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Préceptorat de Biologie 1
Dogme central de la biologie
Le sujet est tiré d’un article de la revue "Science" de 1999. Après avoir lu l'article
répondez aux questions suivantes :
Questions :
-1 Faîtes un petit résumé (1/2 page maximum) de l'article.
-2 Quelles différences fonctionnelles et structurales y a-t-il entre le génome humain,
d’E. Coli et du virus de la grippe A ?
-3 Donnez l’architecture générale d’un gène en indiquant les fonctions/propriétés de
ses différentes parties. Donner les différentes étapes de l’expression génique.
-4 Quels sont les différents moyens possibles mis en œuvre par une cellule pour
augmenter l'expression d'un gène au niveau de l'ARN et au niveau de la protéine?
-5 Pensez-vous qu'une augmentation du taux d'expression d'un gène traduise
nécessairement une augmentation de la transcription (argumentez) ?
-6 Qu'est-ce qu'un gène d'expression ultra précoce (immediate early gene) ?
-7 Les échantillons analysés sur puces à ADN sont des produits de transcription
inverse (ou reverse transcription) à partir d’ARN. Quelles sont différences entre cet
ADN rétro transcrit et l’ADN génomique si l’espèce source est un eucaryote (e.g.
Homo sapiens) ou un procaryote (e.g. E. Coli).
-8 Durant l’étape d’isolement de l’ARN, il est très courant de purifier cet ARN sur des
colonnes d’affinités greffées avec des chaines de polythymidine. Pourquoi ? Dans
quel but ?
-9 Pour valider les taux d'expression de différents gènes obtenus grâce aux puces à
ADN les auteurs utilisent la technique de PCR quantitative. Rappelez le principe de
la PCR en vous aidant d'un schéma.
-10 La PCR étant une technique conservative d'amplification de fragments d'ADN
exprimez en fonction de la quantité de départ d'ADN, du nombre de cycles et du
rendement de la réaction, la quantité d'amplicons obtenus en fin de réaction.
-11 Quels sont les avantages (et les inconvénients) des puces à ADN ?
N.B : les réponses aux questions posées ne sont pas forcément à chercher
dans l’article. Remettre les sujets au plus tard le 3 et le 17 mars à 18h pour le
groupe 1 et 2 respectivement.
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formed under the following conditions: 300 mM CANC, 1 M NaCl, and 50 mM tris-HCl (pH 8.0) at 37°C
for 60 min. In the absence of exogenous RNA, neither
cones nor cylinders formed at concentrations of 0.5
M NaCl or below. Absorption spectra demonstrated
that our CA-NC preparations were not contaminated
with Escherichia coli RNA (estimated lower detection
limit was ;1 base/protein molecule). To control for
even lower levels of RNA contamination, we preincubated the CA-NC protein with 0.5 mg/ml ribonuclease A ( Type 1-AS, 54 Kunitz U/mg, Sigma) for 1
hour at 4°C, which then formed cones normally.
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The Transcriptional Program in
the Response of Human
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The temporal program of gene expression during a model physiological response of human cells, the response of fibroblasts to serum, was explored with
a complementary DNA microarray representing about 8600 different human
genes. Genes could be clustered into groups on the basis of their temporal
patterns of expression in this program. Many features of the transcriptional
program appeared to be related to the physiology of wound repair, suggesting
that fibroblasts play a larger and richer role in this complex multicellular
response than had previously been appreciated.
The response of mammalian fibroblasts to
serum has been used as a model for studying
growth control and cell cycle progression (1).
Normal human fibroblasts require growth
factors for proliferation in culture; these
growth factors are usually provided by fetal
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metabolic activity. Addition of FBS or purified growth factors induces proliferation of
the fibroblasts; the changes in gene expression that accompany this proliferative response have been the subject of many studies,
and the responses of dozens of genes to serum have been characterized.
We took a fresh look at the response of
human fibroblasts to serum, using cDNA microarrays representing about 8600 distinct human genes to observe the temporal program of
transcription that underlies this response. Primary cultured fibroblasts from human neonatal
foreskin were induced to enter a quiescent state
by serum deprivation for 48 hours and then
stimulated by addition of medium containing
10% FBS (2). DNA microarray hybridization
was used to measure the temporal changes in
mRNA levels of 8613 human genes (3) at 12
times, ranging from 15 min to 24 hours after
serum stimulation. The cDNA made from purified mRNA from each sample was labeled
with the fluorescent dye Cy5 and mixed with a
common reference probe consisting of cDNA
made from purified mRNA from the quiescent

Fig. 1. The same section of
A
B
C
the microarray is shown
for three independent hy2
2
2
bridizations comparing RNA
isolated at the 8-hour time
1
1
1
point after serum treatment to RNA from serumdeprived cells. Each mi3
3
3
croarray contained 9996
elements, including 9804
human cDNAs, representing 8613 different genes.
4
mRNA from serum-de4
4
prived cells was used to
prepare cDNA labeled with
Cy3– deoxyuridine triphosphate (dUTP), and mRNA harvested from cells at different times after serum
stimulation was used to prepare cDNA labeled with Cy5-dUTP. The two cDNA probes were mixed and
simultaneously hybridized to the microarray. The image of the subsequent scan shows genes whose
mRNAs are more abundant in the serum-deprived fibroblasts (that is, suppressed by serum treatment)
as green spots and genes whose mRNAs are more abundant in the serum-treated fibroblasts as red
spots. Yellow spots represent genes whose expression does not vary substantially between the two
samples. The arrows indicate the spots representing the following genes: 1, protein disulfide isomeraserelated protein P5; 2, IL-8 precursor; 3, EST AA057170; and 4, vascular endothelial growth factor.
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Fig. 2. Cluster image
showing the different
classes of gene expression profiles. Five hundred seventeen genes
whose mRNA levels
changed in response to
serum stimulation were
selected (7). This subset of genes was clustered hierarchically into
groups on the basis of
the similarity of their
expression profiles by
the procedure of Eisen
et al. (6). The expression pattern of each
gene in this set is displayed here as a horizontal strip. For each
gene, the ratio of
mRNA levels in fibroblasts at the indicated time after serum
stimulation (“unsync”
denotes exponentially
growing cells) to its
level in the serum-deprived (time zero) fibroblasts is represented
by a color, according to
the color scale at the
bottom. The graphs
show the average expression profiles for the
genes in the corresponding “cluster” (indicated by the letters A
to J and color coding).
In every case examined,
when a gene was represented by more than
one array element, the
multiple representations in this set were
seen to have identical
or very similar expression profiles, and the
profiles corresponding
to these independent
measurements
clustered either adjacent
or very close to each
other, pointing to the
robustness of the clustering algorithm in
grouping genes with
very similar patterns of
expression.

veyed in this experiment (Fig. 2); many of these
genes (about half) were unnamed expressed
sequence tags (ESTs) (5). Although diverse
patterns of expression were observed, the orderly choreography of the expression program became apparent when the results were analyzed
by a clustering and display method developed
in our laboratory for analyzing genome-wide
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culture (time zero) labeled with a second fluorescent dye, Cy3 (4). The color images of the
hybridization results (Fig. 1) were made by
representing the Cy3 fluorescent image as
green and the Cy5 fluorescent image as red and
merging the two color images.
Diverse temporal profiles of gene expression could be seen among the 8613 genes sur-
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gene expression data (6). An example of such
an analysis, here applied to a subset of 517
genes whose expression changed substantially
in response to serum (7), is shown in Fig. 2.
The entire detailed data set underlying Fig.
2 is available as a tab-delimited table (in
cluster order) at the Science Web site (www.
sciencemag.org/feature/data/984559.shl). In
addition, the entire, larger data set for the
complete set of genes analyzed in this experiment can be found at a Web site maintained
by our laboratory (genome-www.stanford.
edu/serum) (8).
One measure of the reliability of the
changes we observed is inherent in the expression profiles of the genes. For most genes
whose expression levels changed, we could
see a gradual change over a few time points,
which thus effectively provided independent
measurements for almost all of the observations. An additional check was provided by
the inclusion of duplicate and, in a few cases,
multiple array elements representing the
same gene for about 5% of the genes included
in this microarray. In addition, three independent hybridizations to different microarrays
with mRNA samples from cells harvested 8
hours after serum addition showed good correlation (Fig. 1). As an independent test, we
measured the expression levels of several
genes using the TaqMan 59 nuclease fluorigenic quantitative polymerase chain reaction
(PCR) assay (9). The expression profiles of
the genes, as measured by these two independent methods, were very similar (Fig. 3) (10).
The transcriptional response of fibroblasts
to serum was extremely rapid. The immediate
response to serum stimulation was dominated
by genes that encode transcription factors
and other proteins involved in signal transduction. The mRNAs for several genes [including c-FOS, JUN B, and mitogen-activated protein (MAP) kinase phosphatase–1
(MKP1)] were detectably induced within
15 min after serum stimulation (Fig. 4, A
and B). Fifteen of the genes that were
observed to be induced by serum encode
known or suspected regulators of transcription (Fig. 4B). All but one were immediateearly genes—their induction was not inhibited by cycloheximide (11). This class of
genes could be distinguished into those
whose induction was transient (Fig. 2, cluster E) and those whose mRNA levels remained induced for much longer (Fig. 2,
clusters I and J). Some features of the
immediate response appeared to be directed
at adaptation to the initiating signals. We
observed a marked induction of mRNA
encoding MKP1, a dual-specificity phosphatase that modulates the activity of the
ERK1 and ERK2 MAP kinases (12). The
coincidence of the peak of expression of
genes in cluster E (Fig. 2) with that of
MKP1 (Fig. 4A) suggests the possibility
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that continued activity of the MAP kinase pathway is required to maintain induction of these
genes but not of those with sustained expression
(clusters I and J). The gene encoding a second
member of the dual-specificity MAP kinase
phosphatase family, known as dual-specificity
protein phosphatase 6/pyst2, was induced later,
at about 4 hours after serum stimulation. Genes
encoding diverse other proteins with roles in
signal transduction, ranging from cell-surface
receptors [for example, the sphingosine 1–
phosphate receptor (EDG-1), the vascular endothelial growth factor receptor, and the type II
BMP receptor] to regulators of G-protein signaling (for example, NET1/p115 rho GEF) to
DNA-binding transcription factors, were induced by serum (Fig. 4A).
The reprogramming of the regulatory circuits in response to serum involved not only
induction of transcription factors but also reduced expression of many transcriptional regulators—some of which may play roles in
maintaining the cells in G0 or in priming
them to react to wounding (Fig. 4C). Perhaps
as a consequence of the historical focus on
genes induced by serum stimulation of fibroblasts, the set of transcription factors whose
expression diminished upon serum stimulation has been less well characterized.
Genes known or likely to be involved in
controlling and mediating the proliferative response showed distinctive patterns of regulation. Several genes whose products inhibit progression of the cell-division cycle, such as p27
Kip1, p57 Kip2, and p18, were expressed in the
quiescent fibroblasts and down-regulated before the onset of cell division. The nadir in the
mRNA levels for these genes occurred between
6 and 12 hours after serum stimulation (Fig.
5A), coincident with the passage of the fibroblasts through G1. The levels of the transcript
encoding the WEE1-like protein kinase, which
is believed to inhibit mitosis by phosphorylation of Cdc2, diminished between 4 and 8 to
12 hours after serum addition (Fig. 5A), well

before the onset of M phase at around 16 hours,
raising the possibility of an additional role for
Wee1 in an earlier stage of the cell cycle or in
regulating the G0 to G1 transition. Several
genes induced in the first few hours after serum
stimulation, such as the helix-loop-helix proteins ID2 and ID3 and EST AA016305, a gene
with homology to G1-S cyclins, are candidates
for roles in promoting the exit from G0.
Genes involved in mediating progression
through the cell cycle were characterized by a
distinctive pattern of expression (Fig. 2, cluster D), reflecting the coincidence of their
expression with the reentry of the stimulated
fibroblasts into the cell-division cycle. The
stimulated fibroblasts replicated their DNA
about 16 hours after serum treatment. This
timing was reflected by the induction of
mRNA encoding both subunits of ribonucleotide reductase and PCNA, the processivity
factor for DNA polymerase epsilon and delta.
Cyclin A, Cyclin B1, Cdc2, and CDC28 kinase, regulators of passage through the S
phase and the transition from G2 to M phase,
were induced at about 16 to 20 hours after
serum addition. The kinase in the Cyclin
B1–CDK pair needs to be activated by phosphorylation. The gene encoding Cyclin-dependent kinase 7 (CDK7; a homolog of Xenopus MO15 cdk-activating kinase) was induced in parallel with the Cdc2 and Cdc28
kinases (Fig. 5A), suggesting a potential role
for CDK7 in mediating M phase. DNA topoisomerase II a, required for chromosome segregation at mitosis; Mad2, a component of
the spindle checkpoint that prevents completion of mitosis (anaphase) if chromosomes
are not attached to the spindle; and the kinetochore protein CENP-F all showed a similar
expression profile.
In the hours after the serum stimulus, one of
the most striking features of the unfolding transcriptional program was the appearance of numerous genes with known roles in processes
relevant to the physiology of wound healing.

Fig. 3. Independent verification of microarray quantitation. Relative mRNA
levels of the indicated genes (Mast, mast/stem cell growth factor receptor)
were measured with the TaqMan 59 nuclease fluorigenic quantitative PCR
assay (9) (left) in the same samples that were used to prepare probes for
microarray hybridizations (right). Data from the TaqMan analysis were

These included both genes involved in the direct role played by fibroblasts in remodeling of
the clot and the extracellular matrix and, more
notably, genes encoding proteins involved in
intercellular signaling (Fig. 5). Genes induced
in this program encode products that can (i)
participate in the dynamic process of clotting,
clot dissolution, and remodeling and perhaps
contribute to hemostasis by promoting local
vasoconstriction (for example, endothelin-1);
(ii) promote chemotaxis and activation of neutrophils (for example, COX2) and recruitment
and extravasation of monocytes and macrophages (for example, MCP1); (iii) promote
chemotaxis and activation of T lymphocytes
[for example, interleukin-8 (IL-8)] and B
lymphocytes (for example, ICAM-1), thus
providing both innate and antigen-specific
defenses against wound infection and recruiting the phagocytic cells that will be required
to clear out the debris during remodeling of
the wound; (iv) promote angiogenesis and
neovascularization (for example, VEGF)
through newly forming tissue; (v) promote
migration and proliferation of fibroblasts (for
example, CTGF) and their differentiation into
myofibroblasts (for example, Vimentin); and
(vi) promote migration and proliferation of
keratinocytes, leading to reepithelialization
of the wound (for example, FGF7), and promote proliferation of melanocytes, perhaps
contributing to wound hyperpigmentation
(for example, FGF2).
Coordinated regulation of groups of genes
whose products act at different steps in a
common process was a recurring theme. For
example, Furin, a prohormone-processing
protease required for one of the processing
steps in the generation of active endothelin,
was induced in parallel with induction of the
gene encoding the precursor of endothelin-1
(Fig. 5E) (13). Conversely, expression of
CALLA/CD10, a membrane metalloprotease
that degrades endothelin-1 and other peptide
mediators of acute inflammation, was re-

normalized to mRNA concentrations and plotted relative to the level at
time zero, so that the results could be compared with those from the
microarray hybridizations. In general, quantitation with the two methods
gave very similar results (10).
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Fig. 4. “Reprogramming” of fibroblasts. Expression profiles of genes whose function is likely to
play a role in the reprogramming phase of the
response are shown with the same representation as in Fig. 2. In the cases in which a gene
was represented by more than one element in
the microarray, all measurements are shown.
The genes were grouped into categories on the
basis of our knowledge of their most likely role.
Some genes with pleiotropic roles were included in more than one category.
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unnamed genes in this cluster—for example,
EST W79311 and EST R13146, neither of
which have sequence similarity to previously
characterized genes—may represent previously
unknown genes involved in this part of the cell
cycle. Similarly, a remarkable fraction of genes
that were grouped into cluster F on the basis of
their expression profiles encoded proteins involved in intercellular signaling (Fig. 2), suggesting that a similar role should be considered
for the many unnamed genes in this cluster. A
disproportionately large fraction of the genes
whose transcription diminished upon serum
stimulation were unnamed ESTs.
Our intention was to use this experiment as
a model to study the control of the transition

blasts suggests the possibility that it may play a
role in the wound-healing process, perhaps
serving as a signal in mediating inflammation
or angiogenesis.
One of the most important results of this
exploration was the discovery of over 200 previously unknown genes whose expression was
regulated in specific temporal patterns during
the response of fibroblasts to serum. For example, 13 of the 40 genes in cluster D (Fig. 2) have
descriptive names that reflect their putative
function. Nine of these 13 genes (69%) encode
proteins that play roles in cell cycle progression, particularly in DNA replication and the
G2-M transition. This enrichment for cell
cycle–related genes suggests that some of the
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duced. A second example is provided by a set
of five genes involved in the biosynthesis of
cholesterol (Fig. 5I). The mRNAs encoding
each of these enzymes showed sharply diminished expression beginning 4 to 6 hours after
serum stimulation of fibroblasts. A likely explanation for the coordinated down-regulation of the cholesterol biosynthetic pathway
is that serum provides cholesterol to fibroblasts through low-density lipoproteins,
whereas in the absence of the cholesterol
provided by serum, endogenous cholesterol
biosynthesis in fibroblasts is required.
Many of the previously studied genes that
we observed to be regulated in this program
have no recognized role in any aspect of wound
healing or fibroblast proliferation. Their identification in this study may therefore point to
previously unknown aspects of these processes.
A few selected genes in this group are shown in
Fig. 5H. The stanniocalcin gene, for example
(Fig. 5H), encodes a secreted protein without a
clearly identified function in human cells (14,
15). Its induction in serum-stimulated fibro-
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Fig. 5. The transcriptional response to serum suggests a multifaceted role for fibroblasts in the
physiology of wound healing. The features of the transcriptional program of fibroblasts in response
to serum stimulation that appear to be related to various aspects of the wound-healing process and
fibroblast proliferation are shown with the same convention for representing changes in transcript
levels as was used in Figs. 2 and 4. (A) Cell cycle and proliferation, (B) coagulation and hemostasis,
(C) inflammation, (D) angiogenesis, (E) tissue remodeling, (F) cytoskeletal reorganization, (G)
reepithelialization, (H) unidentified role in wound healing, and (I) cholesterol biosynthesis. The
numbers in (C) and (G) refer to genes whose products serve as signals to neutrophils (C1),
monocytes and macrophages (C2), T lymphocytes (C3), B lymphocytes (C4), and melanocytes (G1).
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from G0 to a proliferating state. However, one
of the defining characteristics of genome-scale
expression profiling experiments is that the examination of so many diverse genes opens a
window on all the processes that actually occur
and not merely the single process one intended
to observe. Serum, the soluble fraction of clotted blood, is normally encountered by cells in
vivo in the context of a wound. Indeed, the
expression program that we observed in response to serum suggests that fibroblasts are
programmed to interpret the abrupt exposure to
serum not as a general mitogenic stimulus but
as a specific physiological signal, signifying a
wound. The proliferative response that we originally intended to study appeared to be part of a
larger physiological response of fibroblasts to a
wound. Other features of the transcriptional
response to serum suggest that the fibroblast is
an active participant in a conversation among
the diverse cells that work together in wound
repair, interpreting, amplifying, modifying, and
broadcasting signals controlling inflammation,
angiogenesis, and epithelial regrowth during
the response to an injury.
We recognize that these in vitro results
almost certainly represent a distorted and incomplete rendering of the normal physiological response of a fibroblast to a wound.
Moreover, only the responses elicited directly
by exposure of fibroblasts to serum were
examined. The subsequent signals from other
cellular participants in the normal woundhealing process would certainly provoke further evolution of the transcriptional program
in fibroblasts at the site of a wound, which
this experiment cannot reveal. Nevertheless,
we believe that the picture that emerged
strongly suggests a much larger and richer
role for the fibroblast in the orchestration of
this important physiological process than had
previously been suspected.
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