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Abnormal intracellular kinetics of cell-cycle—dependent proteins in

lymphocytes from patients infected with human immunodeficiency
virus: a novel biologic link between immune activation, accelerated
T-cell turnover, and high levels of apoptosis
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Human immunodeficiency virus (HIV)-
infection is characterized by loss of CD4
T cells associated with high levels of
immune activation, T-cell proliferation,
and lymphocyte apoptosis. To investigate
the role of intrinsic perturbations of cell-
cycle control in the immunopathogenesis
of acquired immunodeficiency syndrome
(AIDS), we studied the expression of cell-
cycle-dependent proteins in lympho-
cytes from HIV-infected patients. Cyclin
B1 expression, Nucleolar Organizer Re-
gions (NORSs) number, and NORs area of
distribution were all consistently increased
in HIV-infected patients, but returned to nor-

mal after effective antiretroviral therapy, sug-
gesting that viral replication is directly impli-
cated in the genesis of the observed
changes. Analysis of cyclin B1 intracellular
turnover showed that the increased cyclin
B1 expression is (1) caused by defective
degradation in the presence of normal rates
of synthesis, and (2) is temporally associ-
ated with decreased levels of ubiquitination.
After in vitro activation of lymphocytes from
healthy individuals, cyclin B1 and cdc25
expression and ubiquitination, p34 cdc2 ac-
tivity, NORs morphology, and C23/nucleolin
localization showed a 72- to 96-hour cyclic
pattern that led to a biologic state similar to

baseline. On the contrary, complex but con-
sistent changes of the same indices fol-
lowed activation of T lymphocytes from HIV-
infected patients, resulting in a 5-fold
increase in apoptosis. Overall, our data indi-
cate that a profound dysregulation of cell-
cycle control is present in lymphocytes from
HIV-infected patients. This finding may pro-
vide a novel biologic link between immune
activation, accelerated lymphocyte turn-
over, and increased apoptosis during HIV
infection. (Blood. 2001;97:1756-1764)
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Introduction

Human immunodeficiency virus (HIV)-infection induces a progresy intracellular concentration, and/or subcellular localization of
sive depletion of CD4 T lymphocytes and high susceptibility to cyclins, a family of regulatory molecules that activate specific
opportunistic infectiond.The mechanisms of HIV-induced CD4 cyclin-dependent kinases (CDKs) and regulate the progression
T-cell loss include the virus-mediated killing of infected cells athrough cell cyclé3*4Cyclin B1 is minimally expressed in resting
well as the death of uninfected bystander cefisAimong the cells (GO) but on mitogenic activation, progressively accumulates,
indirect mechanisms that have been implicated in the lymphocytaching a peak during late G1 and S phases. When the intracellular
depletion of patients with acquired immunodeficiency syndromencentration of cyclin B1 reaches a critical threshold, binding and
(AIDS), increased level of apoptosis may be significant. Iactivation of the p34 cdc2 kinase occurs, with consequent phosphor-
HIV-infected patients, increased susceptibility to apoptotic ceflation of target protein®* The p34 cdc2 is concurrently
death has been shown in CD&nd CD8 T lymphocytes and activated via dephosphorylation by cdc25, a cell-cycle—-dependent
appears to be correlated with the general state of immune actiypdtosphatas®, whose intracellular concentration is regulated via
tion.3-6 Interestingly, both increased propensity to apoptosis amiquitination® The complex of cyclin B1, cdc25, and activated
overall levels of immune activation are reversed by the institutiquB4 cdc2 is called mitosis promoting factor (MPF), maturation
of effective anti-HIV therapy:® It is therefore likely that an promoting factor, or anaphase promoting complex, and its proper
abnormal relationship between T-cell activation/proliferation anfdinction is a key step required to successfully complete the mitotic
occurrence of apoptosis may play a significant role in the lymphdivision-14 After initiation of mitosis, cyclin B1 is no longer
cyte depletion in the HIV-infected patieht? required, and its down-regulation is completed by the time the cell
Lymphocyte activation in response to extrinsic signals ultienters anaphas&14 Degradation of both cyclin B1 and cdc25 is
mately results in either progression through the cell cycle, dependent on the ubiquitin-proteasome pathway and results in the
activation of proapoptotic pathway(8)*2Although influenced by complete inactivation of p34 cdc2 kinase, which in turn allows the cell to
many factors, the fate of activated T cells is eventually determinegenter the GO phad&2°Cyclin B1 expression and p34 cdc2 activation
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at inappropriate times are associated with serious perturbations ofitheunohistochemical staining (Apop Tag Kit, Oncor, Gaithersburg, MD),
cell cycle and increased frequency of apoptdsia. and the apoptotic fraction was quantified by image analysis (data not shown).
In a previous stud§? we have shown that cyclin B1 expressiomygnoR staining

!S !ncreased_ in lymphocytes f_rom HIV-mfectgd patients, resum'_q/ggNOR staining was performed as previously descrit¥gtiefly, lympho-
in inappropriate p34 cdc2 activation. Interestingly, both anoma||%§tes were washed with phosphate-buffered saline (PBS), suspended in
are reverted when patients are treated with antiretroviral theragsts, alcohol, and transferred to a cover glass. After alcohol evaporation,
(ART). The possibility that cells overexpress cyclin B1 simply becausever glasses were stained (2 parts 50% Agkiueous solution and 1 part
they are committed to entering G1 is not consistent with a metabolic &% gelatin in 1% formic acid) for 12 minutes in the dark. AQNORs
biochemical profile (proline uptake, ornitine decarboxylase [OD@ppeared as black intranuclear dots, and their number per cell was evaluated
activity, interleukin-2 recepton [IL-2R] expression, and protein synth&: at least 500 cells. AJNOR area per cell was measured by using Image-Pro
sis) typical of a GO sta. This finding is in agreement with studiesP!us software (Media Cybernet'lcs, Silver Spring, MD). After definition of
showing that, during HIV infection, only a small portion of Iymphocyteéhe gray threshold corr?Spondmg to the AgNOR alone, the AGNOR area
. . . . . was measured automatically.
is undergoing active proliferatich;?>and suggests that the dysregula
tion of cyclin B1 expression and p34 cdc2 activation during HI\Cyclin B1 expression
infection is a more complex phenomenon. Cyclin B1 expression was measured by Western blot (mAbs from Santa
Nucleolar organizer regions (NORs) are chromosomal regiofiguz Biotechnology Inc, Santa Cruz, CA), and the bands analyzed with
in which ribosomal genes are encoded. The structural componé&#tmaGel (Handel Scientific Co, San Rafael, CA). The numerical values,
of NORs is mainly constituted by 2 multifunctional proteins: th@n & scale from 0 to 250, indicate the absolute area of the band, ie, the total
C23 or nucleolin, 110 ké27 and the B23 or nucleophosmin, 39calibrated pixel intensity values of each band. Two to 5 replicates were
kd 283 NOR-associated proteins, whose abundaee,turn- performed for each sample. In all measurements of cyclin B1 concentration,

L . . internal controls were always performed, including lysing equal cell
34-40 -44 )
over, and localizatioff-** are closely linked to ribosomal numbers, loading into each lane equal volumes of equal protein concentra-

gene acFi_vity, are usual_ly called “AgNOR™ because of the?{ions (15 ng per lane), and after the electrophoresis by performing
?rgymph'“C property. T_h9|_r pattern C_)f expression has begn studigdomassie staining. If different protein concentrations were observed at
in normal and neoplastic tissu#si®with the aim of assessing cell this time, the whole procedure was repeated, and the initial loading protein
kinetics parameters such as the percentage of cycling cells and ticnecentration was adjusted, based on the actin band.

of cell replication. Cells in GO are characterized by diploid DNACyclin B1 synthesis and degradation

content and the presence of a single AgNOR'din.a diploid cell, Cyclin B1 synthesis was measured as follows: ConA-activated lympho-

a 2-fold increase in total amount of AgQNOR proteins signals thC

ition f 13347 g furth on in th I %/tes were labeled for 4 hours witP§-methionine in RPMI (1.8MBg/mL
transition from GO to G:-**#During further progression in the ce [50 wCi/mL]), followed by incubation with excess of methionine. The rate of

cycle, more complex modifications in the number, localization, angcjin B1 synthesis was calculated as radioactive content associated with the

quaternary structure of AQNOR proteins take place. These modificati@fgiin B1 band immediately after the pulse phase, whereas cyclic B1 degradation

are assessed by computerized image analysis of silver stained nuaiss, calculated as percentage of radioactivity associated with the band after 20-,

which show patterns of nucleolar AQNOR segregation and aggregati#ih, and 90-minute chase. Electrophoresis and autoradiographig afiethi-

that characterize each phase of the cell c{/cle. onine—labeled proteins were performed as follows: Each lane received the same
Here we report results of a further analysis of the cell-cycl@“mber ofc_ells_, andin pa_raIIeI,we measured the rate of general protein synthesis

dysregulation, which occurs during HIV infection, focusing on (1§ Hlleucine incorporation.

intracellular turnover of cyclin B1, p34 cdc2, and cdc25, (2protein ubiquitination

AgNOR number and area of distribution, and (3) expression ar@|is were treated with SDS in the presence of protease inhibitors as
cellular localization of C23/nucleolin. previously described>2After removal of cell debris, protein was quanti
fied by the Lowry methot and SDS-PAGE carried out by using a minigel
apparatus (Bio-Rad, Hercules, CE)Samples were boiled for 5 minutes in
Patients, materials, and methods buffer containing 2% mercaptoethanol. Coomassie blue R-250 (Sigma) was
) . the stain used. Molecular mass standards used were 200, 116, 97, 66, 45, 31,
Patient population and 21 kd from Bio-Rad. Gels were electroblottédhots were incubated
Twenty HIV-infected patients were included in this study. Thirteefyith rabbit antiubiquitin antibody (Sigma; 1:200) and then goat antirabbit
patients underwent antiretroviral therapy comprising 2 reverse transcriptge-HRP (1:3000, Bio-Rad). Enhanced chemiluminescence was the de-
(RT) inhibitors and one protease inhibitor. Twenty uninfected indiVidUaléction system (Amersham’ Uppsala’ Sweden). Each lane received the
were used as controls. After obtaining informed consent, blood Samplﬁ%tein content of 1.5 1CP cells. For each sample, quantification of
were collected, and HIV viremia measured by branched DNA (bDNAgonjugated ubiquitin pools was determined in parallel by a solid-phase
technique (Quantiplex, Chiron, Emeryville, CA). immunochemical methotf. Samples and ubiquitin-conjugate standards
were dot-blotted onto a polyvinylidenefluoride (PVDF) membrane and
Lymphocytes probed sequentially with antiubiquitin antibody and goat antirabbit 1gG-
Immunologic phenotyping was performed on FACScaliber (Becton DickinSoRRp conjugate. After autoradiography, films were quantified by densitome-
San Jose, CA) after direct staining with the following monoclonal antibodieﬁ;y by using SigmaGel. The numerical values indicate the absolute area of
antihuman CDA4-FITC, antihuman CD8-PE (Becton Dickinson). For the in vitligie pand, ie, the total calibrated pixel intensity values of each band. Finally,
activation studies, peripheral blood lymphocytes (PBLs) were cultured in 10fpthe immunoblots for cyclin B1 expression the identification of bands of
fetal calf serum (FCS) RPMI at initial density of G@ells per milliiter.  protein ubiquitination was performed after removal of the anticyclin B1
Concanavalin A (ConA) was added (5 ng/mL), and cells were monitored fg{ap with stripping buffe52 In these experiments, ubiquitin-reactive
ODC activity, proline uptake, IL-2 production, and activity of cell machinery fopands were then analyzed in the region corresponding to the already
protein and DNA synthesis (data not shown). All agltle—related metabolic getected cyclin B and to the expected molecular weight(s) of ubiquitinated
parameters were measured as previously det&i&. cyclin B. After autoradiography, films were quantified by densitometry as
described previously.

Cell ploidy and apoptosis
Cells were stained with propidium iodide (P1) and flow cytometry was usdgonfocal microscopy

to determine DNA content, lymphocyte distribution in the cell cycle, an&eripheral blood mononuclear cells were fixed on slides (Labtech, Camp-
percentage of apoptotic cefi3.Apoptotic cells were also identified by bell, CA) by using 4% paraformaldehyde (PFA), 15 minutes. Cells were
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then permeabilized with 0.5% Triton X-100 and washed with PBS. \ﬂ_ @
Unconjugated mouse anti-C23 antibody (Santa Cruz Biotechnology sc
8031) was added (1/100, 45 minutes at 37°C). After washes, FITC- Healthy controls HIV-infected patients
conjugated GAM-Ig (Sigma, St Louis, MO) was added (1/200 dilution). | g » g ;
After washes, propidium iodine (Pl) was added atd@mL plus RNase at 8] oo oz *" Py g] SRR
200pg/mL, 30 minutes. After washes, Moviol was finally added and slides §§' - .’ » &
were covered by a coverslip. Confocal microscopy was from Leika|3s] .19': ss
(Wetzlar, Germany), with & 63-zoom 1.6 objective. 2] a_“ ’ : 2
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Statistical analysis = d S

A 2-tailed, 2-sample Studetttest was used to calculate tRevalue for 1] TR Moorkrl s miy
differences in means of AQNOR number, AQNOR area of distribution, and 80 4 80 -
cyclin B expression between HIV-infected patients and uninfected controls 1 : i :: pap20ose
To evaluate the correlation between lymphocyte AGNOR number and cyclir| 3 4 | 5 ol ¢ R
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Results AGNORs mumber AGNORs rumber
Cell-cycle distribution of lymphocytes from HIV-infected Control HIV

patients as assessed by cyclin B1 expression, i et Actin ,_-rl 2 T
AgNORs dot distribution, and DNA content — © Stainina 122

To assess the cell-cycle distribution of PBLs from HIV-infected w2766 —[ 0| immonanining B 79155
patients and controls, we investigated, in parallel, the DNA content, *SUnm ok pixels incensicy
as detected by Pl staining, intracellular cyclin B1 concentration, &gure 1. Abnormal expression of AGNORs and cyclin B1 in lymphocytes from
measured by Western blot, and AGNOR number and area, fi/Ieced alens BNA oo sssesad i Pl string, hiof e nc
detected by image analysis. Figure 1 shows selected experimesitssity of protein bands isolated by Western blot, in selected experiments
performed on 20 HIV-infected individuals and 20 healthy controlggrformed on peripheral blood lymphocytes isolated from healthy controls (panel A)
All measurements were conducted in HIV-infected individualgnq HIV-infected p_atients (panel B). The numeric results represent the mean of 20
before the initiation of ART, with an average viral copy number o atients and 20 uninfected controls
41 000 per milliliter.

Flow cytometric analysis of DNA content indicated that the vadt.-2 receptor expression, total protein synthesis) suggested that
majority of PBLs from both HIV-infected and uninfected donorgnost cells were in a GO-like state (data not shown).
are diploid and located within the GO-G1 phases of the cell cycle
(Figure 1). On the contrary, the intracellular concentration of cycliRntiretroviral therapy normalizes cyclin B1 expression and
Bl was 79 155 pixels per densitometric area in HIV-infectedgNORs number and area of distribution

Several immunologic abnormalities described in lymphocytes from

) . . HhV-infected patients can be corrected by an effective ART.
in PBLs from HIV-infected patient® The number and area of

distribution of AQNOR dots were also markedly different betweea To assess the effect of ART on the cell-cycle abnormalities
HIV-infected patients and controls (Figure 1). In healthy individu- escribed in Figure 1, we have performed a comparative analysis of

als, more than 80% of cells displayed a single AgNOR dot (me%lh) DNA content, (2) AQNOR dot number per cell, and (3) cycin

area per cell-0.59,um), and 12% o cels displayed 2 AgNOR o TARUAR BRERAEn, B SRR B RO
dots (mean area per ceH 0.78 wm?). In all tested controls, the P P '

mean number of dots per cell was lower than 1.5 and the me%'ﬁd 2 to 3 weeks after the initiation of antiretroviral therapy. At the

AgNOR area per cell was below 0.78m2 In HIV positive latter time,_HIV.viremia was belpw 500 popies/mLin gll patients.
patients, the number of AQNORs was more heterogeneous Witﬁ‘_a ;hown in Figure 2, th_e fall in viremia was associated with a
significant percentage of cells (more than 30%), with more thanSnificant © <.01) decline of the AGNOR dot numbers per
dots and a mean number of dots per cell, ranging from 1.35 to 4.1/ffiPhocyte and a significant>(< .01) decrease of cyclin B1
different patients. Consistent with this finding, in PBLs fronfXPression, so that both parameters returned to levels similar to
HIV-infected patients, the AQNOR area per cell ranged from 0.72 {80S€ observed in uninfected individuals. Of note, ART did not
1.84.m? (Figure 1). It is of note that cyclin B overexpression andnduce any change in the DNA content of PBLs from HiV-infected
increased AGNOR number and area of distribution were observegtients (Figure 2). These results indicate that an effective ART
in both CD4" and CD8 T lymphocytes when selected experiment§duces the repopulation of peripheral blood by lymphocytes that
were performed by using sorted subpopulations (data not show@fPress cyclin B1 and AGQNORs at normal levels.
Interestingly, in all performed experiments, a direct correlation was Interestingly, when cyclin B1 expression and AGQNOR number
found between the level of cyclin B1 expression and the numb@pd area of distribution were studied in 5 HIV-infected individuals
and area of distribution of AQNORs (data not shown). defined as long-term nonprogressors (ie, with near normal*CD4
Overall, these results confirm the presence of a compldxcell counts and viremia less than 500 copies per millilter), we
perturbation of cell-cycle control in PBLs from HIV-infectedobserved values comparable with those of uninfected controls (data
patients with active viral replication. Indeed, although high expregot shown). Overall, those observations underscore the role of HIV
sion of cyclin B1 and AgNORs seemed to indicate a massiveplication in inducing cell-cycle dysregulation as well as the
commitment to the G1/S transition, the analysis of DNA conteqrompt ability of lymphocytes to resume a normal cell-cycle
and the in vitro biochemical profile (proline uptake, ODC activityhomeostasis once the stimulus has been removed.
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described below. Figure 4 shows the mean counts of radioactivity
from experiments performed in 20 HIV-infected individuals and 20
controls. The rate of cyclin B1 degradation was markedly reduced
in PBLs from HIV-infected patients: After a 90-minute chase,
PBLs from patients lost only 8% of their cyclin Bl-linked
radioactivity, whereas 40% was lost in contrd®s<¢ .01). Overall,
these results indicate that the difference in cyclin B1 intracellular
concentration between HIV-infected patients and controls is due to
a reduced degradation of a molecule that is synthesized at very
similar initial rates.

Decreased cyclin B1 degradation is associated
with a defect in cyclin B ubiquitination

Decreased cyclin B1 degradation can be caused by inappropriate
phosphorylation, binding to p53, and/or reduced degradation via
the ubiquitin proteasome pathw#2” Impaired function of the
ubiquitin/proteasome pathway of protein degradation constitutes
an attractive hypothesis to investigate, because it has been shown
that this intracellular compartment can be functionally impaired in
clinical conditions associated with an accelerated cell activation
and replicatior®

To assess the function of the ubiquitin pathway of protein
degradation in PBLs from HIV-infected patients, we studied the

PT1 PTZ BTL PT2  PT2: Patient 2
96482 | 67793 I | 134 | 136
sum of pixels intensity

Figure 2. Normalization of AQNORs and cyclin B1 expression after ART. DNA
content, AQNOR number and area of AGQNOR distribution, and cyclin B1 intracellular
concentration in selected experiments performed on peripheral blood lymphocytes
isolated from 12 HIV-infected patients, before (panel A) and 15 to 21 days after (panel
B) initiation of antiretroviral therapy.

Cyclin B1 accumulates in lymphocytes from HIV-infected
patients because of defective degradation

Detection of abnormally high levels of cyclin B1 may result either
from excessive synthesis, defects in degradation or a combinatic
of the 2. To define the cause of cyclin B1 overexpression, we hav
determined (1) the rate of cyclin B1 accumulation, (2) the initial
velocity of cyclin B1 synthesis, and (3) the rate of cyclin B1
degradation, after T-cell activation in vitro. This study was
performed on PBLs from HIV-infected patients before initiation of
ART (average viremia of 41 000 copies per millilter), and PBLs
from healthy donors were used as controls. In all experiments~
PBLs were activated with ConA, and 24 hours later IL-2 was added t@f,
the medium. Figure 3 shows that, in PBLs isolated from HIV-infected &
patients, the activation-induced cyclin B1 expression was consistent §
higher than in controls. However, when densitometric values wert£
normalized to 100 and plotted against the time of culture (Figure 3), ni'»
major difference was observed in the rate of postactivation cyclin B1¥
accumulation between 0 and 24 hours (G1/S transition), indicating th: =
cells from patients and controls synthesize cyclin B1 at a similar rate
However, after IL-2 addition (ie, G2/M phase), cyclin B1 cell content
rapidly decreased in lymphocytes from controls, whereas it remaine
relatively high in cells from patients. The fact that the intracellular levels
of cyclin B1 failed to decrease after the G2/M transition suggested the
the abnormal expression of cyclin B1 in lymphocytes from HIV-
infected patients is due to decreased degradation rather than in-
creased synthesis.
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Figure 3. Intracellular turnover of cyclin B1 in lymphocytes from HIV-infected

patients. Kinetic analysis of intracellular concentration of cyclin B1 (expressed as

To confirm this hypothesis, we studied the kinetics of degradgercentage of the baseline pixel intensity) on in vitro mitogen activation was
tion of newly synthesized cyclin B1 by using pulse and chagerformed in peripheral blood lymphocytes from 20 HiV-infected patients and 20

experiments. Cells were incubated wits-methionine for 4 hours

controls. The top panel reports Western blots from selected experiments in which the
cyclin B1 overtime cellular expression was sequentially studied after lymphocyte

(between 68 and 72 hours of culture) to radioaCtiVeW label tl'E'@tivation. The curve in the bottom panel describes results of a representative
newly synthesized proteins, and then washed and resuspendedexp@iment in which sequential cyclin B expression in one HiV-infected patient and
Iarge excess of nonradioactive methionine. At any given tinfee control were analyzed in the same Western blot experiment (3 measurements

points, the amount of methionine incorporated into newly synth

er patient per time point). The numeric results in the box represent the mean levels
initial cyclin B synthesis as studied at time 0, 24, and 72 hours after activation in the

sized cyclin B1 during the labeling phase was calculated &$ne representative experiment.
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ubiquitination of both cyclin B1 and total proteins at various time
points after mitogen activation. All measures were performed in
cells activated with ConA and IL-2, with théS-methionine
administered as a 4-hour pulse. As shown in Figure 5, ConA/IL-Z
activation induced a sharp increase of total protein ubiquitination ir
lymphocytes from controls and not in lymphocytes from HIV-
infected individuals (Figure 5A). When cyclin B1 ubiquitination
was studied under the same experimental conditions, lymphocyte
from HIV-infected patients showed significantly lower rates of
ubiquitinated cyclin B1 than controls (Figure 5B).

Overall, these results suggest that PBLs from HIV-infected
patients may have a general defect of protein degradation, whic
involves the ubiquitin-proteasome pathway, and could be respor
sible for the abnormally low levels of cyclin B1 ubiquitination that
are consistently observed under these experimental conditions.

Abnormal expression and localization of cell-cycle—dependent
proteins is followed by increased levels of
activation-induced apoptosis

Lymphocyte activation and proliferation involves the sequential
expression and degradation of numerous proteins, whose prop
intracellular concentration, localization, and activity are needed tc
complete the task of cell division. Inappropriate regulation of
cell-cycle—dependent proteins is a known cause of apopto&is.

To assess the overall function of cell-cycle—dependent protein
in lymphocytes from HIV-infected patients, we have used a
combined approach, by simultaneously assessing the function
status of the maturation promoting factor (ie, cyclin B1 and cdc2t
expression and ubiquitination by Western blot, and p34 cdc:
activity by H1 histone phosphorylation), the AGQNOR morphology
(by image analysis), and C23/nucleolin subcellular localization (by
confocal microscopy), after in vitro activation with ConA and IL-2.
As shown in Figure 6A, lymphocytes from uninfected controls
show a cyclic and ordered pattern of expression, localization, an
ubiquitination of cell-cycle—dependent proteins. This pattern con-
sists of: (1) increased AgNOR number and area of distribution
which is parallelled by an increased area of distribution of
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Figure 5. Defective cyclin B1- and total protein-ubiquitination in lymphocytes
50 from HIV-infected patients.  Protein and cyclin B ubiquitination were studied after in
vitro activation (ConA + IL-2) of peripheral blood lymphocytes from 20 HIV-infected
45 1 patients and 20 controls, and measured at different time points (0, 40, 70, and 90
- @~ Control . S ; o
40 4 hours). (A) Level of total protein ubiquitination. (B) Level of cyclin B1 ubiquitination.
—O—HIvV 4 Both curves show results of a representative experiment in which sequential cyclin B
35 4 o4 and protein ubiquitination in lymphocytes from one HIV-infected patient and one
3 Pk control were analyzed in the same Western blot experiment (3 measurements per
§_9_ 30 A e patient per time point). The bottom part of the figure shows pictures of 2 representa-
o 2 tive gels, one for total protein ubiquitination and one for cyclin B ubiquitination, as
b 25 i sequentially determined at 40 and 90 hours after activation in one HIV-infected
I} ¢ patient and one control.
o 20 4
o r
15 ~ F
cyclin B1 and cdc25; and (3) temporary increase of p34 cdc2
activity. The whole process is completed between 90 and 96 hours
after the initial stimulation and results in the presence of cells that

o= T 77
0 20 40 60 80

chase (minutes)

Figure 4. Impaired cyclin B1 degradation in lymphocytes from HIV-infected
patients. Kinetic analysis of degradation of the newly synthesized cyclin B1 in
peripheral blood lymphocytes from HIV-infected patients and controls. In these
experiments cells were pulse labeled for 4 hours with 35S-methionine after 24 hours in
vitro activation with ConA. Cyclic B degradation was calculated as a percentage of
radioactivity associated with the protein band after a 20-, 40-, and 90-minute chase
period. The curves in the top panel and the numeric results in the bottom panel
represent the mean of 20 patients and 20 uninfected controls.

have a biochemical and morphologic profile similar to that
observed before ConA/IL-2 activation. Although the process is not
100% effective, the rate of apoptotic cell death (measured either as
the number of cells with DNA content less than 2n or the number of
cells permeable to PI) was relatively small (average 8.9%).

On the contrary, when lymphocytes from HIV-infected individu-
als were activated under similar experimental conditions (Figure
6B), a profound perturbation of the normal pattern of the expres-
sion, localization, and ubiquitination of cell-cycle—dependent pro-
teins was observed. Most notably, in a large percentage of cells, the
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number and area of distribution of AQNORSs, as well as the areathie AQNOR structure is related to an abnormal cellular localization
distribution of C23/nucleolin, never returned to normal. Moreoveaf nucleolin rather than to the absence of this protein. In this
in many of these cells, AQNORs and C23/nucleolin-positive areagstem, the expression of cyclin B1 and cdc25 increased over time
in confocal microscopy disappeared completely, giving the pecwithout being accompanied by a physiologic level of ubiquitina-
liar appearance of an empty nucleolus. Interestingly, the intracellion, which led to an abnormal and inappropriate level of p34 cdc2
lar levels of C23/nucleolin were similar between HIV-infectedctivity. As a result of this profound dysregulation of the cell-cycle
patients and controls (data not shown), indicating that the lossadntrol, high levels of apoptotic cell death (mean 43.0%) were

A

healthy patient

-"'-'-___--""-\-.
24 ConA 48

—=3%

hours 72

after stimu’lftipl 7
91
‘\-q.‘_‘__—_‘_._—_,_’

CLSM C23 control

e e e
. r Mitosis Promoting Factor ‘

MPF

*74,915 I—Il Cyclin B

*167,672 [T Cyclin B Ub

*No. [ | cde2s
*16,263 [ | Cdc25Ub
e ep—
11,300 cpm/ma | p34 cdc2
of protein activity
IRED STl LR
B Mitosis Promoting Factor |
MPF |
*397,335 Cyclin B
CLSM C23 control - _“_'"_}
*12,739 Cyclin B Ub
260,924 [amme|  Cilc25 |
HIV infected patients *1,920 [] cdc2s Wb |
354,000 cpm/mg | p34 cdc2
of protein activity
hours
after stimulation
91 96

Figure 6. Abnormal intracellular kinetics of cell-cycle—
dependent proteins in lymphocytes from HIV-
infected patients. AgNOR pattern and C23/nucleolin
subcellular localization after in vitro activation of lympho-
cytes from healthy controls (panel A) and HIV-infected
individuals (panel B). The indexes of the functional status
of the maturation promoting factor (cyclin B expression
and ubiquitination, cdc25 expression and ubiquitination,
and p34 cdc? activity) are relative to time 90 to 96 hours
after activation.
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observed 96 hours after activation. It is of note that under thesgpression return to normal levels, thus indicating that the mecha-
experimental conditions no overt cytopathic effect was observausm(s) responsible for the cell-cycle perturbation of PBLs from
no HIV-p24 antigen was detectable in the medium, and celldlV-infected patients is related to the presence of high levels of
undergoing apoptosis were equally distributed among CBdd viral replication. This hypothesis is further confirmed by the fact
CD8" T lymphocyte subpopulations (data not shown), suggestitigat AgNOR distribution and cyclin B1 expression are normal in
that the observed increase in cell death was not a mere consequéiiinfected individuals who spontaneously harbor very low
of HIV replication occurring in in vitro—activated CD4T cells. levels of viral replication, ie, long-term nonprogressors.

Overall, these results show that in vitro activation of peripheral When translated in terms of cell cycle, these results suggest
blood lymphocytes from HIV-infected individuals induces a majothat active HIV replication is associated with the presence of
perturbation in the intracellular turnover of cell-cycle—dependefdrge numbers of circulating lymphocytes showing a GO-like
proteins, which is followed by levels of apoptotic cell death that an@etabolic profile associated with a G1/S-like level of cyclin B1 and
about 5-fold higher than in healthy individuals. NORs expression. This discrepancy cannot be explained only as

the result of increased number of activated cells (ie, committed to
] ] G1), because in this case at least some of the biochemical markers
Discussion of the GO to G1 transition should show levels that are compatible

The profound immunodeficiency that follows HIV infections has ¥ith @ G1 state. Interestingly, the lack of increase in circulating
complex pathogenesis, in which the direct, ie, virus-mediateg€llS that are unequivocally committed to G1 is consistent with
killing of HIV-infected CD4 cells appears to be associated withecent data indicating that, during HIV infection, only a small
conspicuous loss of uninfected bystander cells. Numerous studétion of peripheral blood lymphocytes is undergoing active
have tried to explain this unexpected cell loss, mostly focusing @oliferationz425
the consequences of an exaggerated immune activation and/or arl "€ presence of an abnormal cyclin B1 intracellular concentra-
increased T-cell turnover. It is of note, however, that contrastir@” in cells with a GO-like metabolic profile can be due to
results have been published on the overall level of in vivo cefxcessive or premature synthesis, and/or reduced or delayed
proliferation during HIV infection, the turnover rate of differentdegradation. As shown in Figures 3to 5, we provide evidence that a
T-cell subsets, and the pathogenic mechanisms of these kinsi@hificant decrease in cyclin B1 degradation is present in PBLs
abnormalities:1024255960The pathophysiologic relationship e from HIV-infected patients, whereas the rates of cyclin B1
tween increased T-cell activation/turnover and increased level dfnthesis are comparable to those of normal PBLs. The presence of
apoptosis, known to be a consistent feature in T lymphocytes frgindefect in cyclin B1 degradation is supported by 4 different
HIV-infected patient$;% is also uncertain. Although events directlymeasurements: rate of intracellular accumulation, rate of synthesis,
related to immune activation can induce apoptosis of uninfectéd€e of degradation as measured in pulse and chase experiments,
cells in the setting of HIV infection, ie, CD95/CD95L up-and level of ubiquitination. The fact that total protein ubiquitination
regulation, increased tumor necrosis factor (TNF) ayl§N is also decreased in PBLs from HiV-infected patients suggests the
production, and othef®:8 it is still unclear whether there is an Presence of a more general defect of the ubiquitin pathway of
intrinsic biologic link between accelerated T-cell proliferation an@rotein degradation.
exaggerated levels of apoptosis. In this perspective, it should be Several mechanisms can be hypothesized to explain the failure
remembered that a dysregulation of cell-cycle control has t@é the protein degradation machinery in lymphocytes from HIV-
potential to induce apoptosis independently of specific environmdhfected patients, including the presence of specific metabolic
tal stimuli 2122 defects in the ubiquitination pathway(s) induced by a specific HIV
In a previous study, we have shown that the intracellular conte@éne product(s), and/or a defect in the ubiquitination pathway(s)
of cyclin B1 is increased in PBLs of HIV-infected patiedtsTo that would be intrinsically related to the abnormal proliferative
understand whether the abnormal cyclin B1 expression merdligtory of lymphocytes isolated from HiV-infected patients. This
reflects the presence of a large number of cycling lymphocyteslaiter condition would be caused by either direct ubiquitin loss,
the peripheral blood or, alternatively, indicates a more complé&ck of ubiquitination enzymes, or saturation of an otherwise
perturbation of cell-cycle control, we have now assessed thermal ubiquitination system, possibly due to the shortened time
position in cycle of lymphocytes by determining the level of cyclirfvailable to lymphocytes to complete their anabolic activity in the
B1 expression in parallel with DNA content and pattern ofontext of an accelerated rate of cell turnover. In any case, the
distribution of AQNORs. The use of the AgQNOR technique foimbalance between synthesis and degradation of cyclin B1 consti-
diagnostic and prognostic purpose in oncology and hematology letes a serious perturbation of the normal sequence of cell
been recently reviewetd:3245AgNORs accumulate in cells when cycle-related events that could ultimately result in a strong
duplication time decreasé3and therefore the finding of increasedproapoptotic sign&ié-?
AgNOR number or area of distribution indicates that cells are The presence of a major defect of cell-cycle control in
actively proliferating2¢6 To our knowledge, this technique haslymphocytes from HIV-infected individuals was confirmed by the
never been used to study T-cell turnover and cell-cycle control @wmparative and integrated analysis of cyclin B1 and cdc25
HIV infection. expression and ubiquitination, p34 cdc2 activity, AQNOR number
In healthy individuals, most lymphocytes contain only on@nd area of distribution, and C23/nucleolin subcellular localization
AgNOR dot and express low levels of cyclin B1. Consistent withfter in vitro activation with ConA/IL-2. This series of experiments
these findings, PBLs from uninfected individuals are diploid aniédicated that the progressive accumulation of nonubiquitinated
metabolically inactive, thus confirming their GO state. In PBLsyclin B1 and cdc25 was temporally associated not only with
from HIV-infected patients, the majority of cells are also diploidnappropriate activation of p34, but also with progressive disrup-
and metabolically inactive; however, cyclin B1 is significanthtion of the nucleolar structure and, ultimately, with the presence of
overexpressed, and many cells show more than one AgNOR thigh levels of apoptosis. Interestingly, the disruption of AQNORs
with a significantly increased area of distribution. Once patients amad the absence of C23/nucleolin in the nuclei is associated with
treated with anti-HIV therapy, AQNOR distribution and cyclin BInormal cellular levels of C23/nucleolin. Because C23/nucleolin is
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known to be a target of p34-mediated phosphorylaffoit,is reduced cell turnover, lymphocytes that are now leaving lymphoid
possible that the abnormal p34 cdc2 activity observed in thesggans to join the circulating pool have not experienced rapid
conditions causes an excess of phosphorylated C23/nucleolin tfminds of replication in their recent past, thus translating into
cannot properly associate in a functional NOR structure. Taken as@mal levels of “undegraded” cyclin B1 and AgNORs. In this
whole, our results indicate that HIV infection induces the preseneegard, an important point to investigate in further experiments
of circulating lymphocytes, both CD4and CD8, with impaired would be the role of cell-cycle perturbations in “naive” and
control of the sequential expression and degradation of cell-cycléremory” subpopulations of T cells. Although difficult to perform
dependent proteins. The effects of this impaired control afer technical reasons, this analysis might provide important in-
consistently observed in freshly isolated lymphocytes and can $ights into the role of the previous proliferative history of a given T
reproduced in vitro after ConA/IL-2 activation, resulting in abnorlymphocyte in inducing the abnormal expression of cell-cycle—
mally high levels of apoptosis. dependent proteins in vivo and the increased susceptibility to
At present, we ignore the final molecular mechanism(s) causiagoptosis after in vitro activation. The possibility that the abnormal
the abnormal regulation of cell-cycle—dependent proteins thatracellular turnover of cyclin B is related to the abnormal in vivo
follows in vitro activation of lymphocytes from HIV-infected lymphocyte turnover typical of HIV-infection also raises the
patients. The possibility that this perturbation is a direct effect of grossibility that other diseases with chronic immune activation
activation-induced burst of HIV replication in CD4 T cells is highlymay be accompanied by similar perturbation of the intracellular
unlikely because in our experimental conditions (1) viral cytoturnover of cell-cycle—-dependent proteins. At present we have
pathic effect was not observed, (2) p24 antigen was not detectediiita neither to support nor to exclude this possibility. However, it
the medium, and (3) the proliferation-induced apoptosis was foustould be noted that in the case of HIV-infection, whose specific
at similar rates in CD4 and CD8 T lymphocytes. On the other feature is the progressive loss of both infected and uninfected T
hand, it is tempting to speculate that the perturbed kinetics gimphocytes, the presence of the described cell-cycle perturbations
cell-cycle—dependent proteins observed after in vitro activation eérries a higher potential to be a pathogenic factor of significant
lymphocytes might be an intrinsic biologic consequence of thelevance in vivo.
abnormal in vivo levels of cyclin B1 and AGNORs, which in turn  In conclusion, our studies indicate that a perturbation of the
may be related to the high levels of overall lymphocyte activatioformal cell-cycle control is present in lymphocytes from HIV-
occurring during HIV-infection. According to this hypothesis, highnfected patients with active viral replication. This perturbation can
levels of T-cell activation/proliferation, mostly occurring in lym-be observed in freshly isolated peripheral blood T lymphocytes as
phoid organs, would induce a functional saturation of the ubiquitizn abnormal intracellular content of cyclin B1 and AgNORs, and
mediated pathway of protein degradation, thus affecting thgcomes more evident after in vitro activation as a complex but
capability of lymphocytes to readjust the intracellular concentrgonsistent dysregulation of the intracellular turnover and subcellu-
tion, function, and/or localization of cyclin B, cdc25, p34 cdc2, anghr localization of several phase-dependent proteins (ie, cyclin B1,
C23/nucleolin. If these proliferating lymphocytes can no longgs34 cdc2, cdc25, and nucleolin), which ultimately results in a
maintain the sequential expression of these key regulatory proteigsold increase of the number of apoptotic cells. These findings
phenomena of cell death may occur, as commonly describednifight represent a novel biologic link among high levels of immune
lymph node-derived, uninfected Cb4nd CD8& T lymphocytes activation, accelerated T-cell turnover, and increased apoptosis
from HIV-infected patients. In this scenario, lymphocytes that hawsccurring in the setting of HIV infection.
exited the lymph node and are found in the peripheral blood would
show high levels of “undegraded” cyclin B1 and AGNORs as a
memory of the recent rounds of replication, despite a metabolic
profile that is now typical of a GO phase. These cells are viable hﬂ\bknowledgments
more susceptible to a “cell cycle-related” apoptosis in case of
further in vivo or in vitro activation. Interestingly, when anti-HIV This work has been supported by grants 30B.65 (to G.P.) and 30B52
therapy decreases HIV replication and overall immune activatioftp M.M.) from the Programma nazionale di Ricerca sull’AIDS,
cells will slow their proliferation rate and recover the proteiristituto Superiore di Sanita’, Rome, Italy. The authors wish to thank
degradation machinery and the overall control of the expressi®ns Mark B. Feinberg, Stephen G. Emerson, Jeffrey Goldsmith, George
and function of cell-cycle—-dependent proteins. Because of tiéaowei Xu, and Rebecca L. Elstrom for the helpful discussion.
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