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Cyclin E1 (formerly called cyclin E) and the recently described
cyclin E2 belong to the family of E-type cyclins that operate
during the G1/S phase progression in mammalian cells. The two
E-cyclins share a catalytic partner, cyclin-dependent kinase 2
(CDK2), and activate their associated kinase activities at similar
times during cell cycle progression. Despite these similarities, it
is unknown whether the two proteins perform distinct func-
tions, or, alternatively, they control S-phase entry of different
cell types in a tissue-specific fashion. To start addressing in vivo
functions of E-cyclins, we determined the expression pattern of
cyclins E1 and E2 during normal mouse development. We found
that the two E-cyclins showed very similar patterns of expres-
sion; both were expressed within the proliferating compartment
during embryo development. Analyses of cells and tissues lack-
ing members of the retinoblastoma (pRB) family of proteins
revealed that the expression of both cyclins is controlled in a
pRB-dependent, but p107- and p130-independent fashion, likely
through the pRB-dependent E2F transcription factors. We also
found that cyclins E1 and E2 are expressed at high levels in
mouse breast tumors driven by the Myc oncogene. Last, we
found that cyclin E2 is overexpressed in ~24% of analyzed
human mammary carcinomas. Collectively these findings sug-
gest that the expression of cyclins E1 and E2 is governed by
similar molecular circuitry.

Cyclins are key components of the core cell cycle machinery
in mammalian cells. Two classes of cyclins operate during the
G phase: D-type cyclins and cyclin E (1).

D-cyclins specify the family of three closely related proteins
(cyclins D1, D2, and D3). The levels of D-cyclins are controlled
by the extracellular environment. Once induced, D-cyclins as-
sociate with cyclin-dependent kinases CDK4 or CDK6 and
phosphorylate the retinoblastoma tumor suppressor gene prod-
uct (pRB). This phosphorylation leads to release of pRB-bound
transcription factors, notably the E2F family of transactivators,
and to derepression or activation of E2F-controlled genes, such
as cyclin E. In addition, cyclin D-CDK complexes control the
activity of cyclin E-CDK2 holoenzyme by titrating away the
CDK inhibitors p27%iP! and p21©P! from cyclin E-CDK2 com-
plexes to cyclin D-CDK4/6 complexes, thereby triggering the
kinase activity of cyclin E-CDK2 (1). Hence, D-type cyclins serve
to couple the extracellular mitogenic stimulation with activation
of cyclin E. While the three D-cyclins are biochemically indis-
tinguishable, each of these cyclins shows a unique, tissue-specific
pattern of expression during development and in adult tissues,
and each is differentially controlled by distinct upstream acti-
vating pathways (2-5).

Cyclin E is believed to control G;/S phase progression. It
associates with CDK2 and activates its kinase activity shortly
before entry of cells into the S phase (6, 7). The targets for cyclin
E-CDK2 kinase are largely unknown. Cyclin E is believed to
control S phase entry by phosphorylating proteins involved in
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DNA replication (8). Cyclin E may also control centrosome
duplication (8), histone gene transcription (9, 10), and pre-
mRNA splicing (11).

Recently, another G cyclin was discovered (12-14). This
protein shows substantial sequence homology to cyclin E and
was hence named cyclin E2. Like cyclin E (now renamed cyclin
El), cyclin E2 associates with CDK2 and activates its kinase
activity at the G1/S boundary (12-14). Despite these similarities,
it is unknown whether these two cyclins perform redundant or
distinct roles in controlling cell proliferation of various cellular
compartments. To start elucidating in vivo functions of cyclins E1
and E2 in mouse development, we analyzed the expression of
these two cyclins during normal mouse embryogenesis, in cells
and tissues derived from various mouse mutants, and in mouse
tumors driven by distinct oncogenic pathways. We hypothesized
that, like D-type cyclins, cyclins E1 and E2 are expressed in a
tissue-specific fashion and control S-phase entry in distinct
cellular compartments.

Materials and Methods

Mice. Mouse mammary tumor virus (MMTV)-v-Ha-Ras and
MMTV-c-Myc mice were purchased from Charles River Breed-
ing Laboratories. pRb~/~/p107~/~, and p130~/~ mice were
described previously (15, 16).

In Situ Hybridization. Embryos were collected at days 9.5-13.5 post
coitum (E9.5-E13.5) and processed as described (2). Sections
were hybridized with a-[**S]thio-UTP-labeled riboprobes. Spec-
imens were photographed by double exposure with the use of
dark-field illumination with a red filter and Hoechst epifluores-
cence optics.

BrdUrd Staining. Pregnant mothers were injected i.p. with BrdUrd
(Sigma) at 100 ng/g of body weight. Embryos were collected
after 2 h and fixed in 4% paraformaldehyde. Paraffin sections
were stained with anti-BrdUrd antibody (Becton Dickinson)
followed by detection with a Vectastain ABC kit (Vector
Laboratories).

Northern Blot Analyses. Twenty micrograms of total RNA (5 pgin
the case of human breast tumor samples) were resolved with the
use of 1% Mops-formaldehyde agarose gels, transferred to
MagnaGraph membrane (Osmonics), and probed with 32P-
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Fig.1. Detection of cyclin E1 and E2 mRNA in developing mouse embryos, by in situ hybridization. Adjacent sections from embryos collected at indicated stages
of development were hybridized with probes specific for cyclin E1 or cyclin E2. Red represents the hybridization signal. Blue represents the Hoechst 33258 staining
of cell nuclei. The composite images of the whole embryo were obtained by assembling overlapping pictures taken at the same exposure times. (Right) Sections
stained for BrdUrd. n, Neuroepithelium; m, mandibular component of first branchial arc; h, hepatic primordium; b, hindlimb bud; Iv, liver; mb, midbrain, d,
duodenum; lu, lung, i, intestine. (Magnifications: day E9.5, xX22; day E10.5, X12; day E11.5, X11; day E13.5, X11.)
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labeled anti-cyclin E1 or anti-cyclin E2 riboprobes or with
murine glyceraldehyde-3-phosphate dehydrogenase cDNA.

Analyses of Fibroblasts. Fibroblasts were isolated from day 13.5
post coitum mouse embryos and serum starved in DMEM with
0.1% serum for 62-65 h before being restimulated by the
addition of DMEM with 10% serum for the indicated times (16).
Progression through the cell cycle was monitored by labeling
cells with [*H]thymidine (16).

Human Tumors. Samples of human mammary carcinomas were
collected immediately after surgery by the Harvard SPORE
tumor bank or by the Department of Pathology, Brigham and
Women’s Hospital. Tissue was snap frozen in Tissue-Tek opti-
mal cutting temperature compound (Sakura). The sample in-
cluded 49 ductal carcinomas, 9 lobular carcinomas, 8 mixed
tumors, 7 metastatic adenocarcinomas, 2 other types, and 12
unknown. Fifty-eight samples were estrogen receptor (ER)
positive, 20 were ER negative, and 9 were of unknown ER status.

Results

Expression of Cyclins E1 and E2 During Normal Mouse Embryogenesis.
Contrary to our expectations, we found that the expression
patterns of cyclin E1 and E2 mRNA during mouse develop-
ment were very similar. Thus, at day E9.5 of gestation, both
cyclins were expressed throughout the developing embryo,
with high levels of transcripts in the neural tube. The ubiqui-
tous expression of E-cyclins was consistent with the wide-
spread staining of embryos with BrdUrd, indicating wide-
spread proliferation at this stage (Fig. 1). At days E10.5 and
E11.5 of embryo development, high levels of cyclins E1 and E2
were seen in the neuroepithelium, in the hepatic primordium,
within the mandibular component of the first branchial arch,
and in the hindlimb bud. Again, the expression patterns of
cyclins E1 and E2 were very similar and closely mirrored the
BrdUrd incorporation pattern (Fig. 1). This resemblance was
also found at E13.5, when high levels of cyclins E1 and E2 were
observed in the developing brain, liver, lungs, duodenum, and
intestine (note that the lower level of cyclin El staining in
the developing midbrain, as seen in Fig. 1, is not consistently
observed). We concluded from these findings that, at least
during our window of observation, cyclins E1 and E2 are
coexpressed within the proliferating compartment. This coex-
pression is in stark contrast with the findings for D-type
cyclins, which display a very distinct, tissue-specific pattern of
expression during these stages of development (refs. 6 and 7
and M. Ciemerych and P.S., unpublished observations).

Cyclins E1 and E2 in Adult Tissues. We next examined the expression
of the two cyclins in adult tissues with the use of Northern
blotting. Among the tissues analyzed, we found similar expres-
sion patterns of the two E-cyclins in brain, intestine, kidneys,
liver, lung, testes, and thymus (Fig. 2a). However, we found that
spleens expressed cyclin E1, but virtually no cyclin E2, whereas
the converse was true for skeletal muscle and heart (Fig. 2a).
Hence, unlike during embryo development, the expression pat-
terns of the two cyclins in the tissues of adult mice are not
identical.

Cyclins E1 and E2 in Embryonal Stem (ES) Cells. We also analyzed
cyclin E1 and E2 levels in ES cells. As is shown in Fig. 2b, in vitro
cultured ES cells expressed very high levels of cyclin E1, which
clearly exceeded the level seen in the whole embryos. In marked
contrast, cyclin E2 transcripts were barely detectable in ES cells.
Hence, the ES cells seem to rely mainly on cyclin E1 for the G/S
phase progression.

The very high levels of cyclin E1 in ES cells may explain earlier
observations that these cells are refractory to inhibitory effects
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Fig.2. Expression of E-cyclin mRNAs in wild-type mice. (a) RNA was isolated
from indicated organs of adult, 2- to 4-month-old, wild-type mice. Northern
blots were probed with cyclin E1- and cyclin E2-specific probes. (b) RNA was
isolated from wild-type embryos (Emb), mouse embryonal fibroblasts (MEFs),
and embryonal stem cells (ES cells). Blots were probed with cyclin E1-and cyclin
E2-specific probes. In both a and b, the bottom gels have been stained with
ethidium bromide.

of pl16™K42 (17). Thus, in addition to extinguishing cyclin D-
associated kinase, p16'™%42 also needs to inhibit cyclin E-CDK2
complexes (by redistribution of p27¥iPt) to arrest cell prolifer-
ation (1, 18). High levels of cyclin E1 in ES cells may exceed the
threshold for p27%iP! inhibition and may render these cells
immune to p16'™NK4, Indeed, ectopic overexpression of cyclin E1
was shown to bypass p16™¥42.induced cell cycle arrest in other
systems (19, 20).

Regulation by the Retinoblastoma Family of Proteins. Cyclin E1 is a
downstream target of the E2F transcription factors (21, 22).
Indeed, the cyclin E1 promoter contains several E2F-binding
sites that confer cell cycle-specific regulation of the cyclin E1
transcription (23-25). The activity of E2Fs is negatively con-
trolled by the retinoblastoma protein, pRB, and pRB-like pro-
teins p107 and p130 (26). Consistent with this notion, embryos
lacking pRB were shown to display elevated levels of cyclin E1
mRNA (15).

We asked whether the activity of cyclin E2 is also controlled
in the same fashion. To this end, we determined the levels of
cyclin E1 and E2 mRNA in brains derived from pRB™/~
embryos. As reported (15), pRB™/~ tissues contained increased
amounts of cyclin E1 mRNA. Importantly, we found that the
transcripts encoding cyclin E2 were equally up-regulated in
pRB-deficient tissues (Fig. 3a).

We extended these analyses by studying the expression of
cyclins E1 and E2 during cell cycle progression of fibroblasts
(mouse embryonal fibroblasts, MEFs) prepared from pRB~/~
embryos. Wild-type and pRB~/~ cells were rendered quiescent
by serum starvation and stimulated to enter the cell cycle by the
re-addition of serum. Cells were harvested at different time
points, and RNA was isolated and processed for Northern
blotting.

Hybridization of Northern blots with cyclin E1-specific probes
revealed derepression of cyclin E1 mRNA during the Gy and G,
phases of the cell cycle, confirming the published reports (16,
27). Importantly, we also noted a strong derepression of cyclin
E2 mRNA during the same cell cycle phases (Fig. 3b). We
concluded that the expression of cyclins E1 and E2 is controlled
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Expression of E-cyclin mRNAs in mutant mice. (a) RNA was isolated from brains derived from day E13.5 wild-type (WT) or pRB~/~ embryos. Northern blots
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were hybridized with cyclin E1- and E2-specific probes. The bottom gel has been stained with ethidium bromide. (b) Wild-type or pRB~/~ mouse embryonal
fibroblasts (MEFs) were rendered quiescent by serum deprivation and then stimulated to enter the cell cycle by serum re-addition. Cells were harvested at
indicated time points (in hours), and RNA was extracted and processed for Northern blot analyses. Blots were hybridized with probes specific for cyclin E1 or cyclin
E2, or with a probe specific for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control. (c) Same type of experiment as in b, except that MEFs
were prepared from p130*/~ or p130-deficient or p130/p107-deficient embryos.

in a pRB-dependent fashion, likely through the E2F transcrip-
tion factors.

pRB and the pRB-related proteins p107 and p130 are known
to regulate distinct members of the E2F family (26). Consistent
with this notion are the observations that pRB and p107/p130
proteins control the activity of different E2F-responsive genes
(16). We asked whether the expression of cyclin E2 was also
influenced by these pRB-related proteins. To address this
issue, MEFs were isolated from p130~/~ and from double-
knockout p107~/~/p130~/~ embryos and analyzed for expres-
sion of cyclins E1 and E2 during cell cycle entry, as described
above for pRB~/~ MEFs.

We found that the loss of p130 or the combined loss of p107
and p130 proteins had no impact on the expression pattern of
either cyclin (Fig. 3c). The slightly earlier induction of cyclins
E1 and E2 during cell cycle progression of p107~/~/p130~/~
MEFs can be accounted for by slightly accelerated entry of
these cells into the S phase after serum stimulation (data not
shown). We concluded that the expression of cyclins E1 and E2
in fibroblasts is governed by pRB-dependent but p107- and
130-independent molecular circuitry, likely through the pRB-
dependent E2Fs.

Cyclins E1 and E2 in Ras- and Myc-Driven Breast Tumors. To gain some
insight into the regulation of cyclins E1 and E2 by distinct
oncogenic pathways, we analyzed cyclin E1 and E2 mRNA levels
in breast tumors arising in transgenic mice carrying MMTV-v-
Ha-Ras or MMTV-c-Myc oncogenes. Female mice of these
strains are highly prone to mammary carcinomas because of
overexpression of Ras or Myc oncogenes in their mammary
glands (28, 29). We chose to focus on these two particular
oncogenes, because Ras is believed to signal in mammary
epithelium through cyclin D1 (5, 30), whereas Myc signals
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through other targets, some of them possibly acting downstream
of D-cyclins (20, 30, 31).

We found that all MMTV-v-Ha-Ras tumors analyzed (n = 8)
expressed very low levels of cyclins E1 and E2, which were
comparable to the levels seen in wild-type, nontransgenic mam-
mary glands (Fig. 4). In marked contrast, a significant proportion
of MMTV-c-Myc-driven tumors contained increased levels of
cyclin E1 (five of six tumors) and E2 transcripts (four of six) (Fig.
4). These findings suggest that the expression of both cyclin E
genes may be controlled, directly or indirectly, by the c-Myc-
dependent pathway. They also strengthen our conclusion that
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Fig. 4. Expression of E-cyclins in mouse breast tumors. RNA was isolated
from mammary glands of nontransgenic, wild-type mice (WT MG), from
breast tumors arising in transgenic MMTV-v-Ha-Ras female mice (MMTV/
Ras T), or from breast tumors arising in transgenic MMTV-c-Myc female
mice (MMTV/Myc T). Northern blots of representative samples were
hybridized with probes specific for cyclin E1 or E2. (Bottom) Ethidium
bromide-stained gel.
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Fig. 5. Expression of E-cyclins in human breast cancers. (a) Examples of
Northern blots of human breast cancer samples and normal mammary glands
(normal) hybridized with cyclin E2-specific probe. The symbols of tumor
samples are indicated above the respective lanes. Cyclin E2-overexpressing
samples are marked with stars. RNA isolated from an immortalized human
mammary epithelial cell line (HME) served as a positive control. (b) Selected
tumor samples were rerun, and Northern blots were probed with cyclin E1-
and E2-specific probes. RNA isolated from normal mammary glands (normal)
and from the HME cell line was also included as in a. Cyclin E1-overexpressing
samples are marked with stars. The bottom gels have been stained with
ethidium bromide.

the expression of the two cyclin genes is governed by similar
molecular circuitry.

Cyclins E1 and E2 in Human Breast Cancers. Last, we analyzed the
expression of E-type cyclins in 87 samples of human breast
cancers. Several independent samples of normal human mam-
mary glands were used for comparison. Northern blot analyses
revealed that 21 of 87 breast cancer samples (24.1%) contained
elevated levels of cyclin E2 mRNA (Fig. 5a). We observed cyclin
E2 overexpression in both ER-negative and ER-positive tumors
(Table 1), with roughly similar frequency (14/58 in ER-positive
and 5/20 in ER-negative; two cyclin E2-overexpressing tumor
had unknown ER status). For technical reasons (the small
amount of RNA used for Northern blots), we were unable to
reprobe our blots with cyclin El-specific probe. Instead, we
prepared duplicate blots containing RNA extracted from 9
tumors overexpressing cyclin E2 and from 13 tumors with low
cyclin E2 levels, and we probed these blots with cyclin E1-specific
probe. We found that 5 of 9 cyclin E2-overexpressing tumors also
contained elevated levels of cyclin E1l mRNA. In contrast, only
1 of 13 non-cyclin-E2-overexpressing mammary carcinomas
displayed elevated levels of cyclin E1 (Fig. 5b). Hence, a
significant fraction of cyclin-E2-overexpressing human mam-
mary carcinomas may co-overexpress cyclin E1 mRNA. How-
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Table 1. Histopathologic appearance of human breast cancers
overexpressing cyclin E2

Sample Tumor type ER status E1 overexpression
AR3 Ductal ca. + Yes
AR10 Ductal ca. + No
AR17 Ductal ca. + NA
AR18 Ductal ca. + NA
AR27 Ductal ca. + No
AR30 Mixed + No
AR31 Ductal ca. + NA
AR33 Ductal ca. - NA
H10 Metastatic adenoca. - NA
H17 Ductal ca. + NA
H19 Metastatic adenoca. + NA
H24 Ductal ca. + NA
H27 Ductal ca. + NA
H30 Ductal ca. + NA
H33 Ductal ca. + NA
H41 Ductal ca. + Yes
H43 Metastatic adenoca. - NA
CG102 Ductal ca. - Yes
CG103 Ductal ca. - Yes
CG106 Other Unknown Yes
CG107 Ductal ca. Unknown No

All samples overexpressing cyclin E2 are listed along with tumor type (ca.,
carcinoma) and ER status: +, ER-positive; =, weakly positive; —, negative.
Cyclin E1 overexpression status, if known, is also indicated: NA, not analyzed.

ever, our sample is too small to draw statistically significant
conclusions.

Discussion

The recently cloned cyclin E2 shares several features with the
protein previously designated cyclin E and now renamed cyclin
E1 (12-14). Because of these close similarities we speculated that
the two E-type cyclins serve to control the S-phase entry of
different cellular compartments, which was suggested by the
tissue-specific expression of the D-type cyclins (2-4).

Contrary to our expectations, we found that the expression
patterns of the two E-type cyclins were nearly identical during
embryo development and similar in adult tissues. Moreover, we
found that the expression of the two E-cyclins is negatively
controlled by pRB, likely through pRB-dependent E2Fs, but is
not influenced by genetic ablation of p107 and p130 proteins.
Last, we observed up-regulation of the two cyclins in Myc- but
not in Ras-driven mammary epithelial tumors. Collectively, these
findings suggest that the expression of cyclin E1 and that of cyclin
E2 are controlled in a similar fashion.

Why do the proliferating compartments coexpress the two
E-cyclins? We note here that the degree of amino acid sequence
similarity between the two E-cyclins is lower than that among
D-type cyclins. For instance, human cyclins D1 and D2 display
60% overall amino acid identity (32), whereas the identity
between cyclins E1 and E2 is 47% (12-14). We speculate that the
two E-cyclins may control distinct, possibly partially overlapping,
steps in G1/S-phase progression. Alternatively, the coexpression
of two E-cyclins may represent a backup mechanism to ensure
normal S-phase entry. Targeted deletion of the cyclin E1 and E2
genes may help to clarify this assumption.

E-Cyclins and Breast Cancer. Our analyses of breast tumors arising
in transgenic mice revealed that cyclins E1 and E2 are often
co-overexpressed in tumors driven by the Myc oncogene. We
note here that cyclin E1 was reported to represent a direct
transcriptional target of c-Myc, but this notion remains contro-
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versial (33). Our observation that cyclin E2 mRNA is overex-
pressed in c-Myc-driven mouse breast tumors raises the possi-
bility that cyclin E2 may be also regulated by c-Myc.

Cyclin E1 was reported to be overexpressed in a significant
fraction of human mammary carcinomas. The overexpression of
cyclin E1 correlates with increasing grade and stage of the tumor
(34, 35). The work presented here revealed that approximately
a quarter of human mammary carcinomas overexpress cyclin E2
mRNA. Moreover, our limited analyses suggest that both E-type
cyclins may be co-overexpessed in the substantial proportion of
cyclin E2-overexpressing mammary carcinomas. Anti-cyclin E2
antibodies, once they are available, will make it possible to
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