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Contrasting Genetic Influence of CCR2 and
CCR5 Variants on HIV-1 Infection and
Disease Progression

Michael W. Smith,” Michael Dean,* Mary Carrington,*
Cheryl Winkler, Gavin A. Huttley, Deborah A. Lomb,
James J. Goedert, Thomas R. O'Brien, Lisa P. Jacobson,
Richard Kaslow, Susan Buchbinder, Eric Vittinghoff,
David Vlahov, Keith Hoots, Margaret W. Hilgartner,
Hemophilia Growth and Development Study (HGDS),
Multicenter AIDS Cohort Study (MACS), Multicenter Hemophilia
Cohort Study (MHCS), San Francisco City Cohort (SFCC),
ALIVE Study, Stephen J. O’Brient

The critical role of chemokine receptors (CCR5 and CXCR4) in human immunodeficiency
virus—type 1 (HIV-1) infection and pathogenesis prompted a search for polymorphisms
in other chemokine receptor genes that mediate HIV-1 disease progression. A mutation
(CCR2-64/) within the first transmembrane region of the CCR2 chemokine and HIV-1
receptor gene is described that occurred at an allele frequency of 10 to 15 percent among
Caucasians and African Americans. Genetic association analysis of five acquired im-
munodeficiency syndrome (AIDS) cohorts (3003 patients) revealed that although CCR2-
64/ exerts no influence on the incidence of HIV-1 infection, HIV-1-infected individuals
carrying the CCR2-64/ allele progressed to AIDS 2 to 4 years later than individuals
homozygous for the common allele. Because CCR2-64/ occurs invariably on a CCR5-
+-bearing chromosomal haplotype, the independent effects of CCR5-A32 (which also
delays AIDS onset) and CCR2-64/ were determined. An estimated 38 to 45 percent of
AIDS patients whose disease progresses rapidly (less than 3 years until onset of AIDS
symptoms after HIV-1 exposure) can be attributed to their CCR2-+/+ or CCR5-+/+
genotype, whereas the survival of 28 to 29 percent of long-term survivors, who avoid
AIDS for 16 years or more, can be explained by a mutant genotype for CCR2 or CCR5.

The nexus of chemokine immunobiology
and AIDS pathogenesis has revealed un-
tapped avenues for resolving patterns of
HIV-1 disease progression, for clarifying
epidemiologic heterogeneity, and for design
of therapies (1-6). Identification of the
CC-chemokines, RANTES, MIPla and
MIP1B, as suppressor factors produced by
CD8 cells that counter infection by certain
HIV-1 strain infections (7) previewed the
critical identification of two chemokine re-
ceptor molecules, CXCR4 (formerly named
LESTR/fusin) and CCR5 (formerly CKR5),
as cell surface coreceptors with CD4 for
HIV-1 infection (8-13). Additional che-
mokine receptors CCR2 and CCR3 also

have been implicated as HIV-1 coreceptors
on certain cell types (12-14). HIV-1-in-
fected patients harbor predominantly mac-
rophage-tropic HIV-1 isolates duting early
stages of infection, but accumulate increas-
ing amounts of T cell-tropic strains just
before accelerated T cell depletion and pro-
gression to AIDS. The identification of
“dual”-tropic HIV-1 strains over the course
of infection suggests that such strains may
represent an intermediate between macro-
phage- and T cell-tropic populations (11—
13, 15). This tropic transition indicates that
viral adaptation from CCR5 to CXCR4
receptor use may be a key step in progres-

sion to AIDS (16).
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A common 32-base pair (bp) deletion
mutation in the CCR5 gene that causes
truncation and loss of CCR5 receptors on
lymphoid cell surfaces of homozygotes was
recently described (17-19). Genotype anal-
ysis of more than 4000 individuals from
multiple AIDS cohorts demonstrated that
(CCR5-A32/A32) deletion homozygosity
was not uncommon (1 to 5%) among ex-
posed uninfected individuals, but exceed-
ingly rare (<0.1%) among infected individ-
uals, indicating the CCR5-A32/A32 ho-
mozygotes strongly resist HIV-1 infection
(19-23). Further, the onset of AIDS was
postponed 2 to 4 years in individuals het-
erozygous for CCR5-A32 and the normal
CCR5-+ allele in several large AIDS co-
hort studies (19, 21, 22).

Despite the CCRS5 data plus several HLA
associations that influence HIV-1 exposure
outcome (24-27), identified genetic factors
can account for only a small proportion of
the “long-term survivors” who continue to
resist AIDS-defining illness 10 to 20 years
after HIV-1 infection. For example, 80% of
highly exposed uninfected individuals in
these studies are not CCR5-A32/A32 ho-
mozygotes (21), and more than 60% of
long-term survivors are homozygous for the
common allele (CCR5-+/+) (19, 21, 22).

To identify alterations in chemokine re-
ceptor genes implicated as HIV-1 corecep-
tors (8, 12-14, 28-30), we screened the
entire CCR2 gene for variants by means of
the single-strand conformation polymor-
phism (SSCP)/heteroduplex mobility assay
(31). A G-to-A nucleotide substitution was
detected at position 190 (counting from the
ATG start codon) that substitutes the
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CCR2-+ amino acid residue valine at po-
sition 64 to isoleucine (CCR2-64I), a con-
servative change located within the first
transmembrane domain of the CCR2 recep-
tor. That domain has a completely con-
served amino acid sequence identity with
CCRS5, which suggests functional con-
straints on mutational variation. The mu-
tant CCR2-64I allele has a transmembrane
sequence that is identical to the CCRS

Fraction AIDS-1993 free

normal allele. Using both SSCP and se-
quence-directed polymerase chain reac-
tion—restriction fragment length polymor-
phism (PCR-RFLP) assay (32), we deter-
mined the allele and genotype frequencies
of 3003 individuals enrolled in five prospec-
tive AIDS cohorts. The CCR2-64I alter-
ation was common in all ethnic groups with
the following allele frequencies: 0.098 in
Caucasians (n = 1847 individuals); 0.151
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Fig. 1. Kaplan-Meier survival curves demonstrate the dependence of progression to AIDS-1993 on
CCR2 genotype in (A) MHCS and (B) combined “All” cohort analyses among seroconverters (33, 47).
CCR2-+/+ genotype survival is compared to CCR2-+/64/ plus CCR2-64//64! individuals, because
CCR2-64I/64! individuals comprise few (~1%) members of each cohort. Number of patients (n),
statistical P value (P), and relative hazard (RH) based on the Cox proportional hazard models (35) are
given. Summary statistics for each cohort for each AIDS endpoint is presented in Table 1. (C) Kaplan-
Meier survival plots of time to AIDS-1993 are shown for MHCS seroconverters genotyped for CCR2-641

and CCR5-A32 polymorphisms. Curves represent

compound genotypes of the CCR2/CCR5 com-

“pound locus as defined in text. (D) Survival analysis of combined “All” cohorts for AIDS-1993, based on

compound locus gentoypes as in (C); (E) survival plots for MACS seroconvertors time-to-death, based
on compound locus genotypes as in (C); and (F) survival analysis of combined “All” cohorts time-to-
death, based on compound locus genotypes as in (C) are shown. Summary statistics for each cohort
and each AIDS endpoint are presented in Table 2 (CCR2 and CCR5 genotypes separated). (C) through

(F) are for Caucasians only.
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in African Americans (n = 899); 0.172 in
Hispanics (n = 207), and 0.250 in Asians
(n = 40).

There were no significant differences in
CCR2 allele or genotype frequencies in
comparisons of exposed (or high-risk) un-
infected (HIV-) versus infected (HIV+)
patients in any of five clinically defined
AIDS cohorts (33-39). A collection of 58
extremely high-risk, exposed uninfected in-
dividuals (those with documented receipt of
HIV-1-contaminated clotting factor, or fre-
quent unprotected sexual encounters with
high-risk partners) (19, 21, 37, 38) also
showed CCR2 allele/genotype frequencies
not significantly different from those of
HIV-1-infected individuals (40). The
CCR2 genotype frequencies in each cohort
and each HIV-1 infection category con-
formed to expectations of Hardy-Weinberg
equilibrium, further excluding any signifi-
cant effect of CCR2-641 on HIV infection.

A subgroup of 891 seroconverter pa-
tients (those whose date of HIV-1 infection
could be estimated precisely, because they
enrolled in the cohort before converting
from HIV-1 antibody-negative to HIV-1
antibody-positive)  from  four  cohorts

(MACS, SFCC, MHCS, and ALIVE) (41)
was analyzed by comparing the rate of
progression to AIDS among different
CCR2 genotypes, using a Cox proportion-
al hazards model (42). Three endpoints or
AIDS definitions, two of which had been
stipulated by CDC (43) (reflecting in-
creasing morbidity) were considered: (i)
AIDS-1993 definition includes HIV-1 in-
fection plus AIDS-defining illness, decline
of CD4-T-lymphocytes to =200 cells/mm?
or death; (ii) the more stringent AIDS-
1987 definition includes HIV-1 infection
plus development of AIDS-defining illness
or death; and (iii) death during follow-up
for an HIV-l-infected patient (97% of
these had AIDS-1993). The results of
these analyses are illustrated in Fig. 1 and
tabulated in Table 1.

For three cohorts (MACS, MHCS, and
SFCC) plus the combined cohort analysis, a
consistent 2- to 3-year postponement in
median time to AIDS outcome (when the
median was reached by each definition) was
observed for CCR2-+/641 plus CCR2-641/
641 genotypes compared with patients ho-
mozygous for the normal CCR2 +/+ allele.
The CCR2 genotypic protection was statis-

Table 1. Survival analysis for progression to AIDS among HIV-1-infected individuals as a function of
CCR2 genotype as in Fig. 1. Seroconverters of all racial groups were analyzed for the ALIVE, MACS,
MHCS, and SFCC cohorts and the combination of all the cohorts (47). HGDS was excluded since this
cohort has only seroprevalent individuals. A x? (1 df), P, and relative hazard (RH) were calculated for
each variable in the analysis of AIDS outcomes. Time to AIDS-1993, AIDS-1987, and death were
calculated from the midpoint of their last HIV-1-negative and first antibody-positive test (47, 53).
Seroconvertors were analyzed in a Cox proportional hazard analysis (42). L og Survival Time versus Log
Time plots were examined for proportionality and they were reasonably parallel especially after the first
few years of outcomes. The significance of the Kaplan-Meier log-rank Chi-square results obtained for
the analyses were essentially the same as Cox proportional hazards models (54). Analyses were age
adjusted for those individuals <30, 30 to 40, or >40 years old.

CCR2-+/+ versus CCR2-+/64/ or CCR2 641/64/

Cohort
n/events x%/P value RH
AIDS-1993
ALIVE 126/57 0.00/0.96 1.02
MACS 403/253 1.97/0.96 0.80
MHCS 183/124 0.76/0.38 0.80
SFCC 176/120 1.74/0.19 0.75
All 888/554 4.42/0.04 0.80
Caucasian 675/449 6.08/0.01 0.74
African American 154/78 0.42/0.52 1.19
AIDS-1987
ALIVE 126/37 0.00/0.99 1.00
MACS 406/202 1.99/0.16 0.77
MHCS 183/90 0.05/0.83 0.94
SFCC 176/78 2.08/0.14 0.66
All 891/407 4.41/0.04 0.76
Caucasian 678/335 6.12/0.01 0.69
African American 154/53 0.12/0.73 1.12
Death

ALIVE 126/28 0.01/0.94 0.96
MACS 406/153 0.81/0.37 0.83
MHCS 183/70 0.40/0.53 0.79
SFCC 176/54 1.22/0.27 0.67
All 891/305 3.09/0.08 0.76
Caucasian 678/258 4.05/0.04 0.70
African American 154/36 0.01/0.91 1.05
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tically significant for combined analysis
with AIDS-1987, AIDS-1993, and death
endpoints. The ALIVE cohort, which is
composed of 94% African Americans, did
not show a CCR2 genotype association in
the survival analysis (44). When Caucasian
participants alone were examined, the com-
bined analysis showed significant (or highly
significant) postponement of AIDS among
CCR2-+/641 plus CCR2-641/641 genotypes
for each clinical AIDS endpoint definition.
The significant relative hazards for Cauca-
sian seroconverters ranged from 0.69 to
0.74, indicating that individuals with a
CCR2-+/+ genotype progress to AIDS
40% more rapidly than patients carrying
the CCR2-64I allele.

The protective effect exerted hy the
CCR2-641 allele and included genotypes is
also apparent from a defined disease cate-
gory analysis, which allows the inclusion of
both seroconverters and HIV-1 seropreva-
lent individuals (Fig. 2). Each individual
cohort plus combined cohorts were divided
into relatively rapid progressors versus slow
progressors and nonprogressors on the basis
of the midpoint of their survival distribu-
tion. The CCR2-641 allele frequency was
consistently lower among rapid progressors
to AIDS than in the slow or nonprogressor
group who avoid AIDS (by each clinical
definition) for greater than 6 to 12.5 years
after infection. This analysis included 1746
patients, and in every case, the cohorts
showed a 30 to 80% increase in CCR2-641
allele frequency in the slow and nonpro-
gressor category (Fig. 2). Similarly, when
the frequency of CCR2-+/64] genotypes is
compared among disease categories, the
heterozygote genotype frequency is greater
in the slow and nonprogressor categories for
11 of 12 comparisons (four cohorts, three
AIDS outcomes; Fig. 2) (45).

CCR5-A32/+ heterozygotes also dem-
onstrate a slower progression to AIDS based
on studies of these same and other cohorts
(19, 21, 22). Because the CCR2 and CCR5
loci are very tightly linked (~10 kb apart)
on chromosome 3 (19, 29, 30), we exam-
ined the co-occurrence and genotypic
independence of CCR5 and CCR2 alleles
among patients from the same co-
horts. Analysis of the two locus geno-
types for 2916 patients showed that three
genotypes (CCR2-641/641, CCR5-+/A32;
CCR2-+/641, CCR5-A32/A3Z; and CCR2-
641/641, CCR5-A32/A32) were absent, in-
dicating that the mutant alleles of the two
genes are in strong, perhaps complete, link-
age disequilibrium with each other (g =
54.01; 4 df; P < 0.0001). This means that
CCR5-A32 invariably occurs on a chromo-
somal haplotype (linked-gene allele combi-
nation) that is CCR2-+, whereas CCR2-
641 occurs on a haplotype that contains
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CCR5-+. As a consequence of the tight
chromosomal linkage plus alternative
haplotypes carrying each mutant allele,
the two mutant haplotypes (CCR2-+)-
(CCR5-A32) and (CCR2-641)-(CCR5-+)
plus the two-locus normal haplotype
(CCR2-4)-(CCR5-+) can be considered
as three alleles of a combined CCR2/CCR5
compound locus producing three recogniz-
able genotypes designated as: [-+/+];
[+/A32]; and [641/+] representing (CCR2-
+/+; CCR5-+/+); (CCR2-+/+; CCR5-
+/A32); and (CCR2-+/641; CCR5-+/+)
compound genotypes, respectively.

A survival analysis of the effect of both
CCR2 and CCRS5 genotypes on progression
to AIDS-1993 and on progression to death

for two cohorts (MHCS and MACS, re-
spectively) plus a combined cohort analysis
of seroconverters is presented (Fig. 1, C
through F). This analysis allows the inde-
pendent evaluation of CCR2-641 and
CCR5-A32 containing genotypes as sepa-
rate categories compared to [+/], but re-
moving the mutant-bearing genotypes at
one locus from the analysis of the other.
The Cox proportional hazards model re-
vealed highly significant postponement of
AIDS onset for CCR2-64]-containing ge-
notypes and also for CCRS5-+/A32 het-
erozygotes compared to the [+/+] individ-
uals, homozygous for normal alleles at each
locus (Fig. 1, C through F).

An analytical summary for each cohort’s

[CCR2-CCR5]

CCR2 Compound genotype
641 (allele) +-841 (genotype) [+/A32] [641/+] Rapid
n ! w »
&>888 m888 008 Q(_)8 B Slow
$$35z 2336 = S 3%z =35z
30’<§§w< <= =2 0 < 30 25— 25

F20
15

AlDS-1993

Frequency (%)
AIDS-1987

Death

Fig. 2. Analysis of CCR2-64/ allele and genotype frequencies (all races) and CCR2/CCR5 compound
locus genotypes (Caucasians only) with reference to progression to AIDS in each cohort and in all
patients based on three AIDS endpoints. Seroconverters who progressed to designated outcomes
before the cutoff time (n = 640) were compared with seroconverters plus seroprevalents (n = 660; those
who were HIV-1 antibody-positive when enrolled in the cohort) who survived outcome-free for at least
that long. Cutoffs, in years, were chosen as the time where approximately half the seroconverters had
progressed to the outcome. Times for the outcomes and cohorts were : (for AIDS-1993) MACS, 6 years;
MHCS, 9 years; SFCC, 12.5 years; and All, 8 years; (for AIDS-1987) MACS, 7.5 years; MHCS, 11.5
years; SFCC, 14.5 years; and All, 10 years; (for death) MACS, 8 years; MHCS, 11.5 years; SFCC, 14
years; and All, 12 years (34-38). Number of patients in each disease category is listed below the bar
graph. The x? analyses of alleles and genotypes had one and two degrees of freedom, respectively. P
values are indicated by * (<0.05), ** (<0.01), and **** (<0.0001). For CCR2 allele and genotype (left
panel), all patients are included, regardless of CCR5 genotype. Slow or nonprogressors to AIDS had
higher CCR2-64/ allele frequencies than did more rapid progressors in every cohort-outcome combi-
nation. Similarly, in all comparisons, the CCR2+/64/ and 641/64/ genotypes are more frequent in the
longer-term survivors who have a binomial sign test, p = 6 X 10°8 CCR2-+/+; CCR5-+/A32 (right
panel) equals [+/A32] compound genotype prevalence in defined disease categories and CCR2-+/64/,
CCR5-+/+ equals [64//+] compound genotype prevalence in defined disease categories. CCR2-64/
and CCR5-A32 allele frequencies were also elevated in slow progressors in analyses of individual and
combined cohorts (54).
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survival curves is presented (Table 2) for
CCR5-+/A32 versus CCR5--+/+ for all se-
roconvertors; compound CCR2-CCRS lo-
cus genotype classes, [+/+] versus [+/A32]
and [+/4] versus [641/+] (also illustrated in
Fig. 2); and combined analysis of CCR2-+-/
+; CCR5-+/+ versus all mutant genotypes
at either locus. These data reaffirm the
protective effects of CCR5 (17-19) and
show that the CCR2-641 protection is as
strong as and independent of the CCR5-+-/
A32 influence. The CCR2 effect increases
when the CCR2-641/+ and CCR5-4/A32
subjects are evaluated as separate categories,
because the relative hazards for each cohort
in Table 2 (CCR2 and CCRS5 genotypes
separated) are lower than in Table 1, which
includes CCR5-A32/++ heterozygotes in the
CCR2-++/+ group. The results are highly
significant for combined cohort analyses for
each AIDS endpoint (Table 2). The CCR5-
A32 protective effect is also strengthened
when CCR2-64I-containing genotypes are
evaluared separately (Table 2; CCR2 and
CCRS5 separated versus CCRS only). When
mutant genotypes for CCR2 and CCRS5 are
combined as a single genetic category (Ta-
ble 2, CCR2 and CCRS5 grouped), the sta-
tistical significance for genetic influence
reaches as low as 6.3 X 107° for combined
cohort progression to AIDS-1993 (Table
2). Individuals with a mutant genotype at
either CCR2 or CCR5 show hazards rela-
tive to normal of 0.51 to 0.71 in statistically
significant analyses.

A defined disease category analysis using
compound two-locus genotypes (Fig. 2)
shows that the heterozygote frequencies for
both CCR2 and CCR5 mutant haplotypes
were elevared in slow or nonprogressors rel-
ative to the rapid progressors. As for the
analysis for CCR2 separately, the frequency
of CCR2 and CCR5 mutant genotypes was
significantly greater among slow progressors
for both AIDS-1993 and death with com-
bined cohort analyses plus for the MACS
cohort alone. The murtant alleles CCR2-641
and CCR5-A32, and genotypes containing
them, are less frequent in the more rapid
progressors in all three cohorts and when all
three AIDS outcomes (17 of 18 compari-
sons) (46) are considered, affirming the pro-
tective effects shown in the survival analysis.

The cumulative effects of CCRZ and
CCRS5 mutant alleles over six intervals after
HIV-1 infection (Fig. 3) show a marked
increase of mutant genotypes for both
CCR2 and CCRS among patients that sur-
vive without progressing to AIDS over
longer periods. The elevated heterozygote
frequency for the two loci in long-term
survivors (patients surviving more than 16
years and free of AIDS) emphasize the pro-
tective effect of both loci. The difference in
observed mutant genotype (either CCR2 or
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Table 2. Effects of CCR2 and CCR5 genotypes on progression to AIDS outcomes in survival analyses of Caucasian seroconverters. Non-Caucasians were
excluded because of the absence of CCR5-A32 allele in these populations (78-22) plus the potentially different CCR2 survival (44). Cox proportional hazard
analyses were performed as described in Table 1. CCR5,CCR2 genotypes were analyzed in three ways: (i) +/A32 versus +/+ for CCR5 alone; (i) CCR5 and
CCR2 separated into the compound genotypes [641/+] or [641/64/], and [+/A32] versus [-+/+] normal at both loci, illustrated in Fig. 2, C through F; and (iii)
CCR5 and CCR2 grouped together: [+/+] versus [+/64/], [641/641], [+/A32], or [64l/A32]. Caucasians from the ALIVE cohort are included in the analyses of
combined “All” cohorts. Sample sizes for the three analyses described above vary slightly because: (i) analysis of CCR5 alone includes some individuals
without CCRZ2 genotypes; (i) separate analysis of the CCR2 and CCRS genotypes excludes 17 (CCR2-+/641; CCR5-+/A32) double heterozygotes because
too few were available for separate analysis, and combining them with either single locus heterozygote category would be arbitrary; and (iii) group analysis of
CCR2 and CCRS includes patients with both CCR2 and CCR5 genotypes including (CCR2-+/64/; CCR5-+/A32). A complete CCR2 and CCRS5 separate
analysis that included the 17 double heterozygotes as a separate composite genotypic category was performed as well. Relative hazards (P values) for the
combined cohorts of this analysis including four composite genotypes [+/+]; [64//64/] or [64l/+]; [+/A32]; and [64//A32] for three outcomes were:
AIDS-1993, RH = 0.72 (P = 0.07); AIDS-1987, RH = 0.81 (P = 0.07); death, RH = 0.79 (P = 0.06). RH and P values for genotypes other than the double
heterozygotes were identical to the values listed in the CCR2 and CCR5 separated genotype analysis. The co-occurrence of CCR2 and CCR5 protective
variants does not appear to confer additional protection, but the double heterozygote is rare in these groups.

CCR5 only CCR2 and CCR5 genotypes separated CCR2 and CCR5 grouped
. CCR2: [+/+] versus [64//+] or CCR5: [+/+] versus [+/+] versus [+/A32], [641/+],

Cohort  CCRS: [+/+] versus [+/A32] (641/641] [+/A32] [641/A32), or [641/641]

n/events x%/P value RH n/events X%/P value RH x?%/P value RH n/events x%/P value RH

AIDS-1993
MAGCS 356/228 2.23/0.14 0.77 331/215 3.88/0.05 0.68 3.12/0.08 0.71 339/222 6.25/0.01 0.70
MHCS 169/115 7.75/0.005 0.45 166/107 2.03/0.15 0.66 8.40/0.004 0.39 159/109 8.49/0.004 0.52
SFCC 159/112 1.14/0.28 0.78 153/109 3.95/0.05 0.59 2.35/0.13 0.69 159/112 5.19/0.02 0.64
All 692/456 9.69/0.002 0.68 648/432 10.81/0.001 0.64 13.11/0.0003 0.61 665/444 20.42/0.0000063 0.63
AIDS-1987
MACS 359/182 1.67/0.20 0.78 334/173 2.99/0.08 0.67 1.99/0.16 0.74 342/178 4.47/0.03 0.71
MHCS 169/84 1.64/0.20 0.67 166/78 1.54/0.22 0.64 3.14/0.08 0.562 159/80 3.29/0.07 0.62
SFCC 159/73 0.65/0.42 0.79 153/71 4,33/0.04 0.47 1.63/0.20 0.68 159/73 4,72/0.03 0.58
All 695/339 3.78/0.05 0.76 651/322 10.21/0.001 0.58 6.75/0.009 0.67 668/331 13.84/0.0002 0.64
Death

MACS 359/142 4,76/0.03 0.60 334/136 2.30/0.13 0.68 6.22/0.01 0.52 342/140 7.25/0.007 0.60
MHCS 169/65 1.08/0.30 0.70 156/60 3.565/0.06 0.37 2.84/0.09 0.50 1569/62 4.45/0.04 0.51
SFCC 159/52 0.85/0.36 0.73 163/51 1.31/0.25 0.63 1.00/0.32 0.70 159/52 2.26/0.13 0.64
All 695/259 5.85/0.02 0.67 651/247 7.76/0.005 0.58 9.42/0.002 0.57 668/254 14.50/0.0001 0.59
) Fig. 3. Frequencies of the pro- 60 2
CCRS5) frequency in patients with different  tective genotypes (+/A32], 50 AIDS-1993 170
times to AIDS from the frequency in all 849 [+/64/], [641/A32], and [64l/ ] 1“\
patients (arrow in Fig. 3) allows an estimate ~ 64/]) in six categories of in- 04 172 10 265 }\;}: R \ -
of the fraction of rapid progressors (AIDS in ~ creasing survivorship during 30] AR i % &\
<3.5 years) and long-term survivors (=16 HIV-Tinfection in Caucasians. 98 \\:‘\\1\\ ‘\Q\\
years without progressing to AIDS) that Genotypic frequencies were 200 B RN

can be attributed to CCR2/CCRS5 genetic tcslo;l%gisg%%aratﬂé;oi;Sgﬁf 104
factors (47). For long-term survivors, the ' '

and death, from seroconvert- 0
attributable risk conferred by [+/A32] and  4q \which vveore 235 35 to 50
[+/641] genotypes is 29% for AIDS-1993; <7 and 7 to <10 years. In 50] B [641/64] AIDS-1987 48
28% for AIDS-1987 and 28% for death. For  addition, genotypic frequen- [ [641/432] 067

40 B [6414] 20 379
A32

50| H +/432] 120

40 P,

rapid progressors, the estimate for [+/+] cies were calculated for sero-
genotypes is 42% for AIDS-1993; 38% for converters and seropreva-
AIDS-1987, and 45% for death. lents whose time to the out-
The protective effect of the CCR2-64] ~ €Ome or in study without de-
allele in delaying the onset of AIDS among veloping AIDS was 10to <13,
. X L . . 13 to <16, and =16 vears.
prospective cohorts is of similar magnitude

1in additi ! , bserved The number of people ob- 0-
and in addition to the protection observe served In each category is

in CCR5-+/A32 heterozygotes. Approxi-  ghown above each column.
mately one quarter of the HIV-1-infected The average frequency of
long-term survivors who avoided AIDS for  these variants in Caucasians
more than 16 years can be attributed to  (36%)is shownasanarrow for
their CCR2/CCRS5 genotype (Fig. 3). How-  comparison of progression
ever, there are important differences be- ~ categories. Contingency tests
tween CCR2 and CCRS5 that bear on their ~ ©f the thrée common geno-
effects and interpretations. types  ([+/+],[+/A32], and

. . [+/64f)) were performed for
First, the CCR2-64] mutation has no fime 1o AIDS-1993 [ (10) =

204

Genotypic frequency (%)

Death .82

<35  35t0<7 7to<i0 10to<i3 13to<i6 216
noticeable effect on HIV-1 infection, o544 p — 0.005], ADS- Years since HIV-1 infection

whereas  CCR5-A32  homozygotes are 1987 definition [x2 (10) = 14.64, P = 0.015], and death [x2 (10) = 19.27, P = 0.04]. Contingency tests
strongly resistant  (19-23). Second, the  of [+/+] versus all others for time to AIDS-1993 [? (5) = 24.22, P = 0.0002], AIDS-1987 definition [x2
CCR5-A32 mutation results in a truncated  (5) = 14.21, P = 0.01], and death [x2 (5) = 19.57, P = 0.002] were also performed.
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protein removing the HIV-1 coreceptor
from cells (17, 48), whereas CCR2-64I en-
codes a conservative amino acid substitu-
tion. Third, the CCR5-A32 mutation is
unique to the Caucasian ethnic group,
whereas CCR2-641 was found in every eth-
nic group tested. This suggests that the
CCR2-64I mutation may be much older in
human history than the relatively recent
CCR5-A32 deletion (49). Fourth, CCR2
and CCR5 bind to different chemokine li-
gands (CCR2 binds MCP-1, -2, and -3;
CCR5 binds RANTES, MIPle, and
MIP1B), although the distribution of CCR2
and CCR5 in cells and tissue is very similar
(50, 51).

The mechanism for CCR2-64I delay of
AIDS in patients is not immediately appar-
ent. Three possible modes of restriction in-
clude: (i) CCRZ-641-bearing individuals
stem viral spread and pathogenesis directly
by altering the kinetics of HIV-1 infection.
This mechanism gains support from the
demonstration that CCR2 serves as a criti-
cal coreceptor for certain macrophage-trop-
ic, T cell-tropic, and dual-tropic strains of
HIV (13, 14, 51). (ii) CCR2 concentration
and physiological variation can indirectly
affect the availability of CCR5 on target
cells for HIV-1. There is precedence for
cross-regulation of different cytokine recep-
tors and indirect evidence for the same
among chemokine receptors (14, 52). Fur-
thermore, the amount of CCR5 on lympho-
cytes varies markedly among individuals

with the same CCRS genotype, suggesting

that factors other than CCR5 genotype
contribute to CCR5 abundance (53). These
could be other genes (for example, CCR2),
ligand binding, or other chemokine recep-
tors. (iii) The CCR2-64I mutation could be
tracking a linked mutation through linkage
disequilibrium. This may involve a regula-
tory or structural mutation in the CCRI-5
gene cluster, but not CCR5-A32 because
the CCR2-64I mutation travels on a differ-
ent haplotype. We sequenced the complete
coding regions of several CCR5 and CCR2
mutant homozygotes and did not find any
other nucleotide changes (31).

The CCR5-A32 and CCR2-641 poly-
morphisms are present in the protective
heterozygous or homozygous states in 30 to
40% of people in every ethnic group. The
demonstration that having mutant alleles at
these genes is protective against progressing
to AIDS has important implications for
therapy, because chemokine receptors are
required cellular ports for HIV-1 cell entry
and spread.
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Members of the recently recognized SRC-1 family of transcriptional coactivators interact
with steroid hormone receptors to enhance ligand-dependent transcription. AlB1, a
member of the SRC-1 family, was cloned during a search on the long arm of chromosome
20 for genes whose expression and copy number were elevated in human breast
cancers. AIB1 amplification and overexpression were observed in four of five estrogen
receptor-positive breast and ovarian cancer cell lines. Subsequent evaluation of 105
unselected specimens of primary breast cancer found AIB1 amplification in approxi-
mately 10 percent and high expression in 64 percent of the primary tumors analyzed.
AIB1 protein interacted with estrogen receptors in a ligand-dependent fashion, and
transfection of AIB1 resulted in enhancement of estrogen-dependent transcription.
These observations identify AIB1 as a nuclear receptor coactivator whose altered ex-
pression may contribute to development of steroid-dependent cancers.

Gene amplification is a frequent mecha-
nism of increased gene expression in human
cencers. In breast cancer, commonly ampli-
fied chromosomal regions are derived from
17q12, 8q24, and 11q13 and encode erbB-2,
c-myc, and cyclin DI, respectively (1). Mo-
lecular cytogenetic studies of breast cancers
have revealed the occurrence of additional
regions of increased DNA copy number
whose target genes are unknown, including
20q (2). Recently, we used chromosome mi-
crodissection and hybrid selection to clone
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expressed sequences from 20q in an attempt
to identify genes of biological significance
(3). In this fashion, we isolated partial cD-
NAs for a candidate target gene termed
AIB1 (amplified in breast cancer-1), which
was ubiquitously expressed in normal human
tissues (3). We now report that AIBI is a
member of the SRC-1 family of nuclear re-
ceptor (NR) coactivators, that it is amplified
and overexpressed in breast and ovarian can-
cer cell lines as well as in breast cancer
biopsies, that it interacts with estrogen re-
ceptor (ER), and that it functions to en-
hance ER-dependent transcription.
Sequence analysis of partial AIBL ¢D-
NAs provided the first evidence of similar-
ity between AIB1 and the SRC-1 family.
SRC-1 and TIF2 are closely related tran-
scriptional coactivators recently isolated on
the basis of their affinity for NRs (4, 5).
Although the mechanism of action of
SRC-1 has not been completely elucidated,
in addition to interacting with NRs, SRC-1
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binds to the transcriptional integrators
CREB binding protein (CBP) and the
closely related p300, which interact directly
with the basal transcription machinery (6).

To further characterize AIBI1, the full-
length cDNA was cloned and sequenced
(7), revealing an open reading frame that
encodes a protein of 1420 amino acids with
a predicted molecular mass of 155 kD (Fig.
1). Database searches with BLASTP iden-
tified a highly significant similarity of AIBI
with TIF2 (45% amino acid identity) and
SRC-1 (33% amino acid identity) (8). Like
TIF2 and SRC-1, AIBI contains a basic
helix-loop-helix (PHLH) domain preceding
a PAS (Per/Arnt/Sim) region, serine- and
threonine-rich regions, and a charged clus-
ter. There is also a glutamine-rich region
that, unlike SRC-1 and TIF2, contains a
polyglutamine tract. AIB1 also contains
three copies of the conserved LXXLL motif
(L = leucine, X = any amino acid), which
was recently demonstrated to be critical to
the coactivator receptor interaction (9, 10).

Because of this strong sequence similar-
ity, we evaluated the amplification and ex-
pression of AIBI in a series of ER-positive
and -negative breast and ovarian cancer cell
lines (I1). AIBl gene copy number was
determined by fluorescence in situ hybrid-
ization (FISH) (Fig. 2). High-level amplifi-
cation of AIB1 (>20-fold) was observed in
three ER-positive breast carcinoma cell
lines (BT-474, MCF-7, and ZR75-1) and in
one ovarian carcinoma cell line (BG-1)
(Fig. 2, A and B). Overall, AIBl was am-
plified in four of five ER-positive cell lines
tested and in zero of six ER-negative cell
lines (12). To determine whether AIBI
amplification also occurred in uncultured
cells from tumor biopsies, we screened 105
unselected breast cancer specimens for
AIB1 amplification by FISH. Ten speci-
mens of primary tumors (9.5%) demonstrat-
ed amplification of AIBI, although the am-
plification levels were not as high as in the
cell lines (13).

Previous interphase FISH studies have
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