AAGCTTGAGC-
TCGAGATCTCAGTGGAAACAGATGAATGTCC-3; d-14,
5'-AAGCTTGAGCTCGAGATCTCTGAATGTCCACCTCGC-
TTTCC-3"; d-17, 5'-AAGCTTGAGCTCGAGATCTCACCTC-
GCTTTCCTTTGG-3%; d-22, 5-AAGCTTGAGCTCGAGATCT-
CGGAGAGGATCTTGAGGCTGGACC-3"; d-31, 5-AAGCTT-
GAGCTCGAGATCTCGCTCACAGAGGTGAGTGCGTGC-3";
E343A, 5-CGAGATCTCGCTGGAGTGAAAACTTGAAGAC-
TCAGACGCAGTGGAAACAGATGAATGTC-3"; S344A, 5'-
CGAGATCTCGCTGGAGTGAAAACTTGAAGACTCAGCCT-
CAGTGGAAACAGATGAATGTC-3"; E3454, 5-CGAGATC-
TCGCTGGAGTGAAAACTTGAAGACGCAGACTCAGTGGA-
AACAGATGAATGTC-3"; S346A, 5-CGAGATCTCGCTGGA-
GTGAAAACTTGAAGCCTCAGACTCAGTGGAAACAGATG-
AATGTC-3’; S347E, 5-CGAGATCTCGCTGGAGTGAAAA-
CTTTCAGACTCAGACTCAGTGGAAACAGATGAATGTC-3';
H350E, 5-CGAGATCTCGCTGGACTCAAAACTTGAAGAC-
TCAGACTCAGTGGAAACAGATGAATGTC-3"; S347E/H350E,
5’-CGAGATCTCGCTGGACTCAAAACTTTCAGACTCAGA-
CTCAGTGGAAACAGATGAATGTC-3; and E343/345D, 5'-
CGAGATCTCGCTGGAGTGAAAACTTGAAGAGTCAGAGT
CAGTGGAAACAGATGAATGTC-3". The PCR fragments
were cloned into the Age I-Bgl I sites of pPCMMP CXCR4 FL-
GFP-flag, replacing wild-type with mutant CXCR4. Protein
expression of each mutant in 293T cells was verified by Western
blot analysis.
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Immunoblotting. Immunoblotting was performed as
described.®**> The primary antibody was anti-green fluorescent
protein (GFP) polyclonal antibody (Beckton Dickinson, San Jose,
CA, USA). The secondary probe was EnVision+ (Dako, Glostrup,
Denmark). Signals were visualized with an LAS3000 imager
(Fuji Film, Tokyo, Japan) after treating the membranes with the
Lumi-Light Western Blotting Substrate (Roche Diagnostics
GmbH, Mannheim, Germany).

Flow cytometry. Cells were labeled with anti-CXCR4 antibodies
recognizing the N-terminus conjugated with R-phycoerythrin
(PE; 2B11, BD Pharmingen, San Diego, CA) or recognizing the
second extracellular loop (12G5) conjugated with either PE or
PE-Cy5 (Beckton Dickinson) for 30 min at 4°C. Cells were washed
once with phosphate-buffered saline (PBS) supplemented with
1% FBS and analyzed by FACS Ara (Beckton Dickinson). To
isolate GFP-expressing NP2 cells, cells were infected with murine
leukemia virus (MLV)-based retroviral vectors as described.@®®
Cells exhibiting similar green fluorescence intensities were gated
and sorted by FACS Aria. Efficiency of internalization was
measured by comparing mean fluorescence intensities for cell
surface CXCR4 detected by a PE-labeled 2B11 monoclonal antibody
before and after SDF-10 treatment (200 ng/mL, Peprotech EC,
London, UK).

Microscopic analysis and imaging of cells. To judge a phenotype
of a CXCR4 mutant, three independent scientists investigated the
mutant cell phenotype under a fluorescent microscope (Olympus,
Tokyo, Japan). Each scientist investigated more than 1000
cells for each mutant. More than 99% of cells of a mutant fell
in the indicated phenotypic category. These phenotypes were
unchanged for more than a year of continnous cultivation in
tissue culture. For imaging, NP2 cells were grown on glass plates
for more than 24 h, fixed in 4% formaldehyde in PBS for
5 min, stained with Hoechst 33258, mounted (Vectorshield,
Vector Laboratories, Burlingame, CA, USA), and imaged using
a confocal microscope META 510 (Carl Zeiss, Tokyo, Japan).
A representative cell for each CXCR4 mutant carrying a wide
cytoplasm was chosen such that the spatial resolution was high.
The focal plane just above the glass surface was scanned with
an optical thickness of approximately 1 pm. For the imaging
of subcellular compartments, cells were incubated with either
BODIPY TR ceramid, ER-Tracker Blue-White DPX, or Lysotracker
Red DND-99 (Invitrogen) according to the manufacturer’s protocol
and imaged without fixation. Image brightness and contrast were
processed by METAS510 software (Carl Zeiss). Unless noted,
cells were imaged at X630 magnification, the GFP signal was
displayed in green, and Hoechst 33258-stained nuclei were blue.
To visualize ligand-induced internalization, cells were treated
with 200 ng/mL SDF-1c before fixation. The live cell imaging
was performed using Leica DFC350FX system and the images
were processed by FW4000 software (Leica Microsystems,
Tokyo, Japan). Cells were plated on the glass-bottomed dish
(Matsunami glass, Kishiwada, Japan) and incubated at 37°C in
the humidified 5% CO, atmosphere during the monitoring.

Cell migration assay. Cell migration was measured using an
HTS FluoroBlok Multiwell Insert System (8.0 ium pore size, BD
Falcon) according to the manufacturer’s protocol. For stimulation
assays, cells were incubated without serum overnight before
SDF-1o treatment (200 ng/mL). Cells were allowed to migrate
overnight.

Statistical analysis. Significance of differences were determined
by a Student’s t-test. P-values less than 0.05 were considered
significant.

RESULTS

Deleting 10 amino acids from the carboxy! end of CXCR4 alters the
efficiency of constitutive internalization. Previous studies indicated
that the cytoplasmic tail of CXCR4 amino acids 308-352 plays
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Fig. 1. The effect of stromal cell-derived factor-1 alpha (SDF-10) treatraent
on NP2 cells expressing CXCR4 mutants. (a) Cells expressing d-17 were
treated with SDF-1q, incubated at 37°C for the indicated times, fixed
and imaged. The blue signal represents the Hoechst-stained nucleus.
(Original magnification, x630; bar, 10 um). (b) FACS analysis to measure
internalization efficiency of cell surface CXCR4 and mutant forms 2 h
after SDF-1o. exposure. The average and standard deviation from the
indicated number of independent experiments are shown. Asterisks
represent statistically significant difference from the FL levels (P < 0.01).
(c) Cell migration assay to assess response of cells expressing CXCR4
and mutants to SDF-1a. The number of migrated cells in three to six
randomly selected fields was counted and the average and standard
deviation were calculated. ({J) number of migrated cells in the absence
of ligand; (B) migration in the presence of ligand. (*) statistically
significant differences in the number of migrated cells between
SDF-1a-untreated and -treated cells (P < 0.01).

a critical role in ligand-dependent internalization (Fig. 1a). Also,
it has been shown in transfected cells that cell surface levels of
CXCR4 lacking the cytoplasmic tail (equivalent to the d-44
mutant here) are higher than those of the full length, wild-type
protein (hereafter designated FL), suggesting that the cytoplasmic
tail of CXCR4 regulates steady-state internalization.®%?"? To
confirm this, we constructed expression plasmids of CXCR4
FL and d-44 fused to GFP or GFP-FLAG at the C-terminus.
Previous studies and data reported here indicated that CXCR4
function is not affected by this modification.® The expression
of each construct was verified by Western blot analysis (Fig. 1b).
Single cell-based quantitative analyzes revealed that the ratio of
cell surface levels to the total amount of CXCR4 FL (Fig. 1c,
left) was consistently lower than that of d-44 (Fig, 1c, middle)
at any expression levels (Fig. lc, right for the comparison).
These data supported previous findings and demonstrate that
constitutive internalization occurs at any level of CXCR4 expression.

To further examine the contribution of the cytoplasmic tail to
post-translational trafficking of CXCR4, we devised a system
utilizing the human NP2 glioma line: NP2 cells are flat and
exhibit a large cytoplasmic space such that intracellular com-
partments can be well resolved under the microscope. NP2 cells
also lack endogenous CXCR4%” and SDF-1o (data not shown),
both of which could potentially affect distribution of transduced
CXCR4. However, NP2 cells are capable of appropriate signaling
in response to CXCR4/SDF-lo interaction. We generated a
series of CXCR4 deletion mutants lacking the cytoplasmic
tail (Fig. 2a) and transduced them into NP2 cells using MLV
vectors. Cells bearing similar green fluorescence intensities
were collected by FACS sorter. The expression of each mutant
was verified by Western blot analysis (Fig. 2b). Microscopic
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Fig. 2. Expression profiles of CXCR4 and a mutant with cytoplasmic tail
deletion. (a) Schematic representation of CXCR4. The N-terminus CXCR4
is exposed in the extracellular space and the C-terminus is intracellular.
Gray represents the lipid bilayer. The amino acid sequence of the
cytoplasmic tail is shown. Residues in red are required for ligand-
induced endocytosis. The CXCR4 d-44 mutant lacks amino acid 309-351.
(b) Schematic representation and Western blot of FL and d-44
constructs. (c) Flow cytometry profiles of FL and d-44 expressed in 293T
cells. The horizontal axis represents green fluorescence intensity
indicative of green fluorescent protein (GFP)-tagged CXCR4 protein
levels, and the vertical axis is PE-Cy5 fluorescence intensity, reflecting
cell surface CXCR4 detected by the anti-CXCR4 antibody. GFP-positive
cells expressing FL are colored in red (left) and those expressing d-44 in
green (middle). The expressional differences between FL and d-44 is
highlighted on the overlay plot (right).

observations revealed that cells expressing FL were bordered by
green fluorescence, and significant green fluorescence was detected
in vesicular compartments of varying diameters lying close to
the nucleus surrounding the nucleus (hereafter designated the
FL phenotype, Fig. 2c, left). Vesicles around the nucleus were
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Fig.3. Identification of the amino acids required for steady-state CXCR4
internalization. (a) Amino acid sequences of the cytoplasmic tail of FL
and deletion mutants. Residues in red are required for ligand-induced
endocytosis. (b) The protein expression of each mutant in 293T cells
was verified by Western blot analysis. (¢) Confocal micrographs of NP2
cells expressing FL and d-44 mutant proteins. The blue signal represents
the Hoechst-stained nucleus. (Original magnification, x630; bar, 10 pm.)
(d) Confocal micrographs showing NP2 cells expressing CXCR4 FL stained
with ER, Golgi, or lysosome organella markers. The organella marker
signal is shown in red, the GFP signal is in green. The pixels that
both red and green signals co-localized are shown in yellow. (Original
magnification, x630; bar, 10pm.) (e) CXCR4 FL trafficking in the
absence of SDF-1o in NP2 cells. Cell surface CXCR4 FL was labeled with
an antibody conjugated with PE-Cy5 (red), incubated at 37°C for the
indicated times, fixed and imaged. (Original magnification, x630; bar,
10 um.) (f) Confocal micrographs of NP2 cells expressing FL and mutant
proteins. The intracellular vesicular green fluorescence reflecting
steady-state internalization can be seen in the d-6 mutant. The blue
signal represents the Hoechst-stained nucleus. (Original magnification,
x630; bar, 10 pm.)

mostly lysosomes, as demonstrated by fluorescent organella
marker analyses in which cells expressing CXCR4 FL-GFP
stained with the lysosomal marker yielded a substantial amount
of co-localization signal. On the other hand, only a mall amount
of co-localization signal was detected when the ER or Golgi
markers were used (Fig. 2d), consistent with our biochemical
fractionation (unpublished data) and previous publications, 272830
The active constitutive internalization was visualized by labeling
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cell surface CXCR4 by PE-Cy5-conjugated monoclonal antibody
followed by fluorescence imaging after cells were incubated at
37°C (Fig. 2e). The live cell imaging revealed that internalizing
GFP-positive vesicles trafficked at an average velocity of 4.7 mm/h
(n=15), which is within the range of clathrin-dependent vesicular
transport (2-20 mm/h), not that of caveolin-dependent vesicular
transport (25-170 mm/h).®** These data suggest that the FL is
constitutively internalized from the cell surface to the cytoplasmic
compartment. In sharp contrast, most green fluorescent signals
from d-44 mutant-expressing cells were detected at the cell
surface, and only a few small GFP-positive vesicles were seen
in the cytoplasm near the nucleus (hereafter designated the d-44
phenotype, Fig. 2c, right). Similar observations were made in
d-10, d-14, d-17, d-22 and d-31 mutant-expressing cells (Fig. 2f).
The d-6 construct displayed a phenotype similar to FL, although
the intracellular GFP signal was less prominent (Fig. 2¢). Similar
results were obtained in HelLa and 293 cells (data not shown).
These data suggest that wild-type CXCR4 was trafficked to the
plasma membrane but was internalized spontaneously. Thus,
steady-state internalization appeared to be regulated by amino
acids located between d-6 and d-10 (e.g. amino acids 343-346).

Steady-state and SDF-1o-induced CXCR4 internalization is genetically
separable. Next, we investigated distribution of CXCR4 protein
and cell migration after SDF-10 treatment. Confocal analysis
showed that after SDF-1ct exposure, cells expressing FL, d-6 and
d-17 mutants showed GFP signals in intracellular compartments,
which were enhanced 60 min after SDF-1¢ treatment, an effect
most clearly shown in d-17-expressing cells (Fig. 3a). GFP
signals from intracellular vesicles gradually disappeared 1-2h
after exposure to ligand. Such redistribution of GFP signals was
not observed in cells expressing d-10, d-14, d-22, d-31 and d-44
(data not shown). Cell surface levels of CXCR4 before and after
SDF-1c. treatment were measured by FACS analysis undertaken
with an antibody directed against the CXCR4 N-terminus, because
that antibody did not interfere with ligand-receptor interaction
(Fig. 3b). The downregulation of cell surface levels of FL. 2h
after ligand exposure was 67.1 = 11.1%, whereas that of d-44
was 96.3 £ 12.3% (average and standard deviation from 12
and 10 independent experiments, respectively), consistent with
previous reports."*"® Ligand-induced downregulation of d-6
was 74.9 £12.9% (n = 8), similar to FL levels. Ligand-induced
internalization was significantly less efficient in cells expressing
d-10, d-14, d-17, d-22, d-31 and d-44 mutants when compared
with FL. (P < 0.001). Although the d-17 mutant supported
ligand-facilitated internalization, as evidenced by microscopic
observation, cell surface levels remained unchanged (Fig. 3a,b).
This may be due in part to rapid recruitment of newly synthesized
d-17 to the cell surface.

Next, we examined cells expressing CXCR4 mutants in response
to SDF-1c. Migration results from intracellular signaling initiated
by SDF-10/CXCR4 interaction. Induction of cell migration by
SDF-1c. in cells expressing FL was 7.2-fold that of untreated
cells (P < 0.05). In contrast, migration of cells expressing d-44
in response to SDF-la was undetectable. These data are in
agreement with a previous report.?® The d-6 mutant, which is
internalized upon SDF-1a treatment, supported ligand-promoted
cell migration by 6.1-fold (P < 0.01) relative to untreated cells,
similar to FL. Other deletion mutants tested did not display
enhanced cell migration following ligand treatment, except for
d-17, which showed modestly enhanced (1.9-fold) migration
relative to untreated cells, which was not statistically significant.
When basal migratory activities were compared, removal of
§ix or more amino acids from the cytoplasmic tail appeared to
potentiate migration in the absence of ligand (open bars, Fig. 3c).
These data suggest that constitutive internalization is regulated
independently of ligand-facilitated internalization.

Identification of CXCR4 S(E/D)S as a ligand-independent internalization
motif. The above data indicated that the carboxy-terminal four
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Fig. 4. Characterization of the SDF-1a-independent internalization motif
of CXCR4, (a) Left, amino acid sequences of CXCR4 FL and substitution
mutants. Letters in red indicate introduced mutations. Right, protein
expression of each mutant in 2937 cells was verified by Western blot analysis.
(b) Confocal micrographs of NP2 cells expressing each mutant. The blue
signal represents the Hoechst-stained nucleus. (Original magnification,
x630; bar, 10 um.) (c) NP2 cells expressing the $344A mutant treated
with SDF-1c for 2 h are shown. The blue signal represents the Hoechst-
stained nucleus. (Original magnification, x630; bar, 10 mm.)

amino acids (ESES; residues 343-346) likely function in ligand-
independent CXCR4 internalization. To further characterize which
amino acids are required for ligand-independent internalization,
we generated alanine substitution mutants for each of the four
amino acids in the context of FL and examined their phenotypes
(Fig. 4a). Protein expression of mutants was verified in Western
blot analysis (Fig. 4a). Among the four mutants, the E343A
mutant showed the FL phenotype, while the others displayed the
d-44 phenotype in the absence of ligand (Fig. 4b). These data
demonstrate that Ser**-Glu>?-Ser®® constitute the core motif
for SDF-la-independent CXCR4 internalization. Both E345A
and S346A mutants exhibited the Thr**2-Glu**-Ser®* sequence
adjacent to the original SES sequence. However, this ‘SES-like’
motif did not support constitutive internalization, suggesting
that Thr cannot substitute for Ser to maintain functionality as a
constitutive internalization motif. We reasoned that if such a
motif requires an acidic amino acid between two serine residues,
changing Glu to Asp should maintain the motif’s function. Thus,
we constructed a mutant in which Glu was replaced with Asp
(E343/345D; Fig. 4a). Also, to determine whether two adjacent
SES sequences could augment the FL phenotype, we substituted
Ser**” with Glu (S347E), creating an additional SES motif next
to the original SES one (Fig. 4a). As controls, we created H350E
and S347E/H350E mutants (Fig. 4a). Expression of these mutants
was verified by Western blot analysis (Fig. 4a). Interestingly, the
E343/345D mutant retained the FL phenotype (Fig. 4b), indicating
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that an acidic residue is required to maintain function of the
constitutive internalization motif. S347E showed an intermediate
phenotype in which numerous fine GFP-positive vesicles were
seen close to the nucleus (Fig. 4b). These data indicate that the
two adjacent SES sequences do not augment the FL phenotype
but actually interfere with steady-state internalization. Both
H350E and S347E/H350E mutants also showed an intermediate
phenotype (Fig. 4b), suggesting that more than three acidic amino
acids close to the SES motif may inhibit its function, potentially
by generating a negative charge cluster. Overall, we conclude
that the SDF-1o-independent internalization motif is located at
amino acids 344-346 of the CXCR4 cytoplasmic tail.

Finally, we analyzed phenotypes of the S344A mutant in greater
detail. Two hours after SDF-1¢ treatment, cells expressing this
mutant showed accumulation of GFP signals at perinuclear
regions, similar to the d-17 mutant (Figs. 1a and 4c). FACS
analysis revealed that cell surface levels of S344A decreased
to 70.8 = 11.7% (n =7) following SDF-10. treatment relative to
untreated cells, almost as efficient as FL (Fig. 3b). Migratory
activity of cells expressing the S344A mutant was stimulated
3.0-fold by SDF-1c, while that of cells expressing FL assayed
in parallel showed a 5.8-fold increase relative to untreated cells.
These data demonstrate that the S344A mutant, which is defective
in constitutive internalization, can undergo ligand-dependent
internalization and stimulate migration. Along with the d-17
data, our observations strongly suggest that genetic elements
required for the ligand-dependent and -independent internaliza-
tion are separable.

Discussion

We demonstrated here that CXCR4 is constitutively internalized
in the absence of SDF-1ot and that steady-state trafficking of
CXCR4 is regulated by its cytoplasmic tail. We show that the
three amino acid motif, Ser®*-Glu**-Ser’**, within the cytoplasmic
tail is essential for efficient steady-state internalization of CXCR4.
Our work indicates that ligand-independent internalization
of CXCR4 is genetically separable from ligand-dependent inter-
nalization: mutants defective in steady-state internalization (d-
17 and S344A) were competent to respond to SDF-1¢~promoted
internalization signals. That residues required for ligand-dependent
endocytosis (Ser324, 325, 330, 338, 339, e’ Lew’® and Lys®;
summarized in Fig. 12)!%'® do not overlap with those required
for ligand-independent internalization, further supports the idea
that these activities are separable.

Interestingly, the d-17 mutant displayed SDF-1a-promoted
internalization, whereas the d-14 and d-22 mutants did not.
These data suggest that an element between amino acids 336
and 342 negatively regulates ligand-initiated CXCR4 inter-
nalization. We are currently determining what amino acids are
required for that motif. What is unique about the constitutive
internalization motif is its position effect in terms of the distance
of the motif from the “body” of the receptor. SES-like motifs
can be found in the cytoplasmic tails of both CXC-chemokine
receptors (for example, CXCR3) and CC-chemokine receptors
including CCR2, CCR5 and CCR7. Indeed, these receptors
share similar amino acid sequences in which two acidic amino
acids (mostly Asp) positioned between the 36th and 45th amino
acids of the cytoplasmic tail, where Ser and Thr residues are often
in the close proximity to the acidic amino acids but positively
charged amino acids, are infrequent. We hypothesize that for the
ligand-independent internalization motif to function, the SES
motif or its equivalent must be positioned at approximately the
40th residue of the cytoplasmic tail.

Many GPCR, including ola-adrenoceptor, and the ji-opioid
receptor, are spontaneously internalized.®®3” Therefore, we
conclude that various GPCR actively and continuously undergo
endocytosis in the absence of ligand in a manner similar to
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CXCR4 and hypothesize that the function of constitutive receptor
internalization is to fine-tune the threshold at which cells sense
ligand. Cells should be able to rapidly post up- and downregulate
cell surface levels of CXCR4 using post-translational mecha-
nisms. Such regulation should enable cells to migrate toward
SDF-1a-rich tissues as needed and should also prevent inappro-
priate cells from migrating.

Our work is relevant to cancer cell metastasis and the
pathogenesis of WHIM syndrome. Cell surface levels of CXCR4
positively correlate with cancer cells’ ability to metastasize.®'®
We hypothesize that enhanced metastatic capabilities of cancer
cells could be due in part to mutations that disrupt the function
of SES motif, which would result in upregulation of cell surface
levels of signal-competent CXCR4 (as exemplified by the E344A
mutant). As for WHIM syndrome, it was recently reported that
it is due to mutations within CXCR4's cytoplasmic domain. %
Interestingly, these mutations result in loss of SES motif. We
predict that loss of the SES motif should increase cell surface
CXCRA4 levels. Although CXCR4 mutations generated here are
not identical to reported WHIM mutations, the d-10 mutant
resembles mutations seen in WHIM syndrome, and it exhibits
enhanced basal cell migratory activity. Increased cell surface
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CXCR4 or increased migratory potential may contribute to
WHIM pathogenesis. The response of d-10-expressing cells to
SDF-10, however, was not as robust as that of cells derived
from WHIM.®%4 This discordance may be partly due to the cell
type differences, as we have employed a glioblastoma cell line
for our studies.

Thus, CXCR4 is a potentially important therapeutic target
not only for cancers but for other conditions such as HIV-1
infection, chronic autoimmune disease, and genetic disorders
including WHIM syndrome. CXCR4 also plays critical roles in
embryogenesis, homeostasis and inflammation. Although there
are potential caveats for treating cancer with CXCR4 antagonists,
our data furthers the understanding of mechanisms regulating
CXCR4 and could be useful in devising therapeutic strategies.
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~Inhibiting lentiviral replication by HEXIM1, a cellular
negative regulator of the CDK9/cyclin T complex

Saki Shimizua®®, Emiko Urano®, Yuko Futahashi?, Kosuke Miyauchi?,
Maya Isogai®, Zene Matsuda®, Kyoko Nohtomi®, Kazunari Onogi®,
Yutaka Takebe?, Naoki Yamamoto®® and Jun Komano?

Objective: Tat-dependent transcriptional elongation is crucial for the replication of
HIV-1 and depends on positive transcription elongation factor b complex (P-TEFD),
composed of cyclin dependent kinase 9 (CDK9) and cyclin T. Hexamethylene bisa-
cetamide-induced protein 1 (HEXIM1) inhibits P-TEFb in cooperation with 75K RNA,
but direct evidence that this inhibition {imits the replication of HIV-1 has been lacking.
In the present study we examined whether the expression of FLAG-tagged HEXIM1
(HEXIM1-1) affected lentiviral replication in human T cell lines.

Methods: HEXIM1-f was introduced to five human T cell lines, relevant host for HIV-1,
by murine leukemia virus vector and cells expressing HEXIM1-f were collected by
fluorescence activated cell sorter. The lentiviral replication kinetics in HEXIM1-f-
expressing cells was compared with that in green fluorescent protein (GFP)-expressing
cells.

Results: HIV-T and simian immunodeficiency virus replicated less efficiently in
HEXIM1-f-expressing cells than in GFP-expressing cells of the five T cell lines tested.
The viral revertants were notimmediately selected in culture. In contrast, the replication
of vaccinia virus, adenovirus, and herpes simplex virus type 1 was not limited. The
quantitative PCR analyses revealed that the early phase of viral life cycle was not
blocked by HEXIM1. On the other hand, tat-dependent transcription in HEXIM1-f-

expressing cells was substantially repressed as compared with that in GFP-expressing
cells.

Conclusion: These data indicate that HEXIM1 is a host factor that negatively regulates
lentiviral replication specifically. Elucidating the regulatory mechanism of HEXIM1
might lead to ways to control lentiviral replication. © 2007 Lippincott Wiltiams & Wilkins

AIDS 2007, 21:1-8

Keywords: CDK9, cyclin T, HEXIM1, lentivirus, taf

Introduction

Activation of transcription elongation requires the
positive transcription elongation factor b complex (P-
TEFDb) composed of cyclin dependent kinase 9 (CDK9)
and cyclin T1, T2, or K [1]. P-TEFb is essendal for
efficient transcriptional elongation from the promoter of
human immunodeficiency virus type 1 (HIV-1), the long

terminal repeat (LTR) (reviewed in [2,3]). The functional
interaction berween P-TEFDb and the viral protein Tat has
been well studied. Immediately after viral transcription
starts at the LTR. of the integrated proviral genome, the
nascent viral tanscript forms a three-dimensional
structure called TAR. In the presence of P-TEFb, Tat
binds to TAR. Through the Tat—TAR interaction, Tat
activates P-TEFb and therefore assures the efficient
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completion of viral gene transcription and the propa-
gation of HIV-1,

Recently, the regulatory mechanisins of P-TEFb functon
have been elucidated. In 2001, the interaction of P-TEFb
with 7SK RINA was fowid to be necessary to inactivate
the kinase activity of CDK9 within P-TEFb [4-6].

-Howevef, the binding of 7SK RNA alone is not

sufficient to inactvate P-TEFb. More recenty, Yik
et al. demonstrated that the inactivation of P-TEFb
requires hexamethylene bisacetamide-induced protein 1
(HEXIM1; synonyms CLP1, MAQ1, and HIS1) [7-9].
The inactivation of P-TEFb by the HEXIM1-7SK RNA
complex appears to regulate the transcriptonal elong-
ation of cellular genes.

The HEXIM1-7SK. RNA complex has been shown to
physically compete with Tat for binding to P-TEFb [10].
In agreement with this finding, HEXIM1 was shown to
inhibit Tat-dependent transcription from the HIV-1 LTR.
in wansient transtection assays [8,11,12]. However, no
data demonstrating that HEXIM1 is able to limit HIV-1
replication has been provided. Here we provide direct
experimental evidence that the constitutive expression of
HEXIMT specifically limits lentiviral replication.

Methods

Plasmids

The FLAG-~tagged HEXIM1 expression constructs were
generated by reverse-transcription PCR. using RNA
isolated from CEM cells as templates. The primers used
were  5'-CACCTCGAGCCACCATGGACTACAAA-
GACGATGACGACAAGGCCGAGCCATTCTTGT-
C-3' and 5-CAATTGCTAGTCTCCAAACTTGGA-
AAGCGGCGC-3" for amino terminus FLAG tagging,
and 5'-CACCTCGAGCCACCATGGCCGAGCCA-
TTCTTGTCAGAATATC-3 and5'-CAATTGCTAGT-
CGTCATCGTICTTTGTAGTCGTCTICCAAACTI-
GGAAAGCGGCGCTC-3 for carboxy terminus FLAG

tagging. The Xhol-Mfel fragmentsofthe PCR productswere

cloned into the Xhol-Mfel sites of pCMMP IRES GFP,
generatingpCMMP fHEXIM1 and pCMMP HEXIM1-f
[13]. The cytomegalovirus (CMV) promoter-driven gag-pol
expression vector psyngag-polhas been previously described
by Wagner ¢t al. [14] and pLTR gag-pol was constructed by
cloning the MluI-HindIIl fragmentencodingthe LTR from
pNL-luc [15]into the MIuI-HindIIsites of psyngag-pol. The
tax expressing plasmid pCGtax and pHTIV LT R luciferase
were kindly provided by Dr. Watanabe (Tokyo Medical
Institute). The tat-expressing plasmid pSVeat wasa generous
gift from Dr. Freed (National Cancer Institute-Frederick,
Frederick, Maryland,USA). The plasmid pLTR-luc has
been described previously (Miyauchi ef al, Antiviral
Chemistryand Chemotherapy,inpress). The followingplasmids
have been described previously by Komano et al. [13]:

pVSV-G, pMDgag-pol, pTM3Luci, phRL-CMV and
pSIVmac239Anefluc.

Cells and transfection

All the mammalian cells were maintained in RPMI 1640
(Sigma, St Louis, Missouri, USA) supplemented with
10% fetal bovine serum (Japan Bicsenum, Tokyo, Japan),
penicillin and streptomycin (Invitrogen, Tokyo, Japan).
Cells were incubated at 37°C in a humidified 5% CO,
atmosphere. Cells were transfected using Lipofectamine
2000 according to the manufacturer’s protocol (luvitro-
gen).

Western blotting

Cells were lysed with sample buffer, sonicated, and boiled
for 5 min. Samples were separated on 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels and
transferred to polyvinylidene difluoride membranes
(Millipore, Billerica, Massachusetts, USA) for western
blotting according to standard techniques. Membranes
were blocked with Tris-buffered saline containing 0.05%
Tween-20 (TBS-T) containing 5% (w/v) non-fat skim
milk (Yuoki-Jirushi, Tokyo, Japan) for 1h at room
temperature and incubated with primary antibodies
including the M2 ant-FLAG epitope monoclonal
antibody (Sigma), an anti-actin monoclonal antibody
(MAB1501R; Chemicon/Millipore, Billerica, Massa-
chusetts, USA), an anti~cyclin T1 rabbit polyclonal
antibody (H-245; Santa Cruz Biotechnology, Santa Cruz,
California, USA), an anti-cyclin T2a/b goat polyclonal
antibody (A-20; Santa Cruz), an anti-p24 monoclonal
antibody (183-H12-5C; NIH AIDS Research and
Reference Reagent Program), an anti-HIS! chicken
polyclonal antibody IN-150; GenWhay), and an anti-Bip/
GRP78 monoclonal antbody (clone 40; BD Bios-
ciences/ Transduction Laboratories, San Jose, California,
USA)} for 1h at room temperature. Membranes were
washed with TBS-T and incubated with appropriate
second antibodies including biotinylated anti-goat (GE
Healrhcare Bio-Sciences, Piscataway, New Jersey, USA)
or anti-chicken IgY (Promega, Madison, Wisconsin,
USA), and EnVision+ (Dako, Glostrup, Denmark) for
1h at room temperature. For a tertiary probe, we used
horseradish peroxidase (HR P)-streptavidine (GE Health~
care) if necessary. Signals were visualized with an
LAS3000 imager (Fujifilm, Tokyo, Japan) after treating
the membranes with the Lumi-Light Western Blotting
Substrate  (Roche Diagnostics GmbH, Mannheim,
Germany).

Reporter assay

Luciferase activity was measured 48 h after transfection or
infection using a DualGlo assay kit (Promega) according
to the manufacturer’s protocol. The beta-galactosidase
activity was measured using a LumiGal assay kit (BD
Biosciences/Clontech, San Jose, California, USA)
according to the manufacturer’s protocol. The chemilu-
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minescence was detected with a Veritas luminometer
(Promega).

Monitoring viral replication

To monitor HIV-1 replication, the culture supernantants
were subjected to either a reverse transcriptase assay [16]
or an enzyme-linked immunosorbent assay (ELISA) to
detect p24 antigens using a Retro TEK p24 andgen
ELISA kit according to the manufacturer’s protocol
(Zepto Metrix, Buflalo, New York, USA). For siniian
immunodeficiency virus (SIV) a p27 antigen ELISA kit
was used according to the manufacturer’s protocol (Zepto
Metrix). The signals were measured with a Multiskan Ex
microplate photometer (ThermoLabsystems, Helsinki,
Finland). For vaccinia virus, adenovirus, and herpes
simplex virus (HSV)-1, the activity of reporter genes was
measured 25 previously described [13].

Generating viruses

To produce HIV-1 and SIV, 293T cells were transfected
with plasmids encoding proviral DNA of HIV-1
(pHXB2) or pSIVmac239AnefLuc and culture super-
natants containing viruses were collected at 48h post-
transfection. Murine lenkemia virus (MLV) and lentiviral
vectors pseudotyped with VSV-G were produced as
described previously by cotransfecting 293T cells with
either the pNL-Luc and pVSV-G vectors or the pMDgag-
pol, pVSV-G, and pCMMP wvectors [13]. Green
fluorescent cells were sorted by fluorescence activated
cell sorter (FACS) Aria (Becton Dickinson, San Jose,
California, USA).

Reverse transcriptase-polymerase chain reaction
Total RNA was isolated with an RNeasy kit (Qiagen
GmbH, Hilden, Germany) according to the manufac-
turer’s instruction. The reverse transcriptase (RT)-
polymerase chain reacon (PCR) assay was performed
with 2 One Step RNA PCR Kit (Tzkara, Otsu, Japan),
imaged by a Typhoon scanner 9400 (GE Healthcare), and
quantified with Image Quant software (GE Healthcare).
For the amplificaion of endogenous HEXIMI, the
forward primer 5-ACCACACGGAGAGCCTGCA-
GAAC-3' and the reverse primer 5'-TAGCTAAA-
TTTACGAAACCAAAGCC-3 were used. For the
amplification of HEXIMI-f, the forward primer 5'-
GTACCTGGAACTGGAGAAGTGCCC-3' and the
reverse primer 5-CAATTGCTAGTCGTCATCGTC-
TTTGTAGTC-3 were used. For cyclophilin A, the
forward primer 5-CACCGCCACCATGGTCAAC-
CCCACCGTGTTICTTCGAC-3' and the reverse
primer 5-CCCGGGCCTCGAGCTTTCGAGTTGT-
CCACAGTCAGCAATGG-3 were used. '

Quantitative real time polymerase chain reaction
The real time PCR reaction was performed in a DNA
Engine Opticon 2 Continuous Fluorescence Detection
System (Bio-Rad, Hercules, California, USA). The
cellular genomic DNA and total RNA. were extracted

48h post-infection with a DNeasy kit (Qiagen) and
RNeasy kit (Qiagen), respectively, according to the
manufacturer’s instructon. For the reagents, we used
QuantiTect SYBR Green PCR and RI-PCR. Kits
(Qiagen). To estimate the amount of integrated HIV-1
DNA, Alu-ITR. PCR was performed according to the
method described previously using the following primers:
for the first PCR, 5'-AACTAGGGAACCCACTGCT-

. TAAG-3' and 3'-TGCTGGGATTACAGGCGIGAG-

al

3/, and for the second PCR, 5-AACTAGGGAACC-
CACTGCTTAAG-3 and 5-CTGCTAGAGATTT-
TCCACACTGAC-3' [17]. The beta-globin primers
have been described previously [18]. To estimate the
amount of HIV-1 RINA, the second PCR primers for the
Alu-ITR PCR were used. The primers for cyclophilin A
are described above.

Results and discussion

The HEXIM! cDNA tagged with a FLAG epitope at
either the amino terminus (FHEXIM1) or the carboxy
terminus (HEXIMI1-f) was cloned in a2 mammalian
expression plasmid (Fig. 1a). A luciferase assay revealed
that the Tat-dependent enhancement of transcription
from the HIV-1 LTR was reduced by co-transfecting
HEXIM1-expressing plasmids, whereas neither Tat-
independent basal transcription from the HIV-1 LTR
nor CMV promoter-driven transcription was affected
(Fig. 1b). An oncogenic retrovirus human T cell leukemia
virus type 1 (HTLV-1) encodes for fay, 2 functional
homologue of HIV-1% taf, that utlizes P-TEFb to
enhance transcriptdon from the LTR promoter [19].
However, fax-dependent enhancement of transcription
was not affected by HEXIM1 in similar experimental
conditions (Fig. 1c). To monitor the effect of HEXTM1

-on HIV-1 replication, we introduced HEXIM1-expres-

sing plasmids into HeLa~CD#4 cells along with pNL4-3,
which produces replication-competent HIV-1, and
measured the RT activity in the culture supernatant
1 week post-transfection. Transfecting HEXIM1-expres-
sing plasmids decreased the RT actvity in a dose-
dependent manner (Fig. 1d). Next, we asked whether the
inhibiton of viral replication was specific to HIV-1 by
examining vaccinia virus, adenovirus, and HSV-1
replication. We found that the propagation of these
three viruses was not inhibited by HEXIM1-f expression
(Fig. le—g), suggesting that the inhibidon of wviral
replication by HEXIM1 was HIV-1-specific.

To examine whether HEXIMI1 negatively affects
lentiviral replication in the physiologically relevant host,
we isolated human T cell lines constitutively expressing
HEXIM1-f We cloned HEXIM1-f ¢cDNA into a
pCMMP (MLV retroviral vector plasmid (Fig. 2a).
The plasmid encoded an internal ribosomal entry site
(IRES)-mediated green fluorescent protein (GFP)



