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AUTHOR’S CORRECTION

HLA-Associated Viral Mutations Are Common in Human
Immunodeficiency Virus Type 1 Elite Controllers

Toshiyuki Miura, Chanson J. Brumme, Mark A. Brockman, Zabrina L. Brumme,
Florencia Pereyra, Brian L. Block, Alicja Trocha, Mina John, Simon Mallal,
P. Richard Harrigan, and Bruce D. Walker

Ragon Institute (formerly Partners AIDS Research Center), Massachusetis General Hospital, Charlestown, Massachusetts 02129;
Division of AIDS, Harvard Medical School, Boston, Massachusetts 02115; Howard Hughes Medical Institute, Chevy Chase,
Maryland 20815; Centre for Clinical Immunology and Biomedical Statistics, Royal Perth Hospital and Mwrdoch University,
Perth, Australia; British Columbia Centre for Excellence in HIVIAIDS, Vancouver, British Columbia, Canada; and
Division of AIDS, Faculty of Medicine, University of British Columbia,

Vancouver, British Columbia, Canada

Volame 83, no. 7, p. 3407-3412, 2009. GenBank accession numbers were erroneously omitted from the original publication. The
GenBank accession numbers for the sequences derived from HIV elite controllers are EUS17762 through EUS517815 and
EUS517972 through EUS518012 (as described in reference 25 of the original manuscript), EU873003 and EU873005 (as described
in reference 26 of the original manuscript), and GU046566 through GU046604. The majority of the GenBank accession numbers
for the sequences used to create the map of HLA-associated mutations appeared in references 7 and 9 of the original manuscript,
and additional GenBank accession numbers are GQ303719 through GQ304249, GQ371216 through GQ372824, GQ398382
through GQ398387, and AY856956 through AY857186 (as described in a new publication [1}).

1. Brumme, Z. L., M. John, J. M, Carlson, C. J. Brumme, D. Chan, M. A.
Brockman, L. C. Swenson, L Tao, S. Szeto, P. Rosato, J. Sela, C, M. Kadie, N,
Frahm, C. Brander, D. W. Haas, S. A. Riddler, R, Haubrich, B. D. Walker,
P. R. Harrigan, D. Heckerman, and S, Mallal. 19 August 2009, posting date.
HILA-associated immune escape pathways in HIV-1 subtype B Gag, Pol and
Nef proteins. PLoS One 4:¢6687.
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%R R ETR 2ME® B (Acuquired Immune
Deficiency Syndrome @ AIDS) ik MEIERET AV
A (Human Immunodeficiency Virus type 1 : HIV-1)
DBHNZ L o T &R SN, 1990 MKH F T,
HIVEEHe = AIDS=30L WA A=V FhHo72, L
L&D, 196FETAHHHHTEDL L HIh o720
Fady A Vv AERREICLD, MEPOT A VA
ErBREBALTICE CHHIT5 2 LARRIZERD,
AIDSIZ X B TEITER L 72, LA Lads, Th
LOWTANAFELLoTh, 714 VAZEAD»SL
FEICHIRT 2 Z LIETFWUERTH Y, HkeHET5
EEUTANVAESEIMLTL A, Lo, B
FIAEIID- D HIVEZ SRALT B LEXD D
EMOBERFBREShTwE,. —FT, BADET
B, BEBMTRELRLoTHBY, SIS
H20FCERB L CHRENERD, HHIVEDRS %
DEELZVEERDEET S, ok, HIV
Controllers & FEZh, E4E, ThHIIBTETA N
ARE Y PO VORFBEBIT SN, BRi
ToFUrRBOREELDLEVIEZ NS, HIV
Controllers Z ® & & L-WFFRSEAIITbORTWS
ZZTR, B COMRO—HEENTS.

I. HIV Elite Contollers
HIV-1ix, CD4BPEMifa (£12, CDABHETHING) 2
B L, AN TCDABHETHR B s h Z LICX
0, (— M CD4BEEMIELAS200/ n LEMIZ 2 5 &)
BEFIAHOHMRARISEICRB LTS, 2
2T, MHFDY A VABRDORENTEHN— X TIEFIH
TERPo BRI, BREBT~I10ELEEZHETD,

HIV Elite Controllers
—HIVEEED 5 AR —

CD48% 500/ 1 LEA b (8% A2 B 2 CDARB IR 3k
12500~1,000/ u L) I2{f o T A BERIZ, BHRSE
$E# (Long-term non-progressors : LTNP) & It h,
FDLL BN RE INTEZ, LEBLENES, 1
50% I3, BRIHICIZAIDSICERTT A L2 bh
oCEY,

M7 A VADERVTEIZE > Thbid, BEO
WATHED, 20Mbr A VAR ERMHETAZL
AbhoTE7D?, BEMME Y, My vz
BZOLOMEHSINSL Lo TES:, HIVICE
$e3 5L, 3~4AOBKRBO%, AL o TdERYE
BUWREROEREET A, ZoH, hov 4 VA
#13, 10° RNA copies/mLic b L, —BMIZCDAG
PTHREDSRAT 5 (E1). 2%, BECDL
HIEEAC. oM, mMHP YA VAREBBY
R—EL-E8Z2E->TEY, TOREBELLIVANVAE
DZEFRIEY FPRLVIILNVABIERATVES
M REFROHIVERE TIE, ZoffiliBLe
30,000 RNA copies/mLEETH 5. BEHEENTO
7 AV AEHEOWHICIE, HIVEEAHREEETH
FL(CTL) B ICEEREE 2 L TWD I EHRES
#’LT\/‘E)a 4).

FHPAROFEL BN E LT 725 05N, B
HEFCOMARCIIFFICHEHETH D, miEdmy 1 VR
BAERTIIE, AIDSIZ 2 2RERME L, oAl
ANARRRESERWREDLEL (B 2 s
RTWB I EH6Y, %< OWREHSHIVERHCTL
OFERZAWE LT 2 F VEREFERLTYS, B
YA NVABPEEFZOLNAMUTIZIH TR0
A5, ®&¥, HIV Controllers& FEIN A L Hh D,
ZO5h, B, BHoMb Y AV AERT, MHRE
RULF (50-75 RNAcopies/mL)ICE T, HHa2 v b
O—VTELIDEFIZ, HIV elite controllers(EC)
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FXF)CTH L. B, —AOHIVEEOEIN N+ —
EFOREBDOLIELY FOTRTIE, nefic K& %
REDSBBENSY, ZROEDBETNTHE, wbY
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Wl oMkx, LINPEBWTR, o774 —
FETORKBEOBEDBAIN TS,

#H 513, 50N LEOECHS, HHE(5~35mL)
DML ST 4 VA BROTEREL, TXTOEE
BEFORELRAL. TOHEE, BIICH%OEC
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Denvelope 7 ¥ 737 OHIBLE NS, BMRHEK
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HIVEEAH L TRZEF BN DI oTED,
AT UBREGHRE LTROBLHRADOETEBNE VD
HENDH LY. L LiAS, Pereyrabic & et
T, FEEEHRIEI-ALBLT, ECTONTOHE
EROBE D EATBRPEE L ERTRCE R o721,
Dolan 6 id, WROMEITICRENIZE { CCRENT T
YA TREERDT, T, UF Y FTHAHMIPla %
2— F4ACCLILIEET O ¥ —HDS, HAaO#ET
HELAOMEENH LT EBHEL, non-detrimental
HCCRENTU ¥ 4 7L HWCCL3LI#fETa ¥ —#
DHEAEDLEN, ECTHVEETRONALZ LEH
BLTWDY,

V. RESHNET

1. BEERE

1 HIVESEHCD4EMETH

CD4fE M THIZ L, BIERIEDkey regulator Td 5.
PRI D, whbwaLTNPTIE, HIVEENCDAGH:
THIRMOEMEESER TV LME ST VR,
Pereyrabid, IL2¢ A v —7zuarfivsn s
12573 AHIVEERBCDAG TR OBE S, ECT
BBV EEHELTHEYY, ZCBETIE, Potter
A, HIVHFEBNCD4B - THI OBERERE L IL-25#W
DD, T A VABRETOBERICESRT, EC
TREP LI LEFHELTWEY. $72, BiE, —
Ry 2 HIVER S E ¢, HIV-USENCDABHTHI
T, immunoregulatory molecules T# ACTLA4B
JUPD1IOREIEET - Twdiw, HRELT,
MR S L TLEoTwBEsha ™ ¥, ECics
WTd, ECOHIVEFRMCDAR M THIM CIE, CTLA-
LDV ARAVHFEBIECZESRISRTENY, ¥R
ELT, BoMREERZ R TSNS 5.

2 ) CDSIZHETHERE (AERafE =M TAR)

HIV-14F £ 19 40 i B8 & % T# Ba (Cytotoxic T
Lymphocyte : CTLYAEY A VABED 2 Y PO —)ViZ

Vol. 39 No. 6

FELBEZRELLTWAI LG, FiFarkr4R
BESATWA, 22X, BUSRT IR, &
BRI BT, =707 L VABPEKT LIAD
5 LIZIZERENC, HIVREBCTLBH SIS L)
WhBIEY, TR NDOIAL XTI AN ARRE TN
T, HCDSHADOZEIZL YCTLRHBE XL L,
MDY 4 NV ABAIEINT 52 EPBEIShTWEY,
— R R EEHIVREEICBWT, 2oMlihy 4 L2
BLHMETAREBFENNASG X —F -DFERRBIEEILS

{BHY, TITERLEZRBANT HMEOLHIE R,
REHLICW ) &, Kulih o A VAR, $50VIIEER
BITORBELHETLIDE LT, OCaghFENCTL
ETANZAT 4y FRA, @CDSEEMTHIED 2 4 Y
FA, HEXRETONDL, DT, ERICECEMNRIC
L7z Bad 5.

OGaghsBMCTLE DA IVZA T 19 PR R

HIVZ 737 D9 b, Gaghtld EELRCTLOERNT
HHI LY, BLOBXTHLMIISATHREY, EC
ZBIAMETIE, o007 V— 7 RA#OEELH
HELTWEOY  ECTH, HLA-B27H 5 \WIB57%%
BLTWAENREL, ZhoD7 Y VidGag (I
Capsid) # ¥ N2 HICCTLZE b—T 2 H-Twn
2R UL EAS, ZOEBIIECKBITAHE
FHLAGH I L 2 b Cldhwa L 0bhoT
w3,

HIVOBEERERI LT —FANRTL, ZoF»
TREPR, HIVOMICEEZ AL VWEWEHEORER L
broTwad, HIVIFEWERIZEICL D Y4 VA IER
EWhpb e, HIVIIESICEEZHEEL, fREL
TIANWADPREPSRBE(ZAr—7)F5. Zhi
IRy —FEROLRMIIE, YA VAOHEEEE(7 4
v AR BETEELZH0PHMESIR TS, ECO
40%% 5D HLHLA-BS7ICHE S5 Gag T ¥ b — 7
5, HIFEEMICE ARy — FERO—DF, ¥
ANVAOHBEERRT ST L, RBEFL VT
b, BRLEOBETHRDLNTNEEY,

B L7z & 912, ECH ¥ gagprotease® bDOF X 5
TANAZEEICRIS LAEMEER LAY, 6%
LI DI R6E, HICHLABST:2 8072, #
FOETITH U CRHEMICE < HLA class 15 4 7%
LOBRERL L > TH 3N TV HAREENF N
Lamans?, 2810, HLABS7TBEERKROY 4V
ADY— I L AR THE, £ DECHZFDL
¥ h—=7HIZ, B4 LVAMEREIZIR S i
GERRH-TEY, YANVAOEREPELET
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%

2B EPREShEY, ZROLOECKHE, TAF
=TT RERTLRRMACTLER>Twa T
EAHBEINTVWS, ZOZEOREEHE, 1) —

Py b E—-ICES LTS WREST S A,
—H T, ECItE#DHOLNAHLA-B51IEGagliciE
MY —7PHEE LWL E, ERLULBEITX
TOECKHTRELZDLIITRZWIEHFELTHL.
@CDSBMETHERO 74 1) 7 1

ZODT V=T BIFNT V< /IL2% & ITELT
LZCTLOEIAD, ECTRETREEFHLIVAEEICLS
Dol b ERESNRTVEYD 3 Bettsh ik
ECIZBWT, MUHLAICE > THERENLLY b—
THREBRCTLIZBWTD, YA NVAMEL2RD S
BERICERT, £HEOY L V44 VY 2EETS
polyfunctionalZCTLOEIENE o -2 & 2 L
Tw2% | Migueles® i3, ECTRHIRIIH LT,
HIVE R BCDSHIETHRR OISR b0l
LT, T4 VAFEEICL T, BBICHRHBIBRE
TOIANABEEZERLTWAETIZED Oz h o
T EEBMELTVWEY, %512, SaezCirionbid,
ECHIE O RFBREDOCDSB M THL A, 7B sk
DOCDABETHIC Y 4 VA ZREBEN TR S ¥/
DDA E A, BITREZRES LU, HHIVE
BREICHERT, YA NVABEEZ LD PO—VTE
b EWMELEY, F7, EEICEE, Miguelesd
i, ECoOCDSHMETH TIX, lytic granule®E A5
MLTEBY, LOHEMICBREARZRTIENTE
TWAHI MR LD,

CDAR ML D E T 7225, HIVEERNCTLT
i3, PD-1(programmed death-1) 3 FOHBEFEF -
THY, ZhifiiaodysfunctioniZEL, #oU
SN, MOy A4 VAR L EOHBYEDH B 2 AR
ShTwaY, ECAkOY v IV @HELF—%
i, EZOMNBMY —0OTHHN, ETREELOE
BB ThPol. LELEDNSL, RETRTEHE
LT, ZORELRHIVIFENCDB A THINRAS, M
TANABIY PO NVORELROY, TOHELTR
TWBEDPIEN TRV,

2. HR%E

RR L7z & 50, BEEEARTOY A VA%
o= MICCDSB B THII S EE 2% E % 272 LTw
BHEEZOLNTWAY, BHBEIZBVNT, HIVE
EMCTLABMENZ D, 74 VABKY —21C
FET2LVETFEBRTCWD ESRTWEY, Lizas

22

2T, BRHEIERPRIZLTWLRELEELD LN
v, BAREZEIHEBROVESTH BNK
(Natural Killer)#ila o L€ 7% — T3 5KIR
(Killer ITmmunoglobulin-like Receptor) D4E D 71
NV ERROETEEICE, BEFHLI LI oT
& Tw A, Activating NK cell receptorTa® 5
KIR3DSI7T U V&, YH Y FELTHBMLSERDT
I B4 V04 Yy ThHHLABwLHLA-Bw4-80D)
ELEHIEHOBETI, WAOEITIEL, »oRER
ERTIE, ZOHEAEDLES, 5 HIVORES L I
THIEFEHEATYLS% 3 ¥ inhibitory
receptor T AKIR3DL1DYFED 7 V) W 2 HLA-Bw4-
80l% & HICHOBFOHADOET LRV L
Ehtwa®,

EER &2, HLA-Bw4-801i%, # b protective?s
HLA-B57%# & A TWA, L7doT, CTLIC X 5%
Bz, —EBOHLA-BS7TRME CId, NKMIKIZ X
LRI ANVABRLES LT AW HENFH S, EC
B AWHETIE, 20 ADEAECIZBWT, HLA-
Bwd4-80Ii317 A FR S 7248, KIR3DS1% - T
72HEIFZALPB ST, WHF> Cwi&lR, ol
DINTH o2 e ShTwa®, bk,
KIRSDSIIBATRFE LT INTH 505 M8
LW, 44l Ed, Thbodzy—baryio—ib
EBETEWI ERBELH»THE. LeLiYs, &
PRI E TV BHERN, T0BOLy FRA »
FYANABOREICECHELTwREEZONT
Wakd, 4, BRRUEROMEFEEL & o-TL
Ahd L,

3. WM&

B U7z & 902, HIVEREIZ BT, Bk
WO A4 VAEEDT Y bO— W ~OPHPEOE 5
B BwEEZSRTWS, Pereyrab ldheterologous
virusH ®envelope % D pseudovirus® R HIBL R4
¥, ECTREFTBRESRICHRT, A#ELEI-~Z
LEHELTWEY, —J, ECHROMmMENET Y
ANAGREL L BT L7201, V4 VARHFa Y
PE—VTETWADOTERVPEVWIEMIED
5. ZHhIZoWTiR, BABEONREDT—5 L
BESNTELT, EITREELOBT, HIENG
MESNTVWAEWY, Lo, RBETOMRT
i3, TY—rar bo—Mxd R0 g5
LENTH S,

3%, Lambotte® X, recombinant gpl20%#%fy&
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L 7-ADCC (antibody-dependent cell cytotoxicity) %,
10AD ¥ b a—F (<400 RNA/copies/mL) & &
ANABBREOMTRBLALEZS, T bE—-FT
1%, ADCCAHZIEmD o L2 H/EL TS,
S% I VBEEOKRE LR TOREILETHA .

FEH

ZZHE, ECKELTE omIAHERTWS
B, BB LAIOICBEORBLLBFERROh- T
Wi, HLADNSA TAZBZ 5 L9 zHFIERD
6 R WITEEMDE {, FhEhdelite controldtiE
SR, HHVIEEROBEOaYERA—-Ya v
LD o T aa L BEVEEZIONRE. FY
HHIVY 7 F Y BEO#ED, ALKECIZEIhTw
LRETHTHED, 44D I OHBOB LIRS
NTWLTHA9.
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ABSTRACT

Suppressor of cytokine signaling 1 (SOCS1) is a recently identified host factor that positively regu-
lates the intracellular trafficking and stability of HIV-1 Gag. We here examine the molecular mech-
anism by which SOCS1 regulates intercellular Gag trafficking and virus particle production. We find
that SOCS1 colocalizes with Gag along the microtubule network and promotes microtubule stability.
SOCS1 alse increases the amount of Gag associated with microtubules. Both nocodazole treatment
and the expression of the microtubule-destabilizing protein, stathmin, inhibit the enhancement
of HIV-1 particle production by SOCS1. SOCS1 facilitates Gag ubiquitination and the co-expression
of a dominant-negative ubiquitin significantly inhibits the association of Gag with microtubules.
We thus propose that the microtubule network plays a role in SOCS1-mediated HIV-1 Gag transport
and virus particle formation.

Structured summary:

MINT-7014185: Gag (uniprotkb:P05888) and SOCST (uniprotkb:015524) colocalize (MI:0403) by cosedi-
mentation (M1:0027)

MINT-7014239: Cullin 2 (uniprotkb:Q13617) physically interacts (MI:0218) with RelA (uni-
protkb:Q04206), RBX! (uniprotkb:P62877), SOCST (uniprotkb:015524), elongin B {uniprotkb:Q15369)
and elongin C (uniprotkb:Q15370) by pull-down (MI:0096)

MINT-7014046: gag (uniprotkb:P05888), SOCS! (uniprotkb:015524) and tubulin alpha (uni-
protkb:Q13748) colocalize (M1:0403) by fluorescence microscopy (M1:0416)

MINT-7014269: tubulin alpha (uniprotkb:Q13748) physically interacts (MI:0218) with Gag {uni-
protkb:P05888) by anti tag coimmunoprecipitation (MI1:0007)

MINT-7014036: tubulin alpha (uniprotkb:Q13748) and SOCS1 (uniprotkb:015524) colocalize (MI:0403) by
fluorescence microscopy (MI1:0416)

MINT-7014201: Cullin 2 (uniprotkb:Q13617) physically interacts (MI:0218) with RBX1 (uni-
protkb:P62877), SOCS1 (uniprotkb:015524), elongin B (uniprotkb:Q15369) and elongin C {(uni-
protkb:Q15370) by pull-down (MI:0096)

MINT-7014257: Gag (uniprotkb:P05888) physically interacts (MI:0218) with Ubiquitin (uni-
protkb:P62988) by anti tag coimmunoprecipitation (MI1:0007)

MINT-7014221: Cullin 2 (uniprotkb:Q13617) physically interacts (M1:0218) with Gag (uniprotkb:P05888),
elongin C (uniprotkb:Q15370), elongin B (uniprotkb:Q15369), SOCS1 (uniprotkb:015524) and RBX1 (uni-
protkb:P62877) by pull-down (MI:0096)

© 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

Abbreviations: HIV, human immunedeficiency virus; SOCS1, Suppressor of
cytokine signaling 1: KiR, kinase inhibitory region; MTOC, microtubule organizing
center; Ub, ubiquitin; VLP, virus-like particle
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Ryo). Fax: +81 42 563 6291.

E-mail addresses: aryo@nih.go.jp (A. Ryo), nyama®nih.go.jp (N. Yamamoto).

1. Introduction

The human immunodeficiency virus 1 (HIV-1) employs multi-
step and multi-factorial processes for producing progeny viruses
during infection [1,2}. Virus must utilize the intrinsic transport
machinery of the infected host cells to enable the active transport

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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of viral proteins [3,4]. Several recent studies have identified cellu-
lar factors that modulate HIV-1 Gag trafficking and localization.
These include AP-38, POSH, HP68, GGA and Trim22 [5-9]. More-
over, phosphatidylinositol-(4,5)-bisphosphate (PIP2) has been
shown to control the targeting of Gag to the plasma membrane
[10]. These findings point to a critical role of host cell factors in
Gag assembly and release, but the precise molecular functions of
these factors and the specific timing of their roles in this process
remain largely unknown.

We recently reported that the suppressor of cytokine signaling
1 (SOCS1) is an inducible host factor during HIV-1 infection and
plays an important role in the intracellular trafficking of Gag to
the plasma membrane, resulting in the efficient production of
HIV-1 particles [11]. Moreover, we have further shown that the
function of SOCS1 in Gag trafficking and HIV-1 particle production
is not principally due to the suppression of interferon/cytokine sig-
naling, but is mediated via its interaction with the HIV-1 Gag poly-
protein {11]. Importantly, the targeted depletion of SOCS1 results
in the mistargeting and degradation of Gag in lysosomes, leading
to a significant decrease in virus particle production [11],

In our current study, we have utilized SOCS1 as a molecular tool
to further reveal the molecular mechanisms underlying the intra-
cellular transport of HIV-1 Gag during viral infection. We reveal
from our findings that SOCS1 regulates the Gag trafficking process
via the microtubule-dependent cellular machinery. Furthermore,
we find that Gag is also regulated by a ubiquitin signaling pathway
which is accompanied by Gag ubiquitination. These findings shed
new light on the mechanisms involved in the intracellular transport
of HIV-1 Gag and provide important clues for the design of future
novel therapeutic interventions against AIDS and related disorders.

2. Materials and methods
2.1. Antibodies

Antibodies (Abs) and fluorescent reagents were obtained from
the following sources: rabbit polyclonal anti-myc (A-14) and rabbit
polyclonal anti-SOCS1 (H-83) Abs (Santa Cruz Biotechnology); rab-
bit polyclonal anti-SOCS1 (Zymed Laboratories); mouse monoclo-
nal anti-FLAG (M2), anti-a-tubulin, anti-acetylated-o-tubulin and
anti-y-tubulin Abs (Sigma, St. Louis, MO); rabbit polyclonal anti-
stathmin antibody (Calbiochem); mouse monoclonal anti-myc
antibody (9B11, Cell Signaling Technology); mouse monoclonal
anti-cytokeratin 7, cytokeratin 18, vimentin and HIV-p24 Ab (Dako
Cytomation). Immunoblotting, immunoprecipitation and immuno-
fluorescent analyses were performed as described previously [11].

2.2. Plasmids and sequences

Expression constructs for SOCS1 have been described previ-
ously [12]. HIV-1 Gag constructs have also been described
previously [13], Stathmin ¢cDNA was amplified by RT-PCR from a
human kidney c¢DNA library using the primers 5-AGCAAG
CTTGCCACCATGGCTTCITCTGATATCCAGG-3' and 5'-GACGGATCC
GTCAGCTTCAGTCTCGTCAG-3' and then subcloned into the
pcDNA3.1 vector. pcDNA3.1-myc-ubiquitin and its mutants were
generated by PCR as described previously {14). The siRNA se-
quences were as follows: SOCS1-siRNA, GGCCAGAACCTT
CCTCCTCTT; control-siRNA, TCGTATGTTGTGTGGAATT. All expres-
sion constructs were validated by sequencing.

2.3. Microtubule-associated protein spin-down assays

Microtubule-associated proteins were collected using a micro-
tubule-associated protein spin-down assay kit (Cytoskeleton,

BK029) according to the manufacturer’s instructions. Briefly,
293T cells were lysed in 0.5 ml of PEM buffer (80 mM PIPES, pH
6.9, 0.3% Triton X-100, 1 mM EGTA, 1 mM GTP, GTP, 1 mM MgCl,)
supplemented with 1 mM phenylmethylsulfonyl fluoride, 5 pg/ml
leupeptin, 2 pg/ml aprotinin, 1 mM sodium orthovanadate, and
5 mM NaF. Cell lysates were incubated with taxol-stabilized micro-
tubules, followed by ultracentrifuge at 100000xg for 40 min at
25T.

2.4, Cell culture

The 293T, COS-1, COS-7, Hela and HOS cell lines and mouse
embryonic fibroblasts (MEFs) were cultured in DMEM supple-
mented with 10% FBS. SOCS1-/— MEF cells were cultured as de-
scribed previously [12].

2.5. In vitro interaction analysis

The in vitro interaction between HIV-1 Gag and the SOCS1-E3
complex was analyzed as follows: '“C-labeled recombinant pro-
teins (SOCS1, elongin B/C, Rbx1, biotin labeled cullin 2, and HIV-
1 Gag) were synthesized in a wheat germ cell-free system as de-
scribed previously [15]. The synthesized proteins were subse-
quently incubated in 120 pl of reaction buffer (50 mM Tris-HCl,
pH 7.6, 50 mM Mg(Cl,, 500 mM CH3COOK, 0.1 mM DTT and 1 mg/
ml BSA) and streptavidin magnetic beads (Promega, Madison,
WI) at 23 °C for 1 h. The precipitated proteins were then washed
three times with reaction buffer and subjected to autoradiography.

3. Results
3.1. SOCS1 aligns with microtubule forming fibrous structures

SOCS1 has been shown previously to localize at both the perinu-
clear region and the microtubule organizing center (MTOC) [16].
This finding indicated the possible involvement of the microtubule
network in the regulation of Gag by SOCS1. We thus addressed
whether the Gag transport system is in fact mediated by microtu-
bule integrity and if SOCS1 enhances this process. Immunofluores-
cent analysis with a-tubulin antibodies revealed that endogenous
SOCS1 forms punctate structures that align with the microtubule
network (Fig. 1A). Importantly, these signals were completely abol-
ished when the cells were stained with anti-SOCS1 antibodies that
had been pre-absorbed with recombinant SOCS1 protein, confirm-
ing the specificity of this antibody (Fig. 1B). Parallel experiments re-
vealed that SOCS1 does not colocalize with other cytoskeletal
components such as actin or intermediate filaments (Fig. 1C).

3.2, SOCS1 promotes microtubule stability

Given our finding that SOCS1 can tightly associate with micro-
tubules, we next addressed whether SOCS1 affects microtubule
stability. Stabilized microtubules are frequently enriched in tubu-
lin that has undergone post-translational modifications such as
acetylation [17]. We found that the high expression of SOCS1 re-
sults in higher amounts of acetylated microtubules in three differ-
ent cell lines when compared with control cells (Fig. 2A) and that
this trend is dose-dependent in COS-7 cells {Fig. 2B). On the other
hand, SOCS1-/- mouse embryonic fibroblasts (MEFs) exhibited
lower levels of acetylated o-tubulin compared with wild-type
MEFs (Fig. 2C). These results indicate that SOCS1 does indeed con-
tribute to the stabilization of microtubules.

Mammalian cells usually possess a population of microtubules
that are resistant to the depolymerization effects of microtubule
disorganizing reagents. We thus addressed whether SOCS1 impacts
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Nonabsorbed

~y-tubulin

~_Absorbed

vimentin

Fig. 1. SOCS1 colocalizes with microtubule forming fibrous structures. (A) COS-1 cells were fixed with 3% formaldehyde followed by 100% cold methanol, and then co-
immunostained with polyclonal antibodies targeting SOCS1 (red) and monoclonal antibodies targeting o~tubulin (green). Cells were then analyzed by confocal microscopy.
Scale bar, 10 um. (B) COS-1 cells were immunostained with anti-a-tubulin monoclonal antibodies together with anti-SOCS1 polyclonal antibodies that had either been non-
absorbed or pre-absorbed with GST-SOCS1 proteins, This was followed by confocal microscopy. Scale bar, 10 pm. (C) COS-1 cells were fixed with 3% formaldehyde followed
by 100% cold methanel, then co-immunostained with polycional antibodies targeting SOCS1 (red) and monoclonal antibodies targeting various cytoskeletal components

(green). Cells were then analyzed by confocal microscopy.

upon this property in this subpopulation of microtubules in COS-7
cells. The cells were transfected with either SOCS1 or control vec-
tor and then treated with 1 uM colchicine for 12 h to fully depoly-
merize the microtubules, Immunostaining with antibodies against
acetylated o-tubulin showed that the SOCS1 expressing cells con-
tained more polymerized microtubules compared with the control
cells (Fig. 2D). These results indicate that SOCS1 might contribute
to the microtubule stability required for Gag trafficking via this
network.

3.3. SOCS1 enhances the association of HIV-1 Gag with microtubules

We next investigated the sub-cellular localization of HIV-1 Gag
with SOCS1 and microtubules, COS-1 cells were transfected with
Gag-GFP and after 24 h were fixed with 3% formaldehyde, followed
by 100% cold methanol. The cells were then immunostained with
anti-SOCS1 and anti-a-tubulin antibodies. Consistent with our ear-
lier results, confocal microscopic analysis revealed that SOCS1 can
form dotted filamentous structures in the cytoplasm along the

microtubules, and that HIV-1 Gag colocalizes with these SOCS1
puncta (Fig. 3A).

To next determine whether cellular SOCS1 and Gag can together
mechanically bind microtubules, and thus whether SOCS1 expres-
sion has any impact upon the interaction between Gag and micro-
tubules, we performed microtubule pull-down analysis. 293T cells
were transfected with either Gag-FLAG, myc-SOCS1, or a combina-
tion of these two plasmids, and the lysates from these transfected
cells were subsequently incubated with taxol-stabilized microtu-
bules and centrifuged to pellet the microtubule-associated
proteins. The pellet fractions were then subjected to immunoblot-
ting using either anti-myc or anti-FLAG antibodies, SOCS1 was
found to be co-sedimented with microtubules irrespective of
whether Gag had been co-transfected (Fig. 3B). The quantities of
microtubule-bound Gag in the pellet fraction, however, were sig-
nificantly increased when SOCS1 was co-transfected (Fig. 3B).
These results together indicate that SOCS1 is itself a microtubule
binding protein that may also mediate the interaction between
HIV-1 Gag and microtubules.
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acetylated-a-tubulin (green) or anti-myc (red) antibodies and then stained with 4',6-diamino-2-phenylindole (DAP], blue), followed by confocal microscopy. Scale bar, 10 Hm,
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Fig. 3. SOCS1 enhances HIV-1 Gag associated with microtubules. (A) COS-1 cells transiently transfected with HIV-1 Gag-GFP were co-immunostained with antibodies
targeting endogenous SOCS1 (red) and microtubules (a-tubulin, blue). The inset indicates the area shown at higher magnification in the right hand panels which reveal the
colocalization of Gag-GFP with SOCS1 along the microtubules. Scale bar, 10 pm. (B) Cosedimentation of SOCS1 and HIV-1 Gag with polymerized microtubules. 2937 cells were
transfected with the indicated plasmids for 36 h. Cell lysates were then incubated with taxol-stabilized microtubules or control buffer and separated into precipitate {(PPT)
and supernatant fractions. Precipitate fractions were subjected to immunoblotting analysis with anti-myc or anti-FLAG antibodies.

3.4. Microtubule integrity is required for SOCS1 to function in HIV-1
particle formation

Our results shown above indicated that SOCS1 mediates the
association of HIV-1 Gag with the microtubule networks. We next
examined therefore whether SOCS1-mediated Gag trafficking, and
the resultant HIV-1 particle production, are dependent upon an in-
tact microtubule network. 293T cells were transfected with the

HIV-1 molecular clone pNL4-3 and co-transfected with either
empty vector alone or myc-SOCS1. After 24 h, the cells were
washed with PBS and then cultured in the presence or absence of
nocodazole for a further 6 h. Subsequent measurement of the
p24 antigen levels in the cell supernatant by ELISA revealed noco-
dazole treatment significantly inhibited the enhancement of HIV-1
particle production in SOCS1-transfected cells more dramatically
than in vector control transfected cells, and that this was

— 126 —



M. Nishi et al./FEBS Letters 583 (2009) 1243-1250 1247

dose-dependent (Fig. 4A). Consistent with these results also, SOCS1
localization was observed to be significantly altered by nocodazole
treatment, ie. from a dotted filamentous structure along the
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(Fig. 4B). The use of trypan blue dye exclusion confirmed that cell
viability was not affected by the nocodazole treatment (Fig. 4C).
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Fig. 4. Microtubule integrity is required for SOCS1 to function in HIV-1 particle formation. (A) 293T cells were transfected with pNL4-3, and co-transfected with either empty
vector alone (Vector) or myc-5S0CS1, After 24 h, cells were washed with PBS and then cultured with fresh media including the indicated concentrations of nocodazole for 6 h.
Supernatant p24 antigen levels were measured by p24 ELISA . The data shown are the average + S.D. of three independent experiments. P < 0.05, by the Student's t-test. (B
and C) Mislocalization of SOCS1 in cells treated with nocodazele, COS-1 cells were treated with vehicle only or with nocodazole (2 pg/mi) for 6 h. Cells were then fixed and
immunostained with both anti-SOCS1 (red) and anti-a-tubulin (green) antibodies, followed by confocal microscopy (B). Scale bar, 10 um. The numbers of viable celis were
calculated by trypan blue dye exclusion (C). (D) COS-1 celis transfected with Gag-GFP were treated with vehicle only or with nocodazole (2 pg/mi) for 6 h followed by
immunostaining with anti-o-tubulin (red) antibody. Scale bar, 10 um. (E and F) 293T ceils were transfected with pNL4-3 and either vector or SOCS1, and co-transfected with
various amounts of stathmin. At 36 h after transfection, cell lysate and supernatant virus-like particle (VLP) were processed for immunoblotting analysis with anti-p24, anti-
PARP, anti-B-actin or anti-stathmin antibodies (E). VLP p24 Gag signal intensities, derived by densitometry, are shown in (F).
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Furthermore, a parallel experiment revealed that the Gag-GFP
puncta formed larger aggregations in the cytoplasm upon nocodaz-~
ole treatment (Fig. 4D).

To further delineate the role of microtubule integrity in HIV-1
particle formation, we next performed experiments in which we
co-transfected SOCS1 and pNL4-3 with or without the microtu-
bule-destabilizing protein stathmin. Stathmin expression effi-
ciently blocked the effects of SOCST upon HIV-1 particle
formation in a dose-dependent manner (Fig. 4E and F). Cell viabil-
ity was not strongly affected as revealed by immunoblotting anal-
ysis of either poly (ADP-ribose) polymerase (PARP) or B-actin
(Fig. 4E). Our findings together indicate therefore that microtubule
integrity may be required for SOCS1 to function in Gag assembly
and release.

3.5. SOCST facilitates the ubiquitination of HIV-1 Gag

Our previous study has revealed that the SOCS-box of SOCS1 is
required for both HIV-1 particle production and the enhancement
of Gag association with microtubules [11]. The mechanism by
which SOCS1 inhibits cytokine signaling is mediated by the inhibi-
tion of kinase activity through its N-terminal kinase inhibitory re-
gion (KIR) [18]. We next examined whether SOCS1 mutants lacking
the function of either KIR (SOCS1-F59D) or SOCS-box (ASOCS) af-
fected virus particle production. Our ELISA results indicate that
the SOCS-box deletion mutant (ASOCS) of SOCS1 fails to promote
virus production, whereas the KIR mutant, F59D, of SOCS1 partially
enhances HIV-1 particle production when co-transfected with
pNL4-3 in 293T cells (Fig. 5A and B). These data again suggest that
the function of SOCS1 in HIV-1 particle production is not princi-
pally due to the suppression of interferon/cytokine signaling, but
is mediated by its direct interaction with the HIV-1 Gag via the
function of the SOCS-box.

The SOCS-box-mediated function of SOCS1 is chiefly exerted via
its ubiquitin ligase activity [19]. Indeed, several reports have dem-
onstrated that Gag ubiquitination is related to its membrane asso-
ciation and particle release, although the function of HIV-1 Gag
ubiquitination remains unclear [20,21]. We thus explored the pos-
sibility that SOCS1 modulates the ubiquitination of HIV-1 Gag,
leading to enhanced virus particle formation. We initially exam-
ined the specific interaction of HIV-1 Gag with the SOCS1-E3 ligase
complex. Purified SOCS1 and its E3 component proteins {biotinyl-
ated-Cullin 2, elongin B/C and Rbx1) in addition to HIV-1 Gag were
synthesized in a wheat germ cell-free system and then subjected to
pull-down assays using streptavidin coated magnetic beads. We
found that Gag was co-purified with a SOCS1-E3 complex compris-
ing SOCS1-elongin B/C-Rbx1-Cullin2 in a similar manner to RelA, a
previously reported SOCS1 binding protein (Fig. 5C, left). Signifi-
cantly, in the absence of SOCS1, both elongin B and C were not
co-purified with Cullin 2 probably due to the unsteady condition
of the E3 complex without SOCS1, and the amount of bound Gag
was also reduced (Fig. 5C, right).These result indicate that the
SOCS1-E3 complex associates with HIV-1 Gag and may promote
its ubiquitination.

We next addressed whether SOCS1 affects the ubiquitination of
HIV-1 Gag. Immunoprecipitation analysis with cells co-transfected
with Gag-FLAG and myc-tagged ubiquitin, with or without SOCS1
co-transfection, revealed that SOCS1 overexpression significantly
enhances the ubiquitination of the Gag protein (Fig. 5D). In con-
trast, the targeted depletion of SOCS1 by siRNA significantly re-
duced the amount of ubiquitinated Gag (Fig. 5E). These results
indicate that SOCS1 could indeed be a potent ubiquitin ligase for
HIV-1 Gag.

To clarify the biological significance of Gag ubiquitination via
SOCS1, we performed an experiment using a dominant-negative
ubiquitin construct lacking two C-terminal glycines {residues 75~

76). This mutant ubiquitin (UbAGG) cannot become conjugated
to target substrates, but can bind noncovalently to ubiquitin inter-
acting domains [14]. By immunoprecipitation analysis we revealed
that the levels of HIV-1 Gag associated with microtubules were sig-
nificantly reduced in cells expressing UbAGG, as compared with
those expressing wild-type ubiquitin (Ub-WT) (Fig. 5F). This trend
was further revealed by a microtubule sedimentation experiment
showing that the expression of UbAGG reduced the amount of
Gag associated with microtubules when compared with the
expression of Ub-WT (Fig. 5G). These results together indicate a
link between ubiquitin signaling and the microtubule-mediated
Gag dynamics involved with HIV-1 particle formation.

4, Discussion

In our current study, we report that microtubule integrity is re-
quired for SOCST1 to facilitate Gag trafficking and virus particle pro-
duction. We demonstrate from our experiments that (1) SOCS1
colocalizes with HIV-1 Gag along microtubules; (2) both SOCS1
and HIV-1 Gag are co-purified with microtubules and SOCS1 can
augment the association of Gag with microtubules; (3) an intact
microtubule network is required for the function of SOCS1 during
Gag trafficking; (4) SOCS1 facilitates Gag ubiquitination; and (5)
Gag association with the microtubules is significantly reduced
when a dominant-negative Ub mutant is overexpressed. These re-
sults together indicate that SOCS1 can regulate the trafficking and
stability of HIV-1 Gag via the microtubule-related cellular machin-
ery, which may be in turn enhanced by Gag ubiquitination.

SOCS1 was identified initially as a negative regulator of signal-
ing downstream of cytokines [22-24] and has been shown to local-
ize at both the perinuclear region and the microtubule organizing
center (MTOC) in cells [16]. We show from our current data that
SOCSt1 also forms dotted filamentous structures in the cytoplasm
emanating from the perinuclear region, including the MTOC, to
the cell periphery. A recent report has also indicated that Gag colo-
calizes at the MTOC with HIV-1 RNA and is subsequently trans-
ported to the cell periphery [25]. These observations together
indicate that SOCS1 might facilitate the trafficking of HIV-1 Gag
from the MTOC toward the plasma membrane by utilizing the
intrinsic transport machinery of infected host cells.

The plus-end directed transport system along the microtubules
could provide a means for the targeting of virus capsid proteins to
the site of virus assembly and budding in the vicinity of the plasma
membrane [26]. This ante-grade transport system is utilized by
several viruses, such as herpes simplex virus type 1 (HSV-1), vac-
cinia virus and African swine fever virus (ASFV) [26-28]. Signifi-
cantly, we have demonstrated in our present study that HIV-1
can utilize the microtubule-dependent transport mechanism,
which may in turn be enhanced by SOCS1. Consistent with this no-
tion, Leblanc et al. have demonstrated previously using a monoclo-
nal antibody raised against unprocessed Gag that intracellular Gag
puncta can travel along microtubules [30]. Our current microtu-
bule pull-down analyses also clearly indicate that SOCS1 associates
with Gag on microtubules and can enhance this interaction. This in
turn might accelerate the intracellular trafficking of Gag to the
plasma membrane along these structures, although the topological
details are still unknown. Consistent with this observation, a plus-
end microtubule motor KIF4 has been shown previously to associ-
ate with HIV-1 Gag and to enhance Gag trafficking [31,32]. These
results further demonstrate the relevance of microtubule network
in the trafficking of the HIV-1 Gag.

The involvement of the microtubule cytoskeleton in Gag assem-
bly and HIV-1 particle egress is somewhat controversial
[3.26,33,34]. However, several reports have presented convincing
data to indicate the importance of this network in HIV-1 assembly
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and propagation [3,35,36). Our current study further demonstrates
that the microtubule depolymerizing reagent, nocodazole, or the
expression of microtubule-destabilizing protein stathmin, signifi-
cantly inhibits the enhancement of HIV-1 particle production by
SOCS1, suggesting a possible role of the microtubule network in
regular HIV-1 particle production.

Our previous report indicated that the targeted depletion of
SOCS1 results in the prominent perinuclear accumulations of
HIV-1 Gag in 293T cells {11]. Our current study shows that noco-
dazole treatment or stathmin expression only slightly affects Gag
release in non-SOCS1 overexpressing cells. This difference might
be attributable to the following two possibilities. First, SOCS1
may affect Gag at multiple points during trafficking and assembly,
and a critical point could be prior to the microtubule-mediated
events that can be affected by nocodazole or stathmin. Second,
there are multiple pathways to the delivery of exogenously ex-
pressed Gag protein from the cytoplasm to the plasma membrane
in addition to microtubule-directed transport. Furthermore, we are
currently uncertain whether the Gag association with microtu-
bules is mediated by other microtubule binding proteins in cooper-
ation with SOCS1, or whether SOCS1 directly associates with HIV-1
Gag on the microtubules, Further careful analysis must be per-
formed to elucidate these possibilities.
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Abstract

Background: It has been accepted that HIV buds from the cell surface in T lymphocytes, whereas
in macrophages it buds into intracellular endosomes. Recent studies, on the other hand, suggest
that HIV preferentially buds from the cell surface even in monocytic cells. However, most studies
are based on observations in acutely infected cells and little is known about HIV budding
concomitant with reactivation from latency. Such studies would provide a better understanding of
a reservoir for HIV.

Results: We observed HIV budding in latently infected T lymphocytic and monocytic celf lines
following TNF-o stimulation and examined the upregulation of host factors that may be involved
in particle production. Electron microscopy analysis revealed that reactivation of latently infected
J1.1 cells (latently infected Jurkat cells with HIV-1) and Ul cells (latently infected U937 cells with
HIV-1) displayed HIV particle budding predominantly at the plasma membrane, a morphology that
is similar to particle budding in acutely infected jurkat and U937 cells. When mRNA expression
levels were quantified by gRT-PCR, we found that particle production from reactivated }1.1 and U}
cells was accompanied by CD44 upregulation. This upregulation was similarly observed when
Jurkat and U937 cells were acutely infected with HIV-1 but not when just stimulated with TNF-a,
suggesting that CD44 upregulation was linked with HIV production but not with cell stimulation.
The molecules in endocytic pathways such as CD63 and HRS were also upregulated when Ul cells
were reactivated and U937 cells were acutely infected with HiIV-1. Confocal microscopy revealed
that these upregulated host molecules were recruited to and accumulated at the sites where
mature particles were formed at the plasma membrane.

Conclusion: Our study indicates that HIV particles are budded at the plasma membrane upon
reactivation from latency, a morphology that is similar to particle budding in acute infection. Our
data also suggest that HIV expression may lead to the upregulation of certain host cell molecules
that are recruited to sites of particle assembly, possibly coordinating particle production.
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Findings

It has been thought that HIV particles assemble and bud
at the plasma membrane (PM) in T lymphocytes and
HeLa cells, but at the endosomes in macrophages, suggest-
ing that such endosomal targeting may be essential for
HIV budding in macrophages [1-6]. However, recent stud-
ies using the inhibitors of the endocytic pathway and
membrane-impermeant dyes have revealed that the PM is
the primary site for HIV assembly and particle budding
even in macrophages and that particles accumulate at the
endosomes through endocytosis [7-9]. Nevertheless,
these studies are based on observations in acutely infected
cells and little is known about HIV budding concomitant
with reactivation from latency. Latently infected resting T
cells are known to serve as a stable reservoir for HIV dur-
ing anti-retroviral therapy and to produce infectious parti-
cles upon cell reactivation. Studies on HIV production
from latently infected cells upon reactivation are neces-
sary for a better understanding of HIV pathogenesis,
although some studies have indicated intracellular accu-
mulation of particles in chronically or latently infected
cells [10,11]. Here, we employed J1.1 cells that were Jur-
kat T lymphocytic cells latently infected with HIV-1, and
U1 cells that were U937 monocytic cells latently infected
with HIV-1, and observed HIV particle budding following
reactivation.

We initially tested the dose of TNF-o, and temporally
monitored cell growth and HIV particle production after
stimulation (Fig. 1A). J1.1 cells proliferated equally
regardless of the dose of TNF-o, and the particle produc-
tion levels increased to 50 ng/ml TNF-a. In contrast, pro-
liferation of U1 cells was inhibited in a dose-dependent
manner, and the highest level of particle production was
observed at 50 ng/ml. We thus used 50 ng/ml TNF-a for
further experiments. To avoid nonspecific stimulation by
changing the medium, we added TNF-a directly to the cul-
ture medium, and this led to the higher dose of TNF-o
required in our study than in other reports [12,13].

Electron microscopy was carried out to examine where
particle budding occurred in J1.1 and U1 cells upon reac-
tivation (Fig. 1B). Little or no particles were produced in
either cell line before TNF-a stimulation (Fig. 1B, most
left panels), consistent with previous reports [11-14].
Upon stimulation, nascent budding particles were visible
on the surface of nearly all J1.1 cells, similar to the case
with U1 cells (Fig. 1B, arrowheads). Unexpectedly, parti-
cles in intracellular vesicles were rarely seen in both J1.1
and U1 cells (Fig. 1B, arrow). The findings were confirmed
by immunoelectric microscopy using anti-HIV-1 p17MA
antibody (Fig, 1B, most right panels). Next, their parental
cell lines, Jurkat and U937 cells, were infected with HIV-1,
and particle production in acute infection were examined
by electron microscopy. Particle budding was observed

http:/iwww.retrovirology.com/content/6/1/63

predominantly at the PM of both Jurkat and U937 celis
(Fig. 1C, arrowheads) but some U937 cells displayed bud-
ding into intracellular compartments (Fig. 1C, arrows).
Immunoelectric microscopy indicated similar results {Fig.
1C, most right panels). For quantification, we counted the
number of cells containing particles at the PM alone or
that of cells containing particles at both intracellular vesi-
cles and the PM (Fig. 1D). Budding at the PM was promi-
nent, regardless of whether cells were acutely or latently
infected, or T lymphocytic or monocytic, suggesting that
unlike chronically infected cells [10], HIV particles are
most likely budded from the PM in latently infected cells,
although it cannot be ruled out in this experiment that the
particles observed in extracellular spaces might be
released by exocytosis.

Gene expression analysis based on cDNA microarrays has
extensively been employed and has provided evidence for
the modulation of host cellular gene expression upon HIV
infection (replication and latency) [15-20]. Although
numerous host genes are modulated upon HIV infection,
it is conceivable that expression levels of host membrane
components may change by feedback regulation upon
HIV reactivation, as HIV requires host cell membrane for
particle budding. A membrane contains a number of
microdomains, enriched in cholesterol (i.e., rafts) and in
tetraspanins (e.g., CD63 and CD81), which accumulate at
sites of HIV budding [7,21-26]. It has been shown that
TSG101, a component of endosomal sorting complex
required for transport (ESCRT) is recruited to the sites of
particle assembly and is responsible for HIV particle bud-
ding [27,28]. Thus we chose endosomal (EEA1, CD63,
HRS, TSG101, and Syntaxin12) and PM (CD44 and
SNAP23) markers and quantified their mRNA levels by
qRT-PCR (Fig. 2A and 2B) using the primer sets shown in
Additional File 1. Their properties and functions are as fol-
lows: EEAL1 is a marker molecule for early endosome; HRS
is an initial molecule for the ESCRT pathway; Syntaxin12
is a SNARE molecule for endosomal membrane fusion;
CD44 is an adhesion molecule implicated in cell migra-
tion; SNAP23 is a SNARE molecule for PM fusion in the
exocytic pathway. When the mRNA levels in J1.1 cells
stimulated with TNF-o were compared with those in
unstimulated J1.1 cells, CD44 gene expression was
increased, but the other genes tested were largely unal-
tered. No significant upregulation of CD44 was observed
when cells of its uninfected parental line, Jurkat, were sim-
ilarly stimulated with TNF-a, indicating that the CD44
upregulation was not simply due to cell stimulation {Fig.
2A, upper). CD44 has been reported hardly expressed
even at mRNA level in unstimulated Jurkat cells [29]. A
similar analysis was carried out for U1 cells. Downregula-
tion of CD44 has been reported for chronically infected
monocytic cells [30]. Upon reactivation, CD44 upregula-
tion was apparent but the endocytic molecules (CD63
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Reactivation of latently infected j1.1 and Ul cells displays HIV particle budding at the PM. (A) HIV production
from J1.1 and U1 cells upon TNF-a stimulation. }1.1 and U1 cells were stimulated with TNF-ou (~100 ng/ml). Levels of particle
production were measured by p24 antigen ELISA. (B) HIV particle budding from J1.1 and U1 cells upon TNF-o stimulation. J1.1
and U| cells stimulated with 50 ng/ml TNF-o. were subjected to conventional electron microscopy and immunoelectric micro-
scopy using anti-HIV-1 pI7MA antibody. (C) HIV particle budding from acutely infected Jurkat and U937 cells. Jurkat and U937
cells were infected with HIV-1 (LAV strain) corresponding to 100-200 ng of p24CA antigen and were analyzed by electron
microscopy. Arrowheads indicate budding particles and arrows indicate particles into intracellular vesicles in (B) and (C). (D)

Semi-quantification of HIV-| particle localization. Approximately 300 of particle-positive cells observed by conventional elec-
tron microscopy were sorted into the categories indicated.
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Figure 2 (see legend on next page)
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