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extracts produced a pattern of protein bands 
that migrated in the position expected for 
Octl, but that was more complex than the 

Differential Phosphorylation of the Transcription 
Factor Octl During the Cell Cycle 

Orderly progression through the somatic cell division cycle is accompanied by 
phase-specific transcription of a variety of different genes. During S phase, transcrip- 
tion of mammalian histone H2B genes requires a specific promoter element and its 
cognate transcription factor Octl (OTF1). A possible mechanism for regulating 
histone H2B transcription during the cell cycle is direct modulation of Octl activity by 
phase-specific posttranslational modifications. Analysis of Octl during progression 
through the cell cycle revealed a complex temporal program of phosphorylation. A 
~34'&~-related protein kinase that is active during mitosis may be responsible for one 
mitotic phosphorylation of Octl. However, the temporally controlled appearance of 
Octl phosphopeptides suggests the involvement of multiple kinases and phosphatases. 
These results support the idea that cell cycle-regulated transcription factors may be 
direct substrates for phase-specific regulatory enzymes. 

C YCLING EUKARYOTIC CELLS ALTER- 

nate between mitosis (M phase) and 
DNA replication (S phase) through 

an orderly progression of biochemical pro- 
cesses. An example of the maintenance and 
control of this order is the close coupling of 
histone gene transcription and the onset of 
chromosomal DNA synthesis (1). In mam- 
malian cells, coordinate induction of the five 
families of histone genes during S phase is 
not a result of activation of a single tran- 
scription factor, but is achieved through 
distinct factors that interact with subtype- 
specific promoter elements (2-5). This sug- 
gests the existence of a pleiotropic mecha- 
nism for regulating the activity of trans- 
acting factors with specific functions in S 
phase of the cell cycle (4). A single mecha- 
nism with diverse molecular targets might 
be fundamental to the control of S phase, 
perhaps regulating factors involved in pro- 
cesses as diverse as transcription and DNA 
replication. 

The transcription factor Octl (OTF1) has 
been implicated in transcriptional activation 
of a variety of genes (5, 6 )  including the genes 
encoding histone H2b (5, 7). Octl stimulates 
H2b transcription in vitro through its inter- 
action with a sequence that contains the oc- 
tamer motif (ATITGCAT), which is evolu- 
tionarily conserved in histone H2b genes at a 
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(Fig. 1C) of Octl during the cell cycle 
except in cells arrested in mitosis (Fig. lC, 
lane N), where synthesis of Octl  as well as 
lamin B (control) was depressed. Synchro- 
nized cells were labeled fot one hour (pulse- 
labeled) with [32P]orthophosphate; immu- 
noprecipitation with anti-Octl of whole cell 

precise position adjacent to the TATA box 
(8). S phase-specific activation of histone 
.H2b genes in vivo and in vitro requires this 
subtype-specific promoter element (4, 5) .  
Octl can also stimulate initiation of adenovi- 
rus DNA replication in vitro (9), raising the 
possibility that Octl may also be involved in 
chromosomal DNA synthesis. These studies 
suggest that the activity of Octl or an asso- 
ciated protein is modulated in a cell cycle- 
dependent manner and implicate Octl as a 
target of a general cell cycle regulatory mech- 
anism. 

Phosphorylation and dephosphorylation 
are known to alter nuclear protein activities 
and interactions at specific phases of cell 
cycle. For example, both the G2 to M and 
G1 to S cell cycle transitions are dependent 
on the activity of cdc2 protein kinase ( l o ) ,  
which is regulated by specific phosphoryla- 
tions and dephosphorylations (11). Further- 
more, phosphorylation of Octl  in vivo has 
been demonstrated by transfection of Octl  
constructs into HeLa cells (12). We analyzed 

\ ,  

the phosphorylation state of Octl in actively 
cycling mammalian cells to determine 
whether differential phosphorylation of 
Octl  is correlated with its ability to activate 
transcription of the H2B gene during the 
cell cycle. 

Polyclonal antiserum to Octl  (anti-Octl) 
(13) was used to analyze Octl  from whole 
cell extracts prepared from synchronously 
growing HeLa cells. There was no change in 
the abundance (Fig. 1B) or rate of synthesis 

pattern seen by immunoblot kalysis (Fig. 
1B) or from irnmunoprecipitates of 
[35S]methionine-labeled Octl (Fig. 1C). 
The most obvious difference in the Octl  
Dattern was from cells blocked in mitosis bv 
nocodazole (N) where there was a dramatic 
increase in 32P incorporation and a retarded 
migration. The retarded migration of Octl  
from cells blocked in mitosis was also appar- 
ent in the immunoblot (Fig. lB, lane N) and 
the [35S]methionine-labeled sample (Fig. 
lC,  lane N*). In addition to the difference 
in M phase, there was a difference in the 
pattern of 32P-labeled Octl  bands from cells 
in S phase (+4 and +8  hours) compared to 
the pattern from cells in G1 and G2+M 
(Gl ,  +12, +16, +20 hours) or cells 
blocked at the G1 to S boundary by aphid- 
icolin (A). The middle band was absent in S 
phase (+4 and +8). The fluorescence-acti- 
vated cell sorting (FACS) analysis (Fig. 1A) 
and the pattern of [32P]orthophosphate in- 
corporation into lamin B (Fig. 1D) (14) 
establish that the method used for analysis of 
the synchronized whole cell extracts is reli- 
able and stage-specific. 

The change in Octl at mitosis was detect- 
ed by one-dimensional gel electrophoresis 
because of the massive increase in 32P-incor- 
poration in nocodazole-blocked cells (N), 
but variability of the method for resolving 
differences in Octl  during interphase 
prompted the use of two-dimensional gel 
fractionations. Two-dimensional gel analysis 
of Octl  chromafographically purified from 
logarithmically growing cells (Fig. 2A) in- 
dicated that Octl  can be resolved on the 
basis of charge into five species and that the 
different forks of 0 c t l  are detected by 
anti-Octl. Immunoprecipitates of 32P-la- 
beled Octl  from synchronized cells were 
also fractionated by two-dimensional gel 
electrophoresis (Fig. 2B). G1 phase cells 
(Fig. 2B, panel G1) contained five species of 
Octl  that were very similar to the pattern of 
purified protein (Fig. 2A). The relative la- 
beling of the Octl  species changed in cells 
arrested at the G1 to S boundary by aphid- 
icolin (Fig. 2B, panel Gla). The 32P-labeled 
Octl  species immunoprecipitated from S 
phase cells (panel S) differed in relative 
labeling and migration from those in G1. 
The labeled Octl  species from S phase were 
shifted toward the basic end of the isoelec- 
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tric focusing (IEF) gradient, consistent with 
labeling of more positively charged mole- 
cules. The species of 32P-labeled Octl from 
mitotic cells (Fig. 2B, panel M) were shifted 
dramatically toward the acidic end of the 
IEF gradient, consistent with the labeling of 
more negatively charged species. The two- 
dimensional analysis did not distinguish 
among the possible modifications that could 
change the charge of Octl. The two-dimen- 
sional gel patterns are consistent with the 
one-dimensional analysis (Fig. 1D) that sug- 
gested a difference in Octl between G1 and 
S phase and demonstrated that Octl is 
hyperphosphorylated during mitosis. 

To determine whether the shifts in charge 
of Octl were a result of changes in phos- 
phorylation and to confirm that additional 
sites were phosphorylated during mitosis, 
two-dimensional tryptic phosphopeptide 
maps of imrnunoprecipitated 32P-labeled 
Octl were prepared. The complex patterns 
of ten tryptic phosphopeptides (Fig. 3A) 
changed at specific stages of the cell cycle. 
Two distinct interphase peptides (6 and 10) 
were visible in the maps from G1 and S 
phase cells. Three additional phosphopep- 
tides (1, 2, and 4) were present, but the 
intensity of the spots was less than the 
intensity of 6 and 10. As cells entered G2 
(S/G2), peptides 1, 2, and 4 became more 
prominent, and three new peptides, 3, 8, 
and 9, appeared. The population that con- 
tained mitotic cells (G2/M/Gl) had two 

additional phosphopeptides (5 and 7); all 
ten of the phosphopeptides analyzed were 
present in this population of cells. 

The intensity of the phosphopeptides (1 
to 10) did not change coordinately as HeLa 
cells progressed toward division. Specifical- 
ly, peptides 3, 8, and 9 appeared before 5 
and 7; peptides 1, 2, and 4 were present at 
all times. These differences suggest that a 
complex program of phospho~l~t ion regu- 
lates Octl activity as cells progress through 
G2 and mitosis. The pulse-labeling protocol 
used in this exveriment would not reveal 
differences in 'phosphates added during 
G2+M and removed in G1 or S phase. The 
pattern of Octl phosphorylation in G1 (Fig. 
3A) and the electrophoretic mobilities of 
Octl from G1 compared to those in mitosis 
(Fig. 2B, panels G1 and M) demonstrated 
that most-of the hyperphosphorylation of 
Octl in G2+M was reversed in G1; however, 
the rate of disappearance of 32P from Octl in 
cells labeled d&ng mitosis and analyzed dur- 
ing G1 (15) supported the idea that some 
mitotic phosphates persist through G1. 

To determine which peptides are phos- 
phorylated by enzymes active during mito- 
sis, we analyzed phosphopeptides from cells 
blocked in mitosis by nocodazole (Fig. 3 4  
M). Cells blocked in mitosis (M) contained 
six equally labeled phosphopeptides (2,3,5, 
7, 8, and 9), but the two major (6 and 10) 
and two minor (1 and 4) interphase (Gl, S, 
and G2) phosphopeptides were absent. The 

presence of the mitotic phosphopeptides in 
the cycling population (G2/M/Gl) shows 
that the hyperphosphorylation seen in no- 
codazole-blocked cells is a reflection of the 
mitotic state and not an artifact caused by 
drug synchronization. Thus, there is a qual- 
itative difference in Octl phosphorylation in 
mitotic compared to interphase cells. We do 
not know if the interphase-specific phos- 
phopeptides (6 and 10) disappear because 
additional modifications take place or if the 
phosphorylation sites on interphase peptides 
are not phosphorylated during mitosis. 

Results of the phosphopeptide analyses 
from cycling cells and cells blocked in mitosis 
suggested that mitotic phosphorylation of 
Octl may result from several Merent en- 
zymes that are active during mitosis. Different 
enzyme activities could lead to the different 
time of appearance of the various phos- 
phopeptides. Phosphoamino acid analysis 
(Fig. 3B) supported this hypothesis, showing 
that interphase phosphorylation of Octl oc- 
curred exclusively on serine, whereas mitotic 
Octl is extensively labeled on threonine and 
serine. The appearance of phosphothreonine 
in Octl from cells blocked in mitosis suggests 
that peptides 5 and 7, the last 32P-labeled 
phosphopeptides to appear in the cell cycle 
analysis, are phosphorylated on h n i n e .  The 
temporal pattern of phosphorylation suggests 
that Octl could be a useful substrate for 
determining the order of changing kinase and 
phosphamse activities as cells enter mitosis. 

Fig. 1. Cell cycle analysis of Octl. An elumated G1 population of HeLa cells 
was inoculated into fresh medium and allowed to progress synchronously 
through the cell cycle. Aliquots were removed at 4-hour intervals for analysis 
(21). (A) FACS analysis. Histograms (abscissa, relative fluorescence; ordinate, 
cell number) show the relative DNA content of logarithmically growing HeLa 
cells (log), the G1 population progressing through the cell cycle (Gl, +4, +8, 
+12, +16, +20), G1 cells blodced by aphidicolin (A) (24, and mitotic cells 
blocked by noc0daz.de (N) (23). (B) Whole cell extracts (WCE) made from 

WCE A G1 +4 +8 +I2 N +I6 +M GI + N - - - - - - - -  
a w l  P I P I P  I P I P  I P I P  I I ~ L A M I N B  - - -+I*Rc- 

rl [ I 
+97 kD 

cells at different times after reinoculation were analyzed by immunoblot probed 
with anti-Octl. WCE pulse-labeled for 1 hour with (C) [35S]mahionine or 
(D) [32P]orthophosphate were immunoprecipitated with Octl (I), preimmune 
(f)? or lamin B antisera and protein A Sephmse (24). The immunopre- 
upltates were fractionated by 7.5% SDS-polyacrylamide gel electrophoresis 
(PAGE) (25). Lane N* is a long exposure of lane N. The arrow (+) represents 
+4, +8, + 12, and + 16. The labeled bands were detected by either fluorog- 
raphy (C) or autoradiography (D). 
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Hyperphosphorylation o f  O c t l  during 
mitosis suggested that O c t l  may be a sub- 
strate for p34cdc2 protein kinase. This hy- 
pothesis is supported by the existence of  a 
consensus site for phosphorylation by 
p34cdc2 in the deduced amino acid se- 
quence of  O c t l  (16); therefore, we deter- 
mined whether O c t l  could be phosphoryl- 
ated by p34cdc2 mitotic kinase. Sepharose 
beads bound t o  the protein p13suc1 (17), 
which interacts with p34cdc2 and related 
kinases, were used to isolate cdc2 protein 
kinases from synchronized HeLa cells. The 
preparations were assayed with histone H1 
as a substrate for these activities in cell 
cycle extracts. O c t l  was included in the 
experiments, but  phosphorylation was be- 
low the level o f  detection relative t o  H1 
and an endogenous 105-kD mitotic sub- 
strate, which was two to four times more 

abundant than O c t l  (15). Higher concen- tion of  O c t l  phosphopeptides 3, 8, and 9 
was observed. Because peptide 3 was phos- 
phorylated in vitro by a pl3-associated mi- 

trations o f  pl3-associated kinase from 
maximally activated M phase extracts phos- 
phorylated O c t l  (Fig. 4A). The  32P-la- 
beled O c t l  phosphorylated by the p13- 
associated mitotic kinase was digested with 
trypsin for two-dimensional peptide map- 
ping. Mixing of  tryptic phosphopeptides 
(Fig. 4B, panel 3 )  from O c t l  labeled in  
vivo during mitosis (Fig. 4B, panel 2)  with 
O c t l  labeled in vitro with pl3-associated 
kinase (Fig. 4B, panel 1 )  showed that one 
o f  the six mitotic peptides that was labeled 
in vivo (Fig. 3A, peptide 3) comigrated 
with a phosphopeptide that was also la- 
beled in vitro. Comigration of  the phos- 
phopeptides was confirmed by analyzing 
thermolysin digests (15). 

The high affinity and specificity of  p13 
beads for ~ 3 4 ' ~ ' ~  and related mitotic kinases 
(17) and the appearance o f  peptide 3 (Fig. 
3 4  S/G2) late in  the cell cycle support a 
direct role for a ~34'~ '~-related mitotic ki- A IEF 
nase that modifies O c t l  in vivo. However. 
five of  the six phosphopeptides detected in 
mitotic cells in vivo are probably not the 
result o f  pl3-associated kinase activity, sup- 
porting our hypothesis that other kinases 
also phosphorylate Octl .  

The modifications of  O c t l  as cells pro- - -0 
G21M G I  S SlG2 Log M Pa gress through the division cycle suggest-that 

histone H 2 B  transcription may be regulated 
by direct modulation of  O c t l  transcriptional 

Fig. 3. Tryptic phosphopeptide and phosphoami- 
no acid analysis of O a l  labeled in vivo at various 
times of the cell cycle. Octl was immunoprecipi- 
tated from WCE prepared from synchronized 
HeLa cells (legend to Fig. 1) labeled for 1 hour 
with [32~]orthophosphate. The cells were labeled 
in G1, S, late S and G2 (S/G2), G2+M+G1 
(G2/M/Gl), M phase (mitotic cells blocked by 
nocodazole), and L (unsynchronized, logarithmi- 
cally growing). (A) Phosphopeptide analysis. 32P- 
labeled O a l  was immunoprecipitated from WCE 
with antibody chemically coupled to protein A 
Sepharose. The immunoprecipitates were frac- 
tionated by SDS-PAGE (7.5% acrylamide) (25). 
The O a l  bands from the dried gel, which were 
detected by autoradiography, were excised, 
washed (27), and digested with TPCK-trypsin 
(Calbiochem) (28). The trypsinized phosphopep- 
tides were collected and fractionated by electro- 
phoresis (pH 3.5, cathode on the right) in the first 
dimension, followed by chromatography in py- 
ridine:butanol:water:acetic acid [15:10: 12:3 (v/ 
v)] (27). The origin of each sample is marked by 
a triangle. AU samples were run in parallel. A 
specific number was assigned arbitrarily to each 
spot. Each panel is from an autoradiogram exposed 
for 10 to 14 days with an intenslfylng screen. (B) 
Phosphoamino acid analysis. An aliquot of each 
sample was hydrolyzed in HCI (6 N) (27), and the 
phosphoamino acids were applied to thin-layer 
ceUulose plates and fractionated by electrophoresis 
(pH 1.9). Unlabeled phosphoamino acid markers 
[phosphoserine, S (20 kg); phosphothreonine, T 
(20 pg); phosphotyrosine, Y (20 pg)] were added 
to each sample and visualized with ninhydrin. Pa, 
phosphoamino acid standards; 0, the position 
where the samples were loaded; Pi, the migration 
of labeled inorganic phosphate liberated during 
hydrolysis. The bracket indicates the position of 
unhydrolyzed phosphopeptides. 

activity. As cells exit S phase and histone 
H 2 B  transcription returns to a constitutive 
octamer-independent mode, phosphoryla- 

Fig. 2. Two-dimensional gel electrophoresis of 
O a l .  (A) O a l  purified from HeLa cell nuclear 
extract (13) was fractionated by two-dimensional 
electrophoresis (25), and an immunoblot was 
probed with anti-Oal. Antibody was detected 
with ['251]protein A (24). The arrow on the right 
indicates the position of O a l .  (B) Octl was 
immunoprecipitated from WCE prepared from 
s chronized cells pulse-labeled for 1 hour with 
['P1onhophosphate (legend to Fig. 1). WCE 
were made from cells in G1; cell blocked in G1 by 
aphidicolin, Gl(a) (5 pglml, 12 hours); cells in S 
phase; or cells blocked in mitosis by nocodazole, 
M (40 nglml, 12 hours). The immunoprecipitates 
were fractionated in two dimensions (26). The 
arrows on the right side of each panel indicate 
32P-labeled O a l .  The letters (a, b, and c) indicate 
three nonspecific spots used to align the autora- 
diograms. The direction of electrophoresis is in- 
dicated by the arrows at the top of the figure, and 
the orientation of the first-dimension IEF gel is 
indicated by Acidic and Basic. Histograms show 
the FACS analysis of each cell population, ana- 
lyzed as in Fig. l. The numbers (%) below each 
histogram are an estimate of the distribution of 
cells at various stages of the cell cycle in each 
population. A reagent for cleaner immunoprecip- 
itations was made by chemically coupling rabbit 
Octl antibody to protein A-Sepharose beads 
(Pierce). Covalent coupling prevents release of 
immunoglobulin and subsequent overload of 
polyacrylamide gels. 
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vlvo Mlx - Fig. 4. Phosphorylation of  A B In vltro 
O c t l  by pl3'""-associated 
cdc2 protein kinase. (A) 
p13'"" beads were used t o  
affinity-purifv cdc2 protein ki- 1 

* $  
nase from cell cycle extracts. - 
Kinase activity from each ex- 
tract was assayed by phos- 
phorylation of histone H 1  

1) 
(29, 30). N o  kinase activity was associated 
with mock beads. Increasing H 1  kinase * 

@ \ 
4 

activity indicative of  cdc2 protein kinasc activation was associated with p13""' beads incubated with 
WCE from progressively later stages in the cell cycle. A phosphorylation reaction was carricd ou t  with 
the fully activated kinase and purified Oct l  protein. Waqhed beadq were incubated wirh 50 t o  100 ng 
ofOct l  in kinaqe buffer and y-[,32P]ATP (0.3 ~IM, 6000 Ci/mmol) in a 1 0 0 - ~ 1  reaction for 30  min. The 
p13 beads and associated proteins were removed from the reactions prior t o  addition of Laemmli 
sample buffer t o  the supernatant. Phosphorylated O c t l  is indicated with an arrow. (B) The in 
vitrcrphosphorylated Oct l  band indicated in Fig. 4A was excised and digested with trypsin, and 
phosphopcptides were separated in two dimensions as described in Fig. 3. Octl  from in v i v ~ l a b e l e d  
cells was prepared as in Fig. 3 (M). Approximately twice as manv counts per minute of peptides labeled 
in vivo were mixed with peptides labeled in vitro for the mixing experiment. Arrows indicate an in 
vitr+phosphorylated peptide that comigrated in the mixing experiment with peptidc 3 from in 
vivo-labeled Oct l .  

totic kinase (Fig. 4B), it is possible the 
decrease in H2B transcription at the end of 
S phase results from direct modification of 
Octl by a cell cycle-regulated protein ki- 
nase. The appearance of peptides 5 and 7 
late in the progression experiment and in 
cells blocked in mitosis, coupled with the 
absence of the major interphase phos- 
phopeptides 6 and 10 in mitotic cells dem- 
onstrate that progression from G2 to M 
phase is accompanied by further modifica- 
tion of Octl. Although transcription of 
H2B genes has already returned to a basal 
level by this time in the cell cycle, hyper- 
phosphorylation of Octl at mitosis proba- 
bly results in complete loss of functional 
activity. This is consistent with our observa- 
tion of a dramatic decrease in the specific 
activity of Octl DNA binding in whole cell 
extracts prepared from mitotic cells (13). 
Entry into G1 results in removal of most of 
the mitotic phosphates from Octl (Figs. 2B 
and 3A). We propose that loss of mitotic 
phosphorylations from Octl upon entry 
into G1 restores Octl DNA binding and 
basal Octl function. Finally, as cells pro- 
gress from G1 to S the migration of Octl 
during gel electrophoresis was altered; this 
correlates with activation of Octl-depen- 
dent transcription of the H2B gene. How- 
ever, we have not identified a specific post- 
translational modification to explain the 
observed differences. Activation of Octl- 
dependent H2B transcription in S phase 
may require removal of inhibitory phos- 
phates transferred to Octl during mitosis, as 
observed for SV40 T antigen regulation of 
DNA replication (18). Activity of T antigen 
is dependent on phosphorylation by cdc2 
protein kinase (19) and removal of inhibito- 
ry phosphates by protein phosphatase 2 4  
which is preferentially active in S phase 
nuclear extracts (20). Analysis of Octl de- 

phosphorylation as cells enter G1 phase has 
demonstrated that some phosphorylations 
persist for many hours after release from a 
nocodazole block, but difficulties in achiev- 
ing a synchronous exit from the nocodazole 
block have precluded a definitive test of this 
idea (1 5). 

These results suggest that cell cycle-regu- 
lated transcription factors may be substrates 
for enzymes that perform key functions in 
the somatic cell cycle. Identification of the 
enzymes responsible for modification of 
Octl, and examination of the consequences 
for transcription and DNA replication are 
important for understanding Octl function, 
and may also reveal a fimdamental mecha- 
nism that regulates trans-acting factors dur- 
ing the cell cycle. 
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Dickinson FACScan Flow Cytometer. Cells were 
prepared for mitotic index determination by a hypo- 
tonic lysis of a cell pellet (5 x lo5) in H 2 0  (10 pl), 
followed by fixation with methanol (90 ~ 1 ) .  DNA 
was stained with Hoechst 33258 (0.01 pglml). 
Whole cell extracts (WCE) from 32P- and 35S- 
labeled cells at 2 x lo7 cells per milliliter were 
prepared in lysis buffer (1% NP-40,0.5% deoxycho- 
late, 0.4% SDS, 2 mM EDTA, 100 mM ms HCI, 
pH 7.6) (17). WCE from -5 x lo6 cells were 
immunoprecipitated with 1 to 3 &I of the unpurified 
anti-Octl for 2 hours at 4°C. Immunoblots were 
prepared on nitrocellulose by electrotransfer (24). 
Aliquots of WCE (30 pg of protein) were diluted in 
SDS-PAGE sample b d e r  and fractionated on a 
7.5% polyacrylamide gel. The gel was electroblotted 
overnight at 4"C, 25 V. Antibody was diluted 
1:2000 and incubations were for 2 hours at room 
temperature. The signal was visualized with alkaline 
phosphatase ABC reagents (Vector Laboratories). 
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Synchronized HeLa cells were isolated by cenmfu- 
gal elutriation (3). Mitotic cells were produced by 
inoculating an S phase population of eluviated cells 
into culture with nocodmle (5 ng/ml); after 12 
hours the mitotic index was greater than 85%. WCE 
were prepared essentially as for nudear extracts 
except that nuclei were not removed (30). The lysed 
cells were extracted with KC1 (0.39 M) and B-mer- 
captoethanol (0.01 M) for 30 min. Extracts were 
cleared by cenmfugation and supernatants were 
dialyzed to 100 m M  KCI. Protein concentrations of 
extract were typically 10 to 20 mglml. To assay 
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mitotic kinase activity 5 p,I of p13""" or mock beads 
(17) were incubated at 4°C for 1 hour in the 
presence of 400 p,g of WCE diluted in 2 x  bead 
buffer [bead buffer: 50 mM tris-CI, pH 7.4, 5 mM 
NaF, 250 mM NaCI, 5 mM EDTA, 5 mM EGTA, 
0.1% NP-40, 100 p,M benzamidine, leupeptin (10 
p,giml), and aprotinin (10 p,g/ml)]. Beads were 
washed twice with bead buffer and once with kinase 
buffer (25 mM MOPS, pH 7.2, 60 mM p-glycero- 
phosphate, 5 mM EGTA, 15 mM MgCI,, 1 mM 
dithiotheitol, 100 KM benzamidine) and incubated in 
30 KI of kinase buffer that contained 1.6 KM adeno- 
sine triphosphate, 0.1 p M  32P[yATP], 10 to 20 ng of 
Octl, and 2.5 kg of histone H1. Phosphorylation of 
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Induction of Inflammatory Arthropathy Resembling 
Rheumatoid Arthritis in Mice Transgenic for HTLV-I 

Human T cell leukemia virus type-I (HTLV-I) is the etiologic agent of adult T cell 
leukemia and has also been suggested to be involved in other diseases such as chronic 
arthritis or myelopathy. To elucidate pathological roles of the virus in disease, 
transgenic mice were produced that carry the HTLV-I genome. At 2 to 3 months of 
age, many of the mice developed chronic arthritis resembling rheumatoid arthritis. 
Synovial and periarticular inflammation with articular erosion caused by invasion of 
granulation tissues were marked. These observations suggest a possibility that HTLV-I 
is one of the etiologic agents of chronic arthritis in humans. 

v ARIOUS ETIOLOGIC AGENTS IN- 

cluding viruses (1, Z), bacteria (3- 
5) ,  and mycoplasmas (6) have been 

suggested as causes of rheumatoid arthritis 
in humans. However, so far no convincing 
evidence has been presented for a role of 
these agents in the disease. A high incidence 
of chronic arthritis has been reported in 
patients with HTLV-I-associated myelopa- 
thy, suggesting a possible involvement of 
HTLV-I in the disease (7). However, patho- 
logical roles of the virus, if any, remain 
obscure, because so far arthritogenic activity 
of the virus has not been shown. To examine 
the pathological effects of the virus on an 
animal, we produced lines of transgenic 

mice carrying the HTLV-I genome. 
We constructed plasmid pHLX-I (8.8 

kb), consisting of the 5' long terminal repeat 
(LTR) 3' end ofpol [192 nucleotides (nts)]- 
env-pX-3' LTR of HTLV-I, by replacing 
the Pvu _ 11-Hind I11 fragment of 
pKCROHS (8) with the Sma I-Hind I11 
fragment from the 5' LTR clone of HTLV-I 
(pU3RU5) (Fig. 1B). We produced trans- 
genic mice by injecting the Eco RI fragment 
(5.3 kb) containing the whole HTLV-I- 
derived sequence into fertilized mouse ova 
[(C3H/HeN x C57B1/6J)F2]. Both trans- 
genic and nontransgenic siblings were kept 
in the same cages, and we checked patholog- 
ical changes,without knowing the genotype. 
Mice were cared for according to institu- 
tional guidelines and were kept in laminar- 
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ger RNA from the transgene could be de- 
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T649. Tissue specificity of the expression 
was rather broad; mRNA was strongly ex- 
pressed in the brain, salivary gland, and 
joints and less intensely in various tissues, 
including the spleen, lung, eyeballs, muscle, 
and skin (Fig. 1A). Approximately equal 
amounts of mRNAs specific to the Env and 
pX proteins were detected in these tissues. 
The expression level of mRNA in the joints 
was approximately 1/2000 of that in MT-2 
cells. 

Swelling of the ankle with redness or " 
swelling of the footpad near the ankle or all 
three symptoms were detected in 48 mice 
out of 141 transgenic T647 mice (Figs. 2 
and 3A) and in 12  mice out of 126 trans- 
genic T649 mice. In contrast, only one 
mouse out of 190 nontransgenic siblings 
demonstrated these changes,-and none in 
unrelated transgenic mice that carry the hu- 
man hepatitis B viralgenome (104 mice) or 
the mouse interferon p gene (78 mice). The 
abnormality began to occur in female mice 
at age 2 to 3 months, and the proportion of 
affected mice increased thereafter until one 
year of age. At one year of age, almost half 
of the mice were affected. Onset in male 
mice was delaved 5 to 10 months. and the 
incidence was lower than that in female mice 
(10147 and 38/94, respectively, in line T647 
and 5/70 versus 7/56, respectively, in line 
T649). These abnormalities usually oc- 
curred in multiple ankle joints of a mouse. 
In some cases (5/141), swelling regressed 
after 1 to 4 months. The amounts of the 
mRNA specific to the transgene in the joints 
from affected mice were five to ten times 
higher than in those from apparently normal 
mice. 

Joints from 15 affected transgenic mice 
were examined microscopically, and 12 of 
them were abnormal, whereas joints from 
13  apparently normal transgenic mice 
showed no obvious changes except for slight 
degenerative changes of cartilage (4113) and 
slight inflammatory cell infiltration in the 
synovial tissues (5113). N o  abnormal 
changes were detected in joints from ten 
control nontransgenic mice. Histological 
observations of the affected joints are shbwn 
in Fig. 3. Erosion of the synovial bones and 
cartilage was marked in the ankle joint, and 
these tissues were replaced with pannus-like 
granulation tissues, which were composed 
of fibroblasts and small blood vessels accom- 
panied by infiltration of lymphocytes, neu- 
trophils, and macrophages (Fig. 3, B and 
C). Similar pathological changes were also 
observed in the joints of the toes (one in the 
four affected mice) and the knees (two in the 
four affected mice). In seven cases in the 13  
affected mice, infiltration of inflammatory 
cells was found in the surrounding dermis, 
in the subcutaneous cells, and around the 
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