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Cell Growth Arrest and Induction of Cyclin-
Dependent Kinase Inhibitor p21WAF1/CIP1
Mediated by STAT1

Yue E. Chin,” Motoo Kitagawa,* Wu-Chou S. Su, Zhi-Hao You,
Yoshiki lwamoto, Xin-Yuan Fuf

Signal transducers and activators of transcription (STAT) proteins can be conditionally
activated in response to epidermal growth factor (EGF) and interferon (IFN)—y. STAT
activation was correlated with cell growth inhibition in response to EGF and IFN-y.
Activated STAT proteins specifically recognized the conserved STAT-responsive ele-
ments in the promoter of the gene encoding the cyclin-dependent kinase (CDK) inhibitor
p21WAF1/CIP1 and regulated the induction of p21 messenger RNA. IFN-v did not inhibit the
growth of U3A cells, which are deficient in STAT1, but did inhibit the growth of U3A cells
into which STAT1a was reintroduced. Thus, STAT1 protein is essential for cell growth
suppression in response to IFN-y. The STAT signaling pathway appears to negatively
regulate the cell cycle by inducing CDK inhibitors in response to cytokines.

The cell cycle is controlled by a family of
CDKs, ‘which can be negatively regulated
by families of CDK inhibitors (1) such as
p2 1 WAFLCIPLCAPL (9 3)  An increase of
the amount of p21 relative to the amount of
cyclin-bound CDK may convert active
CDK complexes into inactive ones (1, 4).
Some of the genes that control the cell
cycle are assumed to be regulated by cyto-
kine-induced signals. Nevertheless, the mo-
lecular basis for such signaling in responses
to cytokines is not well defined. A signaling
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pathway exists in which tyrosine kinases
phosphorylate and activate STAT proteins
containing a conserved Src homology 2
(SH2) domain (5, 6). The activated STAT
proteins translocate from the cytoplasm to
the nucleus (6, 7), and many immediate-
early responsive genes are thought to be
regulated by activated STAT proteins and
their partner proteins (8).

EGF often stimulates cell proliferation,
whereas IFNs usually inhibit cell prolifera-
tion. However, the growth of A431 cells,
which are derived from epidermoid carcino-
mas, is inhibited by EGF (9). EGF, like
IFNs, can induce tyrosine phosphorylation
and activation of STAT proteins (10-12),
especially in A431 cells. We therefore de-
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termined whether STAT activation by EGF
correlated with suppression of cell growth.
We used an electrophoretic mobility-shift
assay (EMSA) to analyze many cell lines for
STAT activation in response to EGF.
STAT activation by EGF was very poor or
absent in most cells except A431 cells (Fig.
1A) (13). In contrast to A431 cells, in
which STAT1 and STAT3 proteins were
activated (represented by SlFs, or sis-in-
duced factors, in Fig. 1A) (I1) and cell
growth was inhibited in response to EGF
treatment (Fig. 1B), no detectable STAT
activation was observed after EGF treat-
ment of HT29 and WiDr cells (Fig. 1A)
(13), which are derived from human colon
adenocarcinomas. HT29 and WiDr cells
grew normally in the presence of EGF (Fig.
1, B to D). However, all these cells, includ-
ing A431 cells, were responsive to IFN-y
and produced activated STAT1 (SIF-C)
(Fig. 1A). The growth of all these cells was
inhibited by IFN-y treatment (Fig. 1, B to
D). Results from a [*H]thymidine incorpo-
ration assay were consistent with the
growth curves (14). In many other cell

lines, such as MCF7, HeLa S3, and PC12,
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EOF < e i
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SIF-B - 1
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STAT proteins were not activated by EGF
treatment, although EGF treatment did in-
duce phosphorylation of the receptor and
activation of mitogen-activated protein
(MAP) kinase (14); in these cells, growth
was stimulated by EGF. Thus, STAT1 and
STATS3 activation by EGF in A431 cells,
and STATI1 activation by IFN-y in most
cells, correlates with the inhibition of cell
growth.

To test whether activated STATI or
STATS3, or both, participate in the control
of cell growth by regulating certain genes
encoding cell cycle mediators, we analyzed
changes in expression of the genes encoding
several CDKs, cyclins, and CDK inhibitors
in response to EGF and IFN-y. The p21
gene appears to be regulated directly by
STAT proteins in response to EGF and
IFN-y. Three sequences in this promoter
contain potential STAT-binding sites (15).
These sites have been named p21-SIE1 (5'-
CITCCCGGAAG-3'), p21-SIE2 (5'-TT1-
TCTGAGAAAT-3’), and p21-SIE3 (5'-
CITCTTGGAAAT-3") (SIE, sis-induc-
ible element) and are located at —640 nu-

cleotides (nt), —2540 nt, and —4183 nt,
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Fig. 1. STAT activation and cell growth inhibition in response to EGF or IFN-y. (A) STAT complexes
detected with the high-affinity STAT-binding site M67-SIE of the c-fos gene promoter (GTCGACATTTC-
CCGTAAATC) (15). Whole-cell extracts were prepared from either EGF-treated or IFN-y—treated A431,
HT29, or WIDr cells (13). Portions were assessed in EMSAs for the formation of SIF complexes (713). (B to
D) Growth curves of A431 cells (B), HT29 cells (C), and WIDr cells (D). Cells (3 X 10°) were treated with
either EGF (100 ng/ml) or IFN-y (160 ng/ml) for 1 to 6 days. Total viable cells were counted by the trypan
blue dye-exclusion method. Data are averages of triplicate determinations.
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Fig. 2. Binding of STAT to the three SIE sites in the p21 promoter. Portions of
whole-cell extracts prepared from EGF-treated or IFN-y-treated A431, HT29,
or WiDr cells were analyzed for SIF complex formation with p21-SIEs in an
EMSA. The three p21-SIE probes used were p21-SIE1 (A), p21-SIE2 (B), and
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HT29 WiDr

respectively, from the TATA promoter site
(16). All three potential SIE sites contain
the palindromic sequence TTCNNNGAA
usually present in STAT1-binding sites (8).

To verify whether these potential STAT-
binding sites are actually recognized by
STAT proteins in cells treated with EGF
and IFN-y, we performed EMSAs with each
of the three p21-SIEs (Fig. 2). All three
p21-SIEs formed stable complexes (original-
ly termed SIF complexes) (12, 15, 17) with
activated STAT proteins. We used p21-SIE1
as a probe to detect three SIF complexes
(SIF-A, SIF-B, and SIF-C) in EGF-treated
A431 cells (Fig. 2A). SIF-C and SIF-B were
recognized and “supershifted” by antibody to
STATI1 (anti-STAT1), whereas SIF-A and
SIF-B were supershifted by anti-STAT3 (Fig.
2A). These observations indicate that SIF-A
and SIF-C are probably composed of STAT1
and STAT3 homodimers, respectively,
whereas SIF-B represents heterodimers of
STAT1 and STAT3. No EGF-induced
STAT activity was detected with the p21-
SIE1 probe in HT29 or WiDr cells (Fig. 2A).
These results were consistent with studies in
which the classical STAT-binding probe
M67-SIE was used (Fig. 1). However, A431,
HT29, and WiDr cells were all responsive to
IFN-y treatment and generated the SIF-C
complex with the p21-SIE1 probe (Fig. 2A),
which was supershifted by anti-STATI.
Probes containing p21-SIE2 and p21-SIE3
were subjected to similar analyses. These two
SIEs also formed a SIF complex preferential-
ly with STAT]I (Fig. 2, B and C).

These results strongly indicate that these
SIEs in the p21 promoter are binding sites
for STAT proteins, thus raising the possi-
bility that transcription of the p21 gene
may be increased by STAT1 and STAT3 in
response to EGF in A431 cells and in re-
sponse to IFN-y in many other cells. Tran-
scription of p21 mRNA was rapidly in-
creased (<30 min) in A431 cells treated
with EGF, as measured by an RNA blotting
analysis (Fig. 3A) (I8). This increased

C Probe: p21-SIE3
A431  HT29 WlDr

777777

= SIF-C

anti-STAT3 was added to the reaction mixture before incubation with the
probe. The probe sequences are as follows: p21-SIE1, 5'-GATCTCCITC-
CCGGAAGCA-3'; p21-SIE2, 5-GATCCTITCTGAGAAATGG-3'; and p21-
SIE3, 5'-GATCCCTCAGTCI TCTTGGAAATTC-3' (16).
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amount of p21 mRNA was maintained for
at least 24 hours, a time course similar to
that for activated STAT complexes in-
duced by EGF in A431 cells (14). STAT
proteins were not activated in WiDr cells in
response to EGF, and the amount of p21
mRNA was not changed in these cells in
response to EGF (Fig. 2B). IFN-y activated
STAT!1 in A431, WiDr, and other cells
(Fig. 2), and p21 mRNA was accordingly
increased by IFN-y (Fig. 3B) (19). These
results suggest that STAT activation in-
creases transcription of p21 mRNA in these
cells. We made this element in a chloram-
phenicol acetyltransferase (CAT) reporter
construct regulated by p21-SIEl and ana-
lyzed its transcriptional regulation in re-
sponse to IFN-y in COS cells. The CAT
activity of such cells treated with [FN-y was
eight times that in untreated cells (20).
Therefore, p21-SIEl is sufficient to allow
transcriptional regulation induced by IFN-y.

The mutant cell line U3A is defective in
its response to IFNs and does not express
STAT1 (21). If STAT1 is required for IFN-
y—induced cell growth arrest, then the
growth of STATI-deficient U3A cells

Fig. 3. Increased amount of p21 A
mRNA in cells treated with IFN-y or
EGF. (A) Increased amount of p21
mRNA in A431 cells treated with EGF.
Cells were stimulated by EGF (100 ng/
ml) for the indicated times and were
collected for RNA isolation. RNA blot-
ting analysis was done as described

Hours 00513824 IFN=y

-285
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should not be inhibited by IFN-y. To test
this hypothesis, we cotransfected U3A cells
with the STAT la expression vector pSG91
(10) and a vector containing a neomycin-
resistance gene (22). The cell clones ex-
pressing STAT1 were selected and analyzed
by STATI activation after treatment with
IFN-vy (Fig. 4A). The control cells that had
been transfected with an empty vector and
the resistance gene (U3A-control) had no
STAT activity in response to IFN-vy treat-
ment. However, the active STAT1 com-
plex (SIF-C) was induced in U3A cells that
were transfected with STAT1 (Fig. 4A);
these STATla-expressing U3A cells are
denoted U3A-STATla. To compare rates
of DNA synthesis, we measured the re-
sponse of U3A-control and U3A-STATla
cells to IFN-y treatment (23). [*H]Thymi-
dine incorporation of U3A-control cells
was not inhibited by IFN-y, whereas that of
U3A-STATla cells was inhibited (Fig.
4B). We also performed a colony-forming
assay (24) with the U3A-control and U3A-
STATl1a cells, which were originally de-
rived from the human fibrosarcoma cell line

HT1080 (21). Colony formation by U3A-

A431 B A431  WiDr
+

mRNA

(78). The equality of the amount of RNA analyzed was verified by nonspecific staining with methylene blue.
The x-ray film was exposed for 3 days. (B) Effects of IFN-y or EGF on abundance of p21 mRNA in various
cells. RNAs isolated from A431 or WiDr cells, incubated with or without IFN-y (100 ng/ml) or EGF (100
ng/ml) for 24 hours, were assessed by blotting. The equality of the amount of RNA analyzed was verified
by nonspecific staining with methylene blue. The x-ray fim was exposed for 3 days.

Fig. 4. Dependence of growth inhibition
by IFN-y on STAT1 in U3A cells. (A) Ex-

pression of STAT1 activity in U3A mutant IFN-y

cells. Extracts were prepared from U3A-
control 3 cells or UBA-STAT1a 1-1 cells
and incubated with or without IFN-vy (100
ng/ml) for 30 min. Protein (12 pg) was
assessed for binding to the M67-SIE
probe in each lane. (B) STAT1-dependent
inhibition of U3A cell growth by IFN-vy.
U3A-control 3 and U3A-STAT1a 1-1 cells
(2 X 105 cells in each six-well microculture
plate) were treated with various concen-
trations of IFN-y for 24 hours and then
assessed for their ability to incorporate
[BH]thymidine (23). The data are averages
of triplicate determinations. (C) STAT1-
dependent inhibition of colony formation
of U3A cells by IFN-y. The colony-forma-
tion assay was done as described (24)
with or without IFN-y. Colonies were
counted on day 8. Each bar represents
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the average of the numbers of colonies in three plates; error bars are SDs. In U3A-control 3 cells, there
was no difference in colony count between the treated and untreated groups, and in a different control
clone, the results were essentially the same. However, a 77% reduction of colony formation was
observed in U3A-STAT1a 1-1 cells and in two other STAT1-expressing clones treated with IFN-y.
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STATla cells was inhibited by IFN-v,
whereas U3A-control cells were not affect-
ed (Fig. 4C). The p21 mRNA was expressed
in larger amounts and was further induced
in response to IFN-y in U3A-STATla but
not in U3A-control cells (19). Thus,
STAT]1 is apparently required in these cells
for expression of p21 and suppression of cell
growth in response to IFN-y.

The CDK inhibitor p21 is probably encod-
ed by one of the immediate-early genes, is
activated within 30 min of cytokine treat-
ment (Fig. 3A), and is induced directly by
activated STAT1 and STAT3 proteins. This
induction does not involve p53, because the
amount of p53 was not altered in these cells
after treatment with IFN-y and EGF (14).
Additionally, the p53 protein in A431 cells is
mutated at codon 273 and is probably non-
functional (25). The amount of p21 is in-
creased and CDK2 activity is decreased during
G, arrest in A431 cells (26). IFN-y induces
G, arrest in Daudi cells by inhibiting phos-
phorylation of retinoblastoma (Rb) protein
(27), which is consistent with the effect of
p21 in these cells (I, 28).

Whether this p21 induction alone is suf-
ficient for cell growth arrest, and how p21-
SIEs are actually used in vivo (synergistical-
ly or individually), remains unknown. How-
ever, our results establish a link of the
STAT signaling pathway to cell cycle con-
trol. There probably are more target genes
in the cell cycle machinery, but we have
tested the gene expression of almost all
available CDKs, cyclins, and their inhibi-
tors, and p21 appears to be the one that is
strongly regulated by STAT.
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In Vitro Development of Primitive and Definitive
Erythrocytes from Different Precursors

Toru Nakano,* Hiroaki Kodama, Tasuku Honjo

During mouse embryogenesis the production of “primitive’” erythrocytes (EryP) precedes
the production of ‘‘definitive’”” erythrocytes (EryD) in parallel with the transition of the
hematopoietic site from the yolk sac to the fetal liver. On a macrophage colony-stimulating
factor—deficient stromal cell line OP9, mouse embryonic stem cells were shown to give
rise to EryP and EryD sequentially with a time course similar to that seen in murine
ontogeny. Studies of the different growth factor requirements and limiting dilution analysis
of precursor frequencies indicate that most EryP and EryD probably developed from
different precursors by way of distinct differentiation pathways.

Erythropoiesis originates in the yolk sac,
then migrates to the fetal liver during
mouse embryogenesis. EryP and EryD,
which are produced in the yolk sac and the
fetal liver, respectively, have distinct mor-
phological and biochemical characteristics
(1, 2). Whether these two cell types devel-
op from a single common hematopoietic
precursor or not has been the subject of
controversy (3, 4). To address this question,
we used the in vitro differentiation induc-
tion system of embryonic stem (ES) cells to
hematopoietic cells (5).

Two waves of erythroid cell production
were observed when D3 ES cells were cocul-
tured with OP9 stromal cells (Fig. 1A) (5—
8). The first wave of erythropoiesis appeared
at day 6 of the induction, and all of the day
7 erythroid lineage cells were large-nucleated
cells morphologically identical to EryP (Fig.
2A). The number of erythroid lineage cells
suddenly decreased at days 8 and 9 to less
than one-fifth of that at day 7. Subsequently,
the second wave of erythroid lineage cells
appeared around day 10 with a peak at day
14; these cells were small-nucleated erythro-
blasts or enucleated mature blood cells mor-
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phologically identical to EryD (Fig. 2B). In
agreement with the report that EryP contain
not only embryonic {- and e-globin but also
adult a-globin, whereas EryD contain only
adult a- and B-globins (9), day -7 erythroid
lineage cells were positive for staining with
antibodies against embryonic as well as
against adult hemoglobins, whereas day 14
erythroid cells were positive for staining with
antibodies against adult hemoglobin only
(Fig. 2, Cto F) (10-12). Expression of {-, a-,
and e-globin mRNA in day 7 erythrocytes
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Fig. 1. Development of erythroid lineage cells dur-
ing differentiation induction of D3 ES cells on OP9
stromal cells, and effects of anti-c-Kit (Ack2) and
erythropoietin (EPO) on the development (24). Dif-
ferentiation induction of ES cells was done without
(A) or with (B) the addition of exogenous human
recombinant EPO (10 U/ml) (8). Data are shown in
the absence (O) or presence (@) of Ack2 (10 g/
ml).



