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Posttranscriptional cell cycle—dependent regulation of human FANCC expression
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Lin Chai, Yu Zhi, and Maureen E. Hoatlin

The Fanconi Anemia (FA) Group C

complementation group gene ( FANCC)

encodes a protein, FANCC, with a pre-
dicted M, of 63000 daltons. FANCC is
found in both the cytoplasmic and the
nuclear compartments and interacts with
certain other FA complementation group
proteins as well as with non-FA proteins.
Despite intensive investigation, the bio-
logic roles of FANCC and of the other
cloned FA gene products (FANCA and
FANCG) remain unknown. As an ap-
proach to understanding FANCC func-
tion, we have studied the molecular
regulation of FANCC expression. We

found that although FANCC mRNA levels
are constant throughout the cell cycle,
FANCC is expressed in a cell cycle-
dependent manner, with the lowest levels
seen in cells synchronized at the G1/S
boundary and the highest levels in the
M-phase. Cell cycle-dependent regula-
tion occurred despite deletion of the 5
and 3’ FANCC untranslated regions, indi-
cating that information in the FANCC
coding sequence is sufficient to mediate
cell cycle—dependent regulation. More-
over, inhibitors of proteasome function
blocked the observed regulation. We
conclude that FANCC expression is con-

trolled by posttranscriptional mecha-
nisms that are proteasome dependent.
Recent work has demonstrated that the
functional activity of FA proteins requires
the physical interaction of at least FANCA,
FANCC, and FANCG, and possibly of
other FA and non-FA proteins. Our obser-
vation of dynamic control of FANCC
expression by the proteasome has impor-
tant implications for understanding the
molecular regulation of the multiprotein
complex. (Blood. 2000;95:3970-3977)
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Introduction

Fanconi anemia (FA) is an autosomal recessive disorder charactiscribing the existence of nuclear FANEE? Low endogenous
ized by progressive pancytopenia, high risk for malignanciggotein expression has limited all existing studies of FANCC to
(especially acute myelogenous leukentiand, in some patients, immunoblot and overexpression immunofluorescent analyses (IFA).
congenital malformations including skin pigmentation abnormalNumerous interacting partners for FANCC have been described,
ties, skeletal deformities, and renal anomatiésThe cellular including the cyclin-dependent kinase cdc2, FANCA, FANCG, the
hallmark of FA is a unique hypersensitivity to DNA cross-linkingmolecular chaperone GRP94, NADPH cytochrome P450 reduc-
agents. Treatment of FA cells with agents such as mitomycin C @fse and FAZF—a novel transcriptional repressor with homology
diepoxybutane at doses that have little impact on normal cell$ihe acute promyelocytic zinc finger protéiré

results in chromosomal instability and cellular deth. We report here further evidence that FANCC expression is
Despite clinical and cellular similarities in the FA phenotype

l—cell fusion techni h tablished that th 0 r?%ulated during the cell cycle and that this regulation is controlled
cefi-cel lusion techniques have established fhat there are a .eaBy a posttranscriptional mechanism dependent on proteasome
FA complementation groups, FA[A] to FA[HP. The genes inacti-

vated in complementation groups FANCA), C (FANCQ. and G function. The lowest expression was found in cells synchronized at
(FANCG have been clonet-*Additionally, ’the genes rﬁutated in the G1/S boundary, and the highest expression was found in cells in

group D and group E FA have been localized to chromosomg%e M-phase. We infer that the.re.gulation of FANCC polypeptide
3p22-26 and 6p21-22, respectivétys expression occurs after transcription because we found that levels

The FANCC gene was cloned by Strathdee el alsing a of FANCC mRNA were constant throughout the cell cycle. Cell
functional complementation strategy, and it encodes a protein @fclé-dependent regulation occurred despite deletion of'taad
558 amino acids with a predicted molecular mass of 63 kd. FANCE FANCC untranslated regions, indicating that information in the
is predominately hydrophobic and has no obvious transmembrdr®NCC coding sequence is sufficient to mediate cell cycle-
domain, signal sequence, or other functional motifs. The polypeependent regulation. Cell cycle regulation was abrogated with the
tide sequence contains no significant homologies with other knowae of inhibitors of proteasome-dependent proteolysis. We con-
proteins in genetic databanks, and the biochemical function dfide that FANCC expression is controlled by proteasome-
FANCC is unknown. A number of groups have found FANCQlependent processes that regulate FANCC mRNA translation,
localized primarily in the cytoplasm, with recent reports alsprotein degradation, or both.
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Mountain View, CA). Data were analyzed by the Multicycle software

Materials and methods program, which uses the polynomial S-phase algorithm (Phoenix Flow
Systems, San Diego, CAj.

Plasmids

Indirect immunofluorescence
PCFANCC. The plasmid pcFANCC has been descriBedhe FANCC

cDNA in this plasmid contains only the coding sequence with n@hen 293 FANCC E2 and control 293 NEO cells were seeded at a density of
FANCC-derived 5or 3" untranslated region sequences. 2.5%10* cells/chamber of 2-well Permanox Lab Tek chamber slides (Nunc

pGEM-11z FANCC. The FANCC cDNA was excised from pLFACSN Nalge; Rochester, NY). Cells were cultured in complete growth media for
using Xhd and BamH and was ligated into aXxhd/BamH-digested 48 hours. For cell synchronization studies, slides were treated with fresh
pGEM-11z vector (Promega, Madison, \§%). medium (asynchronous control) or medium containing hydroxyurea (final

2HA-L554P. The construct 2HA-L554P has been described.con-  concentration, 1.3 mmol/L) for 24 hours, washed twice with PBS, and
tains an HA-epitope—tagged cDNA for the L554P mutant cDNA inserted ireleased into complete media. The cells were fixed and permeabilized for
the backbone of the pCEP4 vector (Invitrogen, Carlsbad, CA). analysis at 0, 4, 6, 8, 10, and 12 hours after release. To enrich for cells in the

pcLUC. A Bglll/Xhd fragment containing the firefly luciferase cDNA M-phase, slides were treated with 2 pmol/L nocodazole for 24 hours and
was excised from pSP-ldc (Promega) and ligated int8amH/Xhd-  then processed for IFA

digested pcDNA3.1{) vector (Invitrogen). The slides were fixed with 3.7% paraformaldehyde and permeabilized
_ with 0.2% Triton X-100. Cells were blocked with a solution of 3% normal
Cell lines goat serum in PBS. Primary antibody was added (1:100 8F3) and allowed to

The parental 293 cell line was obtained from ATCC (Manassas, VA) ar?&nd overnight at room temperature with gentle rc_)cking. After 5 W‘?‘Shes

maintained in DMEM (GIBCO-BRL, Grand Island, NY) supplemented’vIth PBS at 5 minutes each, Ore_gon green-conjugated goat antimouse
with 10% fetal bovine serum (defined, heat-inactivated, low endotoxirﬁ,‘e_Condary antibody was ad(_jed .(1'100 [Mol_ecular_Probes, Euge_n_e, OFi])'
HyClone, Logan, UT). As described previoudh?5293 FANCC, 293 LUC, rimary and secondary ant|bod|es_ were d||uteq in PBS contammg 3%

293 L544P, and 293 NEO cells were generated. For this study, subcloneg(e)rfmal goat serum. Secondary antlquy incubation was performed in the
293 LUC, 293 NEO, and 293 L554P were prepared by Iimiting-dilutiorqark' The stained cells were mounted in SlowFade (Molecular Probes).

cloning. The 293 FANCC E2 subclone was prepared by 2 successive roundsFIu.Orescence was o_bserved by using a BIO_Raq MRC 1024ES laser
of limiting-dilution cloning. scanning confocal imaging system (Bio-Rad, Cambridge, MA) attached to

an inverted Nikon eclipse TE330 microscope (Nikon, Tokyo, Japan). The
FANCC antibodies acquisition system (LaserSharp) uses a krypton/argon laser with an
excitation line at 488 nm and an 8-bit photomultiplier tube. Settings were
Monoclonal antibodies specific for wild-type 8F3, 3A11, or L554P FANCGptimized using positively stained cells and were maintained during
13F5 polypeptide were generated by immunizing mice with a KLH-peptidscanning of control cells to retain relative brightness. Images were
conjugated to a peptide containing wild-type FANCC AA 547-558 or witlprocessed using the LaserSharp postprocessing software and exported as
an overlapping peptide containing the inactivating leucine-to-proline substitFF files into Adobe Photoshop 4.0 (Adobe, San Jose, CA).
tution at position 554! These antibodies will be described in detail Percentage FANCC expression data were gathered with a Leitz
elsewhere (Zhi et al, manuscript in preparation). Immunoblots we@rthoplan 2 fluorescence microscope (Leitz, Stuttgart, Germany) using a

performed as described previously. green filter (488 nm) and &100 oil lens. Two hundred cells were counted
from each slide. Cells were scored as positive for FANCC staining based on
Reagents a comparison with control cells (293 NEO). Standard error was computed

Polyclonal rabbit anti-luciferase antiserum, dimethyl sulfoxide (DMsO)TOm the standard deviation divided by the square root of the count using
nocodazole, and hydroxyurea were purchased from Sigma (St Louis, Mé}_aMew 5.0 (SAS Institute, Cary, NC).

Lactacystin and MG132 were purchased from Calbiochem—Novabiochem

(San Diego, CA) and were resuspended in DMSO.

Results
Cell synchronization experiments

mmunofluorescent analysis of FANCC expression
Cells were synchronized at the G1/S boundary by culturing in 1.3 mmoI}L 4 P

ydroxyurea for our®. To release cells from synchronization, the celldn a previous study using cells, we noted cell-to-ce
hyd for 24 hour¥.To rel IIs f hronization, the celld tud 293 FANCC cell ted cell-t Il
were washed twice with phosphate-buffered saline (PBS) and placed bgeltiation of FANCC expression and variable subcellular localiza-
in regular growth medium. Cell cycle progression was monitored by floyjon 25 Because the expression of endogenous FANCC is regulated
cytometric determination of DNA content. At timed intervals after releas%uring the cell cycle, we wondered whether exogenous FANCC
cells were processed for protein, DNA, or RNA analysis. To enrich for Ce'lﬁas subject to the same type of regulation and whether this
in M-phase, cultures were treated with 2 umol/L nocodazole for 24 hou{)?denomenon might partially or completely explain the cell-to-cell
before harvest? .
variation we observep.3°

RNA analysis To investigate FANCC expression and subcellular localization

o ) ) during the cell cycle, we transfected 293 cells with pcFANCC and
Biotin-labeled anti-sense probes to luciferase or FANCC were generatedt%n cloned the resultant cell population twice by limiting dilution

in vitro transcription ofHincll linearized pSP-lug- or Ncd linearized . .
pGEM-11Z FANCC, respectively. A biotin-labeled anti-sense probe ttO obtain 293/FANCC E2 cells. Control cell lines, 293 NEO and

human-actin was generated by in vitro transcription of the pTR&ctin 893 LU_C' were cregted §|mllarly. US'_ng polyclonal e_md monoclo-
template (Ambion, Austin, TX). Non-isotopic ribonuclease protectiof@l anti-FANCC antibodies, we confirmed our previous observa-

assays were performed using a commercially available kit (RPA Il adtPn that the cellular expression of exogenous FANCC was variable

Brightstar Biodetect; Ambion). from cell to cell (Figure 1). In contrast, the expression of luciferase
_ was similar in all 293 LUC cells examined. As we reported
Cell cycle analysis previously, FANCC was found in the cytoplasm and the nuclei of

Cells were harvested and stained with propidium iodide as describkese cell§*#The subcellularllocalization was highly variable:.it
previously. After staining, the samples were analyzed for DNA contefi@nged from equal amounts in the cytoplasm and the nuclei, to
using a Becton Dickinson FACScan flow cytometer (Becton Dickinsomuch greater nuclear expression than cytoplasmic expression, to
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Interestingly, cell cycle position did not account for all the
observed cell-to-cell variation in FANCC expression; even in the
nocodazole-treated cultures, a full 40% of the cells were scored
as having negative or low FANCC expression. Nor did we ob-
serve any correlation between cell cycle position and subcellular

Figure 1. Heterogeneous cellular expression of FANCC. Cells were stained with
monoclonal anti-FANCC antibody and a secondary Oregon green-labeled goat
antimouse antibody. Fluorescence was observed using a confocal imaging system. A
single slice through the plane of cells is displayed. (A) 293 NEO cells. No staining of
endogenous FANCC is detectable. (B) 293 FANCC E2 cells. In this field, 1 cell has a
large amount of cytoplasmic FANCC, whereas an adjacent cell is only weakly
positive. (C) 293 FANCE2 cells. Some cells have only cytoplasmic FANCC, others
have predominately nuclear FANCC, and some have FANCC in both compartments.
Nuclear foci are clearly visible in the top and bottom cells. In addition to the
subcellular localization differences, there is marked cell-to-cell variation in total
cellular FANCC expression.

much greater cytoplasmic expression than nuclear expressiol
Additionally, we observed FANCC nuclear foci in approximately
25% of the cells. Figure 1C depicts a typical range of FANCC
expression and localization seen in our experiments.

Cell cycle—dependent regulation of FANCC expression

To test the hypothesis that the concentration of exogenous FANC!
was regulated in a cell cycle—-dependent manner analogous to th
of endogenous protein, we used hydroxyurea to synchronize cell
at the G1/S bounda#}:32 After synchronization, the cells were
washed extensively and allowed to progress through the cell cycle
Cell cycle position was monitored by flow cytometry, and FANCC
expression was assessed using immunofluorescence.

Results of representative fields are shown in Figure 2A, anc
summarized data are depicted in Figures 2B and 2C. Although ou
impression is that all 293 FANCC E2 cells stain at least weakly
positive when using our anti-FANCC mAbs and are brighter than
control cells (293 WT, 293 NEO, or 293 LUC), the level of staining
was very low in some cells. For the purposes of our experiments
we scored 200 cells as eithet-qnegative/low FANCC expression
compared with control cells [“low"]) or & (moderate-to-high
FANCC expression compared with control cells [*high”]). In
asynchronous cultures approximately 20% of cells have higt
FANCC expression. The percentage of high FANCC-expressing
cells drops to 5% in cells arrested at the G1/S boundary. Aftel
release, FANCC expression does not appreciably increase for
hours, and it reaches a maximum 10 to 12 hours after release, .
which time 30% of the cells express high levels of FANCC. The
greatest number of high FANCC-expressing cells (60%) was see
in cultures of nocodazole-treated cells, implying that FANCC
expression is highest in the M-phase because nocodazole arre:
cells by the disruption of microtubulés.

Figure 2. Cell cycle—dependent regulation of FANCC expression. 293 FANCC E2
cells were synchronized with hydroxyurea for 24 hours and then washed twice and
cultured in complete growth medium. Cells were fixed and permeabilized at different
time points after release (0 hours, 4 hours, 6 hours, 8 hours, 10 hours, and 12 hours).
An asynchronous population of 293 FANCC E2 cells (Asynch.) and 293 Neo cells
were also analyzed (Control). Cells were treated with nocodazole for 24 hours to
induce M-phase arrest. (A) IFA of cells using monoclonal anti-FANCC antibody. No
FANCC staining is detectable in 293 Neo (control cells). FANCC expression is lowest
in cells at the time of or immediately after release from hydroxyurea synchronization.
Highest FANCC expression is seen in cells 10 to 12 hours after HU release or in cells
arrested in the M-phase by nocodazole. (B) Cell cycle distribution of cells shown in
panel A. (C) Summary statistics. 200 cells in each condition were scored as negative
or positive for FANCC expression. Bars depict mean = SEM.

localization.
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Figure 3. Cell cycle-dependent regulation of exogenous FANCC but not
exogenous luciferase expression.  (A) 293 FANCC E2 cells were treated with 1.3
mmol/L HU for 24 hours to synchronize cells at the G1/S boundary. Cells were then
washed twice and fed with complete growth medium. Whole-cell lysates were
prepared at the indicated times after release. A whole-cell extract was also prepared
from a culture of asynchronous FANCC E2 cells (Control). The whole-cell extracts
were subjected to Western blotting and probed using a murine anti-FANCC antibody
(3A11). Identical results were obtained using a second monoclonal antibody (8F3;
data not shown). Cell cycle kinetics in these experiments was identical to that shown
in Figure 2B. (B) Whole-cell extracts of 293 LUC cells were prepared under similar
experimental conditions. Extracts were analyzed for luciferase expression by West-
ern blotting and probing with a rabbit anti-luciferase antiserum. The top band is a
luciferase-specific band (LUC) detected only in 293 LUC cells and notin 293 WT, 293
NEO, 293 FANCC, or 293 L554P cells (data not shown). The lower 2 bands are
nonspecific and are seen in 293 WT and derivative cells.
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Cell cycle—dependent regulation of L544P FANCC expression

The carboxyl terminus of FANCC is thought to be critical for the
proper functioning of FANCG’ An inactive form of FANCC,
L554P, results from a carboxy-terminal mutation identified in
FA(C) patients'! We and other®:2534have recently reported that
the L554P polypeptide is unable to enter the nucleus, possibly
accounting for its failure to function. To test whether the L554P
mutation would alter cell cycle—-dependent FANCC regulation, we
generated an isogenic cell line overexpressing the mutant L554P
polypeptide (293 L554P). We have developed and characterized a
monoclonal antibody (13F5) that selectively recognizes the epitope
present in L554P but absent in wild-type FANCC (Zhi et al,
manuscript in preparation). Thel3F5 monoclonal antibody was
used to probe whole-cell lysates prepared from asynchronous or
HU-synchronized 293 NEO, 293 FANCC E2, and 293 L554P cells.
The 13F5 antibody selectively recognized the L554P but not the
wild-type FANCC isoform (Figure 4). The expression of L554P
was markedly decreased in cells synchronized at the G1/S bound-
ary in a manner identical to that of wild-type FANCC. Thus, the
mechanism by which FANCC expression is regulated during the
cell cycle is not affected by this particular mutation.

Endogenous and exogenous FANCC mRNA levels are constant
throughout the cell cycle

To aid in determining potential mechanisms for the cell cycle-
dependent regulation of FANCC, we measured FANCC mRNA
levels in synchronized 293 FANCC and 293 NEO cells. Cell cycle
position did not change the concentration of exogenous FANCC
(293 FANCC), endogenous FANCC (293 NEO), @ractin.
Results of a representative experiment are shown in Figure 5.
Although slight fluctuations in endogenous FANCC mRNA concen-
tration are seen in Figure 5, these changes were not consistently
observed. In multiple experiments we found no significant change
in either endogenous or exogenous FANCC mRNA levels during
cell cycle progression. These results are similar to those reported by
Kupfer et al! Cell cycle position also did not change the

To confirm our IFAresults, we used an immunoblot technique teoncentration of luciferase mMRNA in 293 LUC cells (data not
assess FANCC expression. Whole-cell lysates were prepared freihown). We concluded that FANCC expression varied during the
asynchronous cells, cells synchronized at the G1/S boundary d#fl cycle despite constant levels of FANCC mRNA, suggesting the
hydroxyurea, and populations of cells released from G1/S synchregulation of FANCC mRNA translation, FANCC protein degrada-
nization (Figure 3A) and probed with a murine monoclonaion, or both.
antibody that recognizes a carboxy-terminal FANCC epitope. We
detected only a single protein band corresponding to FANCC fphibitors of proteasome function block cell cycle-dependent
293 FANCC E2 cells. Under these conditions, only exogenotidulation of FANCC

FANCC can be detected. No bands are seen using whole-cgfle ubiquitin—proteasome pathway is the best-described system for
lysates from 293, 293 NEO, or 293 LUC cells (data not shownghe regulation of protein degradation. Therefore, we used inhibitors

Using an immunoblot method, we found excellent agreement in ogf proteasome function to test whether the regulation of FANCC
immunofluorescent results, with FANCC expression increasing

from low levels at the G1/S boundary to maximum levels at 16

293 NEO 293 FANCC 293 L554P
hours after release. [ -
The expression of exogenous FANCC in 293 FANCC cells is ) ‘:: ‘é
controlled by the cytomegalovirus (CMV) immediate early pro- A=) z ) > >
moter33 To test whether our results were an artifactual effect of cell < T < T < T
cycle position on CMV promoter activity, we used 293 LUC cells - > - A B L554P

in which the expression of the exogenous firefly luciferase gene
was dependent on the identical CMV promoter used in our FANCH®ure 4. Expression of a patient-derived mutant form of FANCC (L554P) is

expression vector. We found that the expression of Iuciferag"

ulated identically to the wild-type isoform. 293 NEO, 293 FANCC, or 293
4P cells were grown in the presence (HU 24H) or absence (Asynch.) of 1.3

protein was constant throughout the cell cycle (Figure 3B). Th&noliL HU for 24 hours. Whole-cell extracts were prepared and analyzed by Western
FANCC cDNA used in our experiments consisted of only theotting using a monoclonal antibody specific for the L554P FANCC isoform (13F5).

coding sequence with no FANCC-derivedd® 3 UTR sequences The L554P isoform is recognized in asynchronous 293 L554P cells, but no

information sufficient for its regulated expression.

. ._endogenous (293 NEO) or exogenous (293 FANCC) wild-type FANCC is detected
We concluded that the coding sequence of FANCC containg 9 ¢ ) o ( ) yP

ng this antibody. Synchronization with HU markedly decreases expression of the

mutant isoform in 293 L554P cells.
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Figure 5. FANCC mRNA expression is constant during cell cycle progression.

(A) 293 NEO cells were synchronized with HU and released from the G1/S boundary
as described above. Total cytoplasmic RNA was prepared from synchronized cells or
from a culture of asynchronous 293 NEO cells (Asynch.). Endogenous FANCC and
B-actin mRNA were analyzed by ribonuclease protection assay. A representative
experiment is shown. (B) Identical experiments were performed using 293 FANCC E2
cells. Total FANCC (endogenous plus exogenous) and -actin mRNA were analyzed
by ribonuclease protection assay. A representative experiment is shown. Exposure
times were identical for membranes depicted in A and B to demonstrate that 293
FANCC cells express more FANCC mRNA than 293 NEO cells.

expression is dependent on proteasome function. For 24 hours,

FANCC E2 cells were treated with vehicle only (DMSO) or with
proteasome inhibitor (20 umol/L MG132 or 10 pumol/L lactacystin

in DMSO) = HU (Figure 6). Treatment with either inhibitor alone
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partial or complete synchronization at the G1/S boundary, suggest-
ing that this phenomenon was proteasome dependent.

To further confirm a direct role of proteasome inhibitor on
FANCC expression independent of any secondary effect on cell
cycle distribution, we first synchronized the cells at the G1/S
boundary for 24 hours using hydroxyurea, and then we added
vehicle alone (DMSO), MG132, or lactacystin to our cultures.
Treatment of cells with MG132 or lactacystin after prior synchroni-
zation at the G1/S boundary did not change the cell cycle
distribution compared with treatment with HU alone or HU
DMSO (data not shown). As shown in Figure 7, the addition of
MG132 or lactacystin to cells synchronized at the G1/S boundary
increased FANCC expression. Thus, our results suggested that the
observed decrease in FANCC expression at the G1/S boundary was
an active process dependent on proteasome function.

Discussion

In the past decade, genes for 3 of the 8 known FA complementation
groups have been cloned. However, the gene products of the 3
cloned FA genes have no informative homologies to known
sequences, nor do the 3 proteins have significant homology to each
other!13 Thus, the FA genes likely regulate a novel biologic
pathway. Various hypotheses have been advanced to explain the
clinical phenotype, including defects in DNA repair, pre-repair
defects, abnormalities in coping with cellular oxidative stress, and
abnormal regulation of apoptosi8:3” Additionally, we recently
reported that FANCC interacts with and co-localizes in nuclear foci
with the novel transcriptional repressor FAZF, suggesting a pos-
sible role in chromatin remodelirg.

Understanding the basic features of FA protein fate, including
expression and subcellular localization during the cell cycle, is a
reasonable first step in confirming and extending notions about FA
protein function. In this paper we report that FANCC subcellular
localization was surprisingly variable. Under the conditions of our
experiments, no obvious correlation between cell cycle transit and
subcellular localization was observed. In addition, we report that

293

increased FANCC expression. However, the percentage of cells in
the G2/M compartment also dramatically increased in inhibitor-
treated cells (Table 1), probably because of the inhibition of
proteasome-mediated cyclin degradati®® Thus, increased
FANCC expression could be a direct result of the inhibition of
proteasome-dependent degradation of FANCC or an indirect result

of the accumulation of cells in the G2/M compartment, where FANCC ——b sy — @ = =" e

FANCC expression is increased (Figures 2, 3). To help distinguish
between these possibilities, we treated cells with both HU and
proteasome inhibitor. Combined treatment of cells with HU and
MG132 resulted in partial synchronization at the G1/S boundary

Control

HU
DMSO

DMSO+HU
MG132

_—

MG132+HU
LACT.

——

LACT.+HU

(70% vs. 97% DMSO+ HU). Combined treatment with HU and
lactacystin resulted in nearly complete synchronization at the G

Figure 6. Proteasome inhibitors increase FANCC expression. 293 FANCC E2

lc%s were treated with media only (Control) or media supplemented with vehicle

alone (DMSO), 20 um MG132 (MG132), or 10 umol/L lactacystin (LACT.) for 24 hours

boundary (93%). However, the synchronization of cells at the G1{Sne presence or absence of 1.3 mmoliL HU. Whole-cell extracts were analyzed for

boundary in the presence of either inhibitor did not result in

BANCC expression by Western blotting and probing with monoclonal anti-FANCC

decrease in FANCC expression when compared with treatméﬁtibody (8F3). Ten percent of the cells from each experimental condition were

analyzed for DNA content by flow cytometry (Table 1). Arrow indicates full-length

with inhibitor alone. ThUS, the inhibition of proteasome funCtlorﬂ—'ANCC. The apparent increase in size of full-length FANCC in inhibitor-treated cells

prevented the reduction of FANCC expression associated w

ithan artifact of this particular gel (see also Figure 7).
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Table 1. Effect of proteasome inhibitors on cell cycle distribution protein levels during the cell cycle. We found that the expression

G1 (%) S (%) G2M (%)  pattern of L554P was identical to that seen with wild-type FANCC.
Control 186 37.2 14.2 Thus, the mechanism by which FANCC expression is regulated
HU 0.0 96.9 3.1 during the cell cycle is not affected by the L554P mutation. Taken
DMSO 46.0 38.4 15.6 together, this suggests that conditional nuclear localization or
DMSO + HU 0.0 97.0 3.0 interaction with other FA proteins is required for FANCC function.
MG132 214 23.0 55.6 In this regard, Youssoufidhfound that forced nuclear expression
MG132 + HU 00 69.1 30.9 of FANCC by attachment of an SV-40 nuclear localization signal
Lactacystin 46.4 20.8 32.8

(NLS) interferes with FANCC function, leading to the notion that
cytoplasmic localization, not nuclear localization, is required for
293 FANCC E2 cells were left untreated (control) or were treated with vehice ~ FANCC function. The abundant cytoplasmic expression observed
only (DMSO), MG132 (20 uM), or lactacystin (10 uM) for 24 hours in the presence or for FANCC and the discovery of cytoplasmic FANCC binding
absence of 1.3 mmol/L HU. Ten percent of the cells from each experimental condition . ith thi [a0.21-24 h
were analyzed for DNA content by flow cytometry, and the remaining cells were partners are con_5|stent with this vi O . HF)WEVGI’, now that
processed for measurement of FANCC expression by immunoblot (Figure 6). The ~ FANCC expression and subcellular localization seem to be much
tabulated values indicate the percent of cells in each phase of the cell cycle. more complex than originally appreciated, additional interpreta_

tions should be considered. For example, attachment of an SV-40

the level of total cellular FANCC expression was controlled by Buclear localization signal may have interfered with appropriate
proteasome-dependent posttranscriptional mechanism. subnuclear localization (eg, in foci). Moreover, experimental
We previously reported that FANCC expression varied in @vidence suggests that FANCC and FANCA physically interact and
clonal population of cells that had been engineered to overexpré@,@t this association is required for the nuclear translocation of
FANCC (293 FANCCYS The expression vector used in thesé’ANCA.38400ther FA proteins may contribute to the formation of
studies lacked FANCC '5and 3 UTR sequences and containedhe nuclear FANCA/FANCC complex because cells from certain
only the coding sequence under the control of a CMV promoteither FA complementation groups are deficient in this comfféx.
Thus, the variable expression we observed suggested that sequéhgie observations suggest that the cell cycle-dependent regula-
information contained in the FANCC coding region might allowtion of FANCC may be an important control point for modulating
cell cycle-dependent regulation of FANCC expression. Moreovéhe assembly or activity of a multiprotein complex of FA and
endogenous FANCC expression was reported by other investigen-FA proteins.
tors to change during the cell cycle in HeLa cells, suggesting that Abundant precedent exists for the posttranscriptional regulation
exogenous expression of FANCC mirrors the behavior of thef proteins involved in the control of critical cellular processes. For
endogenous protein in this respétTo explore further the basis of example, the translation of proopiomelanocortin mRNA is regu-
FANCC regulation, we measured FANCC mRNA and proteifated by the interaction of RNA-binding proteins and a stem-loop
levels in asynchronous and synchronous cell populations ofsaquence present in the coding region of proopiomelanocortin
doubly cloned subline of 293 FANCC (293 FANCC E2). Despite mRNA #3This model is potentially of relevance to our observations
striking variation in FANCC protein expression during the passag# FANCC regulation because the FANCC cDNA used in these
from the G1/S boundary to the G2/M compartment assayed byperiment contained only the FANCC coding sequence without 5
immunoblot and IFA, we found no corresponding change ior 3 UTR sequences.
FANCC mRNA levels. Regulated expression was not observed for
unrelated exogenous cDNA expressed under the same conditions.
suggesting that this effect is specific for the FANCC coding O
sequence. Consistent with a posttranscriptional regulation model, é
we found that endogenous FANCC mRNA levels remained con- @ <<?“
stant during cellular transition from the G1/S boundary to the G2/M $o) 0
compartment in matched control cells by using a ribonuclease )/ Vv
protection assay. We emphasize these similarities between endog
enous and overexpressed proteins because a drawback in the F ”
field is that endogenous FA proteins cannot be detected by IFA
because of low expression levels. However, IFA is crucial for _
investigating which factors regulate subcellular localization. One o
strength of this work is that endogenous FANCC expression T
behavior closely matched that observed for overexpressed proteint ©
wherever comparison was possible. We conclude that FANCC @)
-

Lactacystin + HU 0.0 93.0 7.0

—

HU+DMSO
HU+LACT.

expression is regulated at a posttranscriptional level by altering the
translation of FANCC mRNA, controlling degradation of FANCC,

or both.
An inactive mutant form of FANCC, L554P, results from a

mutation identified in FA(C) patientd Although wild-type FANCC .
interacts with FANCA, appears in the nucleu§ durmg some part,S lgggure 7. Proteasome inhibitors MG132 and lactacystin increase FANCC

the cell cycle, and can form subnuclear foci, the L554P mutatiQqyression in cells synchronized at the GL/S boundary. 203 FANC E2 cells were
abrogates the interaction with FANCA and the nuclear localizatiorated for 24 hours with complete growth medium (Control) or 1.3 mmol/L HU (HU).

observed for Wild-type FANCE@32538To determine whether this HU-synchronized cells were treated with vehicle only (DMSO), 20 pmol/L MG132
. . | h ) Il le—d d lati (MG132), or 20 umol/L lactacystin (LACT.) for an additional 6 hours. Whole-cell
missense mutation alters the ce Cycle-depen ent regu atlone acts were analyzed for FANCC expression by Western blotting and probing with a

FANCC, we made a cell line overexpressing L554P and examingehoclonal anti-FANCC antibody (8F3).

l '_ HU+MG132

-<«+— FANCC

. T
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Another possibility for the mechanism of the posttranscriptionather known proteases, including chymotrypsin, trypsin, or pa-
regulation of FANCC expression is cellular control of FANCCpain51-53 Qur results with lactacystin strongly suggest a specific
polypeptide degradation. The proteasome pathway is the beasfte of the 20S proteasome in regulating FANCC expression during
described mechanism for regulated protein degradation andifig cell cycle.
involved in the control of many cell cycle-dependent proteins, \we do not yet know whether proteasome-dependent proteolysis
including some proteins that directly regulate cell cycle progregagylates the translation of FANCC mRNA, controls FANCC
sion such as cyclins and cyclin-dependent kinase inhibttefs. yeqradation, or both. Further studies are needed to discover the

Prqteg_some-dependent degradation of _pro_tgin_s oceurs thro‘[bggcise molecular mechanism(s) by which cell cycle position
ubiquitin-dependent (eg, cyclins) and ubiquitin-independent (e

fgulates FANCC expression.
ornithine decarboxylase) pathwafs's-48Interestingly, the expres- ¢ P

. . Y Note added in prooDuring the manuscript review process, the
sion pattern of FANCC during the cell cycle is similar to that of A'clonin and ch;\rapcteriz:tilor? of the FAUNCII:p er:/tla vv\\//az reported b
and B-type cyclins. Both cyclin B1 and FANCC are bindin g 9 P y

9 : 4
partners of cdc214950However, the relationship between FANCCde Winter et af

binding to cdc2 and the observed regulation of FANCC expression

during cell cycle progression is unknown.
The peptide aldehyde MG132, used in this study, inhibits “Rcknowledgments

proteolytic activities of the proteasome but also inhibits the
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proteolytic activities of the 20S proteasome without inhibitinghe manuscript.

References

10.

. Butturini A, Gale RP, Verlander PC, Adler-Brecher

B, Gillio AP, Auerbach AD. ematologic abnormali-
ties in Fanconi anemia: an International Fanconi
Anemia Registry study. Blood.1994;84:1650-
1655.

. dos Santos CC, Gavish H, Buchwald M. Fanconi

anemia revisited: old ideas and new advances.
Stem Cells. 1994;12:142-153.

. Joenje H, Mathew C, Gluckman E. Fanconi ane-

mia research: current status and prospects. Eur J
Cancer. 1995;31A:268-272.

. Fanconi G. Familial constitutional panmyelocyto-

pathy, Fanconi's anemia (F.A.), I: Clinical aspects.
Semin Hematol. 1967;4:233-240.

. Fanconi G. Familiére infantile periziosaartige

anamie (pernizioses blutbild und konstitution). Jb
Kinderheilk. 1927;117:257-280.

. Socie G, Gluckman E, Raynal B, et al. Bone mar-

row transplantation for Fanconi anemia using
low-dose cyclophosphamide/thoracoabdominal
irradiation as conditioning regimen: chimerism
study by the polymerase chain reaction. Blood.
1993;82:2249-2256.

. Liu JM, Buchwald M, Walsh CE, Young NS. Fan-

coni anemia and novel strategies for therapy.
Blood. 1994;84:3995-4007.

. Ishida R, Buchwald M. Susceptibility of Fanconi’s

anemia lymphoblasts to DNA-cross-linking and
alkylating agents. Cancer Res. 1982;42:4000-
4006.

. Weksberg R, Buchwald M, Sargent P, Thompson

MW, Siminovitch L. Specific cellular defects in
patients with Fanconi anemia. J Cell Physiol.
1979;101:311-323.

Joenje H, Oostra AB, Wijker M, et al. Evidence for
at least eight Fanconi anemia genes. Am J Hum
Genet. 1997;61:940-944.

15.

16.

17.

18.

19.

20.

21.

22.

cell mediated chromosome transfer maps the
Fanconi anaemia group D gene to chromosome
3p. Nature Genet. 1995;11:341-343.

Waisfisz Q, Saar K, Morgan NV, et al. The Fan-
coni anemia group E gene, FANCE, maps to
chromosome 6p. Am J Hum Genet. 1999;64:
1400-1405.

Youssoufian H. Localization of Fanconi anemia C
protein to the cytoplasm of mammalian cells.
Proc Natl Acad Sci U S A. 1994;91:7975-7979.

Yamashita T, Barber DL, Zhu Y, Wu N, D’Andrea
AD. The Fanconi anemia polypeptide FACC is
localized to the cytoplasm. Proc Natl Acad Sci

U SA. 1994;91:6712-6716.

Garcia-Higuera |, D’Andrea AD. Regulated bind-
ing of the Fanconi anemia proteins, FANCA and
FANCC [letter]. Blood. 1999;93:1430-1432.

Hoshino T, Wang J, Devetten MP, et al. Molecular
chaperone GRP94 binds to the Fanconi anemia
group C protein and regulates its intracellular ex-
pression. Blood. 1998;91:4379-4386.

Joenje H, Youssoufian H, Kruyt FA, et al. Expres-
sion of the Fanconi anemia gene FAC in human
cell lines: lack of effect of oxygen tension. Blood
Cells Mol Dis. 1995;21:182-191.

Youssoufian H, Auerbach AD, Verlander PC,
Steimle V, Mach B. Identification of cytosolic pro-
teins that bind to the Fanconi anemia comple-
mentation group C polypeptide in vitro: evidence
for a multimeric complex. J Biol Chem. 1995;270:
9876-9882.

Kruyt FA, Hoshino T, Liu JM, Joseph P, Jaiswal
AK, Youssoufian H. Abnormal microsomal detoxi-
fication implicated in Fanconi anemia group C by
interaction of the FAC protein with NADPH cyto-
chrome P450 reductase. Blood. 1998;92:3050-
3056.

27.

28.

29.

30.

31

32.

33.

34.

35.

cross-linker-induced G2/M arrest in group C Fan-
coni anemia lymphoblasts reflects normal check-
point function. Blood. 1998;91:275-287.

Yarbro JW. Further studies on the mechanism of
action of hydroxyurea. Cancer Res. 1968;28:
1082-1087.

Notterman D, Young S, Wainger B, Levine AJ.
Prevention of mammalian DNA reduplication, fol-
lowing the release from the mitotic spindle check-
point, requires p53 protein, but not p53-mediated
transcriptional activity. Oncogene. 1998;17:2743-
2751.

Kallioniemi OP, Visakorpi T, Holli K, Isola JJ,
Rabinovitch PS. Automated peak detection and
cell cycle analysis of flow cytometric DNA histo-
grams. Cytometry. 1994;16:250-255.

Lo TFJ, Kwee ML, Rooimans MA, et al. Somatic
mosaicism in Fanconi anemia: molecular basis
and clinical significance. Eur J Hum Genet. 1997
5:137-148.

Kupfer GM, Yamashita T, Naf D, Suliman A,
Asano S, D’Andrea AD. The Fanconi Anemia
polypeptide, FAC, binds to the cyclin-dependent
kinase, cdc2. Blood. 1997;90:1047-1054.
Krakoff IH, Brown NC, Reichard P. Inhibition of
ribonucleoside diphosphate reductase by hy-
droxyurea. Cancer Res. 1968;28:1559-1565.
Boshart M, Weber F, Jahn G, Dorsch-Hasler K,
Fleckenstein B, Schaffner W. A very strong en-
hancer is located upstream of an immediate early
gene of human cytomegalovirus. Cell. 1985;41:
521-530.

Savoia A, Garcia-Higuera |, D’Andrea AD.
Nuclear localization of the Fanconi anemia pro-
tein FANCC is required for functional activity.
Blood. 1999;93:4025-4026.

Brandeis M, Hunt T. The proteolysis of mitotic cy-

11. Strathdee CA, Gavish H, Shannon WR, 23. Hoatlin M, Zhi Y, Ball H, et al. Anovel BTB/POZ clins in mammalian cells persists from the end of
Buchwald M. Cloning of cDNAs for Fanconi’s transcriptional repressor protein interacts with the mitosis until the onset of S phase. EMBO J. 1996;
anaemia by functional complementation [pub- Fanconi Anemia group C protein and PLZF. 15:5280-5289.
lished erratum appears in Nature 1992 Jul 30; Blood. 1999;94:3737-3747. 36. Lahav-Baratz S, Sudakin V, Ruderman JV, Hersh-
358:434]. Nature. 1992;356:763-767. 24. Garcia-Higuera I, Kuang Y, Naf D, Wasik J, ko A. Reversible phosphorylation controls the ac-

12. Lo ten Foe JR, Rooimans MA, Bosnoyan-Collins D’Andrea AD. Fanconi Anemia proteins FANCA, tivity of cyclosome-associated cyclin-ubiquitin
L, et al. Expression cloning of a cDNA for the ma- FANCC, and FANCG/XRCC9 interact in a func- ligase. Proc Natl Acad Sci U S A. 1995;92:9303-
jor Fanconi anaemia gene, FAA. Nature Genet. tional nuclear comples. Mol.Cell.Biol. 1999;19: 9307.
1996;14:320-323. 4866-4873. 37. Buchwald M, Moustacchi E. Is Fanconi anemia

13. de Winter JP, Waisfisz Q, Rooimans MA, et al. 25. Hoatlin ME, Christianson TA, Keeble WW, et al. caused by a defect in the processing of DNA
The Fanconi anaemia group G gene FANCG is The Fanconi anemia group C gene product is lo- damage? Mutat Res. 1998;408:75-90.
identical with XRCC9. Nature Genet. 1998;20: cated in both the nucleus and cytoplasm of hu- 38. Naf D, Kupfer GM, Suliman A, Lambert K,
281-283. man cells. Blood. 1998;91:1418-1425. D’'Andrea AD. Functional activity of the fanconi

14. Whitney M, Thayer M, Reifsteck C, et al. Micro- 26. Heinrich MC, Hoatlin ME, Zigler AJ, et al. DNA anemia protein FAA requires FAC binding and



BLOOD, 15 JUNE 2000 « VOLUME 95, NUMBER 12

39.

40.

41.

42.

43.

nuclear localization. Mol Cell Biol. 1998;18:5952-
5960.

Youssoufian H. Cytoplasmic localization of FAC is
essential for the correction of a prerepair defect in
Fanconi anemia group C cells. J Clin Invest.
1996;97:2003-2010.

Kupfer GM, Naf D, Suliman A, Pulsipher M,
D’Andrea AD. The Fanconi anaemia proteins,
FAA and FAC, interact to form a nuclear complex.
Nature Genet. 1997;17:487-490.

Yamashita T, Kupfer GM, Naf D, et al. The Fan-
coni anemia pathway requires FAA phosphoryla-
tion and FAA/FAC nuclear accumulation. Proc
Natl Acad Sci U S A. 1998;95:13085-13090.
Waisfisz Q, de Winter JP, Kruyt FAE, et al. Evi-
dence for a physical complex of the Fanconi ane-
mia proteins FANCG/XRCC9 and FANCA. Proc
Natl Acad Sci U S A. 1999;96:10320-10325.
Spencer CM, Eberwine J. Cytoplasmic proteins
interact with a translational control element in the
protein-coding region of proopiomelanocortin
mRNA. DNA Cell Biol. 1999;18:39-49.

44,

45.

46.

47.

48.

49.

50.

CELL CYCLE-DEPENDENT REGULATION OF FANCC

King RW, Deshaies RJ, Peters JM, Kirschner
MW. How proteolysis drives the cell cycle. Sci-
ence. 1996;274:1652-1659.

Hershko A. Roles of ubiquitin-mediated proteoly-
sis in cell cycle control. Curr Opin Cell Biol. 1997;
9:788-799.

Murakami Y, Matsufuji S, Kameji T, et al. Orni-
thine decarboxylase is degraded by the 26S pro-
teasome without ubiquitination. Nature. 1992;
360:597-599.

Bercovich Z, Kahana C. Involvement of the 20S
proteasome in the degradation of ornithine decar-
boxylase. Eur J Biochem. 1993;213:205-210.
Peters JM. Subunits and substrates of the ana-
phase-promoting complex. Exp Cell Res. 1999;
248:339-349.

Kruyt FA, Dijkmans LM, Arwert F, Joenje H. In-
volvement of the Fanconi’s anemia protein FAC in
a pathway that signals to the cyclin B/cdc2 ki-
nase. Cancer Res. 1997;57:2244-2251.

Hershko A, Ganoth D, Sudakin V, et al. Compo-

51.

52.

53.

54.

3977

nents of a system that ligates cyclin to ubiquitin
and their regulation by the protein kinase cdc2. J
Biol Chem. 1994;269:4940-4946.

Craiu A, Gaczynska M, Akopian T, et al. Lactacys-
tin and clasto-lactacystin beta-lactone modify
multiple proteasome beta-subunits and inhibit
intracellular protein degradation and major histo-
compatibility complex class | antigen presenta-
tion. J Biol Chem. 1997;272:13437-13445.

Fenteany G, Standaert RF, Lane WS, Choi S, Co-
rey EJ, Schreiber SL. Inhibition of proteasome
activities and subunit-specific amino-terminal
threonine modification by lactacystin. Science.
1995;268:726-731.

Mellgren RL. Specificities of cell permeant pepti-
dyl inhibitors for the proteinase activities of mu-
calpain and the 20 S proteasome. J Biol Chem.
1997;272:29899-29903.

de Winter JP, Rooimans MA, van Der Weel L, et
al. The Fanconi anaemia gene FANCF encodes a
novel protein with homology to ROM. Nat Genet.
2000;24:15-16.



