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Similar Transcriptomic Alterations in Cx43 Knockdown
and Knockout Astrocytes

DUMITRU A. IACOBAS, SANDA IACOBAS, MARCIA URBAN-MALDONADO, ELIANA SCEMES,
and DAVID C. SPRAY

Dominick P Purpura Department of Neuroscience, Albert Einstein College of Medicine, Bronx, New York, USA

Previous findings of widespread transcriptomic alteration in tissues from connexin null mice
raise the issue of whether the transcriptomic changes are directly due to connexin down-
regulation or to “compensatory” developmental alterations for the missing gene. To start
addressing this question, the authors compared with wild-type control the gene expression
profiles of connexin43 (Cx43) knockout and Cx43siRNA knockdown wild-type cortical astro-
cytes. Array analysis revealed remarkable parallelism of transcriptomic changes in knockout
and knockdown astrocytes, with similarly altered genes being located on all chromosomes and
encoding proteins involved in a wide diversity of cell functions. Moreover, gene expression
variability was analogously higher in Cx43 null and siRNA-treated astrocytes, and expression
interlinkages were similarly altered among a selected subset of genes. This highly significant
overlap between transcriptomic alterations in Cx43 knockout and knockdown astrocytes sug-
gests that the widespread changes more likely reflect connexin-dependent Gene Regulatory
Networks rather than developmental compensation for the missing gene.

Keywords Cx43 knockout, Cx43 siRNA, gene expression coordination, Gene Regulatory Network
(GRN), microarray, transcription factors

INTRODUCTION

Our previous studies on cortical astrocytes
(Iacobas et al. 2003a, 2004, 2007c), brain (Iacobas
et al. 2003b, 2005b, 2007b), and heart (Iacobas et al.
2003c, 2005a, 2005c; Kardami et al. 2007) of various
connexin (Cx) null mice have revealed significant
alterations of expression level, control, and coordi-
nation of a very large number of genes compared to
wild-type littermates. The regulated genes are found
on all chromosomes, and their protein products are
involved in numerous biological processes, being
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located in all cellular compartments and perform-
ing a wide diversity of molecular and physiologi-
cal functions. These results suggest the possibility
that some of the phenotype changes in the connexin
null animals may not only be attributable to altered
intercellular communication that gap junction chan-
nels ordinarily provide, but also to altered expression
of interlinked genes with very different biological
functions (Iacobas et al. 2007a; Spray and Iacobas
2007).

The question often arises, however, of the de-
gree to which “compensation” occurs in knockouts
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(Insel and Patel, 2007), such that gene regulation
depends on pathways altered to make up for the
missing gene rather than reflecting normal gene ex-
pression interlinkage. As an initial approach to ex-
plore this question in the Cx43 null setting, we have
compared transcriptomic alterations with respect to
wild-type cortical astrocytes (hereafter denoted by
WT) in Cx43 null astrocytes (KO) and WT astro-
cytes acutely treated (48 h) with Cx43 siRNA (SI).
Our findings indicate significantly similar transcrip-
tional changes in Cx43 KO astrocytes and those
treated acutely with siRNA, from which we infer that
such changes may play important roles both in dis-
orders related to hereditary connexin deficiency (for
reviews see Gerido and White 2004; Harris 2007;
Willecke et al. 2002) and in pathological settings in
which connexin expression is acutely, chronically, or
intermittently altered, such as myocardial infarction
(for reviews see Fishman 2005; Severs et al. 2006)
and multiple sclerosis (Brand-Schieber et al. 2005;
Roscoe et al. 2007).

METHODS

Cells

Cell Cultures

At the embryonic day 19 (E19) stage of preg-
nancy, cesarean sections (C-sections) were per-
formed on Cx43+/− C57Bl/6j mothers and brains
from each pup (4 Cx43 KO, 10 WT; genotypes de-
termined by polymerase chain reaction (PCR) of tail
DNA; Dermietzel et al. 2000) separately minced
in 500 µl of 0.05% trypsin-EDTA, transferred to
1.5 ml Eppendorf tubes containing 500 µl cul-
ture medium (Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 1%
penicillin-streptomycin, and spun down at 2000 rpm
for 10 min. Pellet was then resuspended in culture
medium and the cells were plated in 100-mm cul-
ture dishes and maintained in a humidified 5% CO2

incubator at 37◦C.

Cx43 siRNA Treatment

Astrocytes from four WT mice were separately
transfected with 20 µg of Cx43siRNACT2 con-
struct diluted in 1.5 ml of Opti-mem. The next day,
transfection medium was replaced by regular growth
medium. Forty-eight hours post transfection each
sample of SI astrocytes was split in two parts; the
protein was collected from 10% of the total num-
ber of cells to be tested for gene silencing effi-
ciency using Western blots and the total RNA was
collected from the rest for the microarray analy-
sis. Finally, we selected six dishes containing WT,
four KO, and four SI, astrocytes from as many E19
mice to be further analyzed. For these studies, we
used the Cx43 siRNA sequence CAATTCCTCCT-
GCCGCAAT that targets the carboxyl-terminal re-
gion. This siRNA sequence was the most effective
among the three others tested (not shown).

Western Blotting

Ten micrograms total protein from each SI sam-
ple was electrophoresed on 10% sodium dodecyl
sulfate–polyacrylamide in-house made minigels and
then transferred to nitrocellulose membranes, as
previously described (Suadicani et al. 2003). Af-
ter 30 min incubation with blocking solution (1×
Tris Buffered Saline [TBS] containing 5% dry non-
fat milk), blotting was performed by incubating
the membrane overnight at 4◦C using a polyclonal
rabbit anti-Cx43 antibody (181-A; 1:20,000, epi-
tope spanning amino acids 346 to 360, located at
the carboxyl-terminal region of Cx43; gift from
Dr. Hertzberg) and 1 h incubation with secondary
polyclonal goat anti-rabbit antibodies conjugated to
horseradish peroxidase (1:10,000). Immunopositive
bands were detected using the Amersham enhanced
chemiluminescence (ECL) detection kit (Amersham
Biosciences, Piscataway, NJ) and exposed on Ko-
dak x-ray film. The intensities of the bands were
analyzed using Scion NIH Image software (Scion,
Frederick, MD). Measured intensities for all ex-
periments were compared to the internal control
GAPDH.
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Microarray

RNA Extraction and Hybridization

Twenty micrograms total RNA extracted from
each culture dish containing WT, KO, or SI astro-
cytes was reverse transcribed in the presence of fluo-
rescent Alexa Fluor 647 (red) and Alexa 555 (green)-
aha-dUTPs to obtain labeled cDNAs (http://probes.
invitrogen.com/media/pis/mp32755.pdf). Red- and
green-labeled samples of biological replicas were
cohybridized (“multiple yellow” strategy; Iacobas et
al. 2006) overnight at 50◦C with aminosilane-coated
Corning glass slides printed with 32K selected
70-mer Operon mouse oligonucleotide sequences
(version 3.0) by the Microarray Core Facility
of the AECOM (http://microarray1k.aecom.yu.edu,
deposited as platform GPL5371 in http://www.ncbi.
nlm.nih.gov/geo). After washing (0.1% SDS and
20× Saline Sodium Citrate [SSC]) to remove the
nonhybridized cDNAs, each array was scanned at
750 V (635 nm) and 670 V (532 nm) with GenePix
4100B scanner (Axon Instruments, CA) and images
were primarily analyzed with GenePixPro 6.0 (Axon
Instruments, CA).

Data Processing

Locally corrupted and/or saturated spots as well
as those for which the foreground median fluores-
cence did not exceed twice the median local back-
ground fluorescence in at least one of the four biolog-
ical replicas were eliminated from the analysis. Data
were normalized through an in-house developed al-
gorithm (Iacobas et al. 2005b) that alternates intra-
chip with interchip normalization until the residual
error fell below 5% in subsequent steps. The com-
parisons of the transcriptomes were done as illus-
trated in Figure S1 and the expression ratios KO/WT
and SI/WT obtained for each quantified gene. In
addition to the expression regulation, we analyzed
for each group of samples the relative expression
variability (REV) and expression coordination (CO-
ORD) of both individual genes and gene cohorts.
GenMapp (Dahlquist et al. 2002) and MappFinder

Figure S1. The “multiple yellow” experimental design of the mi-
croarray experiment. WT = wild-type (untreated) astrocytes; KO
= Cx43 null astrocytes; SI = Cx43 siRNA-treated WT astrocytes;
KO/WT, SI/WT = expression ratio when comparing the indicated
types of astrocytes, with green and red background indicating the
labeled samples that were compared and the yellow background in-
dicating the average of the two comparisons; REV = analysis of rel-
ative expression variability; COORD = coordination analysis, both
within biological replicas.

software (www.genmapp.org; Doniger et al. 2003)
and databases were used to identify the most affected
GO (Gene Ontology) categories by Cx43 knockout
and knockdown.

Detection of Significantly Regulated Genes

Our method relies on both absolute fold-change
(>1.5×) and p value (<0.05) of the heteroscedastic
t test (two-sample unequal variance) applied to the
means of the background subtracted normalized flu-
orescence values in the four biological replicas of the
compared transcriptomes. p values were computed
with Bonferroni-type correction applied to the re-
dundancy group (i.e., set of spots probing the same
gene as previously described (Iacobas et al. 2005b).
Then, the statistical significance of the overlap of
the two regulomes (sets of the significantly regulated
genes) was determined by comparing the numbers of
genes found to be similarly or oppositely regulated
with the expected numbers obtainable by chance.
It should be noted here that the application of the
two quasi-independent criteria of fold-change and p
value considerably reduces the number of false pos-
itives that would be expected when applying either
fold-change or p value determinations alone. More-
over, the Bonferroni-type correction applied to the
redundancy groups avoids the ”multiple sampling”
problem (Draghici 2003).
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Analysis of Expression Variability

The relative estimated variability (REV) of the
transcript abundance among the biological replicas
was determined as the midrange of the χ2-estimate
of the coefficient of variability (Iacobas et al. 2003a).
Then, the genes were ordered with respect to de-
creasing variability so that the first percentile (or
gene expression stability score [GES] < 1) contains
the most unstably expressed and the 100th percentile
the most stably expressed genes. Further, REV anal-
ysis was used to evaluate the change of control strin-
gency induced by Cx43 knockout and knockdown
and GES analysis to identify the genes with major
changes in expression stability induced by Cx43 dis-
ruption or silencing.

Expression Coordination

Two genes were considered as synergistically ex-
pressed if their expression levels had a positive
covariance within biological replicas, as antagonisti-
cally expressed when they manifested opposite ten-
dencies (i.e., negative covariance), and as indepen-
dently expressed when their transcription levels were
not correlated (close to zero covariance). In the case
of four biological replicas, the (<0.05) cut-off for
synergism is pairwise Pearson correlation coefficient
ρ > 0.90, for antagonism ρ < −0.90 and for inde-
pendence |ρ| < 0.05. The set of correlation coeffi-
cients between the expression levels of a particular
gene and of each other gene within the biological
replicas forms the coordination profile of that gene.
Genes with striking similarity or opposition with re-
spect to the coordination profiles were termed “co-
ordination see-saws” (Iacobas et al. 2007b).

RESULTS

Efficiency of the Cx43 Knockdown

As presented in Figure 1, transfection of four
groups of WT astrocytes with the Cx43siRNA con-
struct led to the reduction of the Cx43 protein level

Figure 1. Efficiency of Cx43 siRNA treatment. (A) Western blot
showing expression level of Cx43 in untreated and siRNA-treated
cultured astrocytes. (B) Bar histogram showing the relative expres-
sion level of Cx43 in untreated and Cx43 siRNA-treated astrocytes
with respect to control astrocytes.

between 56% (siRNA2) and 99% (siRNA4), with an
average reduction of 78%. For comparison, the av-
erage reduction of Cx43 mRNA determined in these
samples using the microarrays was 70%.

Gene Expression Regulation

The microarray study was performed according
to the standards of the Microarray Gene Expres-
sion Data Society (MGED) and data complying
with the Minimum Information About Microar-
ray Experiments (MIAME; Brazma et al. 2001)
have been deposited in the National Center for
Biotechnology Information Gene Expression Om-
nibus database (http://www.ncbi.nlm.nih.gov/geo)
as series GSE8105.

Of the 8039 quantified genes in all three con-
ditions, 8.2% were up-regulated and 5.7% down-
regulated in KO and 6.2% up-regulated and 6.7%
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Figure 2. (A) Chromosomal distribution of the regulated genes.
Column height is proportional to the percent regulated of quantified
unigenes in each (1, . . . , 19, X, U = unknown) chromosome (neg-
ative for down-regulation) in the indicated sample with respect to
WT astrocytes. Note the lack of positional dependence of the regu-
lated genes in both Cx43 knockout and knockdown astrocytes. (B)
Percentages of genes regulated in KO that were similarly (SIM) or
oppositely (OPP) regulated in SI. Note that the number of similarly
regulated genes (SIM) exceeded significantly that of oppositely reg-
ulated (OPP) genes for all chromosomes except chromosome 12.

down-regulated in SI astrocytes. In addition to en-
coding proteins performing a wide diversity of func-
tions (see below), the regulated genes in both Cx43
KO and SI astrocytes were located on all chromo-
somes as presented in Figure 2A. This lack of as-
sociation of altered genes with a particular chromo-
some indicates that effects of both knockdown and
knockout are not due to bystander effects related
to chromosome location (see Cajiao et al, 2004) or
“passenger effects” of the transgene construct (see
Lusis et al. 2007).

Overlap of Cx43 Knockout and Knockdown
Regulomes

We found a significant overlap between the genes
that were significantly regulated in astrocytes from
Cx43 KO mice and in WT astrocytes following Cx43
silencing by Cx43 siRNA treatment. As shown in
Figure 2B, this overlap extends to genes located
on all chromosomes, with a remarkable degree of
similarity for all but chromosome 12, where there are
small but equal numbers of similarly and oppositely
regulated genes. Table 1 presents the most affected
GO categories that include genes similarly regulated
in KO and SI astrocytes with respect to WT. Note
that the most down-regulated biological processes
included those related to cell differentiation and pro-
liferation, possibly explaining the substantially lower
growth rate observed for KO astrocytes with respect
to wildtypes (e.g., Dermietzel et al. 2000; Iacobas
et al. 2003a; Naus et al. 1997), whereas several up-
regulated processes are related to programmed cellu-
lar death. Note also the wide range of affected path-
ways resulting from Cx43 knockout and knockdown,
including processes involved in transcription such as
polymerase activity.

We compared the overlap of significant up- and
down-regulated genes (Figure 3A, C) and plotted
the expression ratios of each gene in Cx43 KO
and siRNA-treated astrocytes against one another
(Figure 3B). With regard to overlap of significantly
regulated genes, 99 of 456 and 537 genes in KO
and siRNA-treated astrocytes were down-regulated
in both and 140 of 660 and 502 were significantly
up-regulated. Interestingly, fold-change of 91.6%
unigenes significantly regulated in both Cx43 KO
and SI astrocytes had the same orientation, indicat-
ing a significant (p < 10−300) bias toward similar
regulation (DD and UU in Figure 3C) as well as
significantly fewer opposite regulations (p = 2.5 ×
10−5 for DU and p = 4.4 × 10−6 for UD) when
compared with what was expected if the regulated
genes would be randomly selected with the same
prevalence as observed up- and down-regulated
genes in the two types of Cx43-deficient astrocytes.
Moreover, we found an overall high degree of
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TABLE 1 Examples of GO categogries (biological processes, molecular functions, and cellular locations) that were similarly regulated in
KO and SI astrocytes with respect to WT

GO ID GO Name z P

Down Both
6334 nucleosome assembly 8.04 0.000
6310 DNA recombination 4.61 0.002
7001 chromosome organization and biogenesis (sensu Eukaryota) 4.14 0.002

45944 positive regulation of transcription from RNA polymerase II promoter 3.65 0.011
9887 organ morphogenesis 2.97 0.009
8284 positive regulation of cell proliferation 2.89 0.012

30154 cell differentiation 2.83 0.005
16567 protein ubiquitination 2.76 0.029

7275 development 2.68 0.008
6260 DNA replication 2.07 0.076
3713 transcription coactivator activity 2.56 0.026
3676 nucleic acid binding 2.51 0.013
3677 DNA binding 2.31 0.032

786 nucleosome 10.29 0.000
785 chromatin 6.54 0.000

5694 chromosome 3.70 0.001

Up Both
6471 protein amino acid ADP-ribosylation 4.71 0.001
6915 apoptosis 4.55 0.000

42981 regulation of apoptosis 3.69 0.002
30324 lung development 3.33 0.022
43066 negative regulation of apoptosis 3.32 0.007
30326 embryonic limb morphogenesis 2.95 0.038

165 MAPKKK cascade 2.48 0.038
6916 anti-apoptosis 2.25 0.038
3887 DNA-directed DNA polymerase activity 4.27 0.007
3950 NAD+ ADP-ribosyltransferase activity 3.49 0.028
5669 transcription factor TFIID complex 3.65 0.021
5925 focal adhesion 3.19 0.021
5581 collagen 2.95 0.048
5634 nucleus 2.03 0.047

Note. Z scores and p values represent categories where regulation of genes within the category is significantly higher than expected by chance.

proportionality between the expression regulations
in KO and SI astrocytes with respect to WT as
illustrated in Figure 3B. Because this correlation
analysis is not restricted to the significantly altered
genes, the highly significant nonzero slope over the
entire range of expression levels reflects an overall
similarity in gene expression profiles between the
SI and KO transcriptomes.

Presumably, the large number and variety of al-
tered genes is orchestrated by the regulation of key
transcription factors. Consistent with this hypothe-
sis, we found that expression of 72 of the 104 quan-
tified transcription factor genes was altered in the
same direction in Cx43 KO and siRNA-treated as-

trocytes and had the same orientation with respect
to the WT. When the comparison was limited to the
genes that were significantly regulated in both, six
(Taf7, Usf2, Cops5, Phtf1, Rb1, Stat5b) out of seven
genes were found to be altered in the same direction,
with Sox7 being the single transcription factor with
opposite significant regulation in KO and SI.

The Similarity of Knockout and Knockdown
Transcriptomes Extends to Expression
Variability

In addition to the mean level of gene expression,
the variability of gene expression between biological
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Figure 3. Overlap of expression regulation. (A) Venn diagrams showing the number of down- and up-regulated genes in KO and SI, as well as
the number of genes that were similarly regulated in both conditions. (B) Log-log plot of the expression ratios obtained in Cx43 siRNA-treated
astrocytes (SI) against expression ratios obtained in Cx43 KO astrocytes (KO); both ratios were computed with respect to that of wild-type
astrocytes (WT). Note the significant non-zero slope of the linear regression, indicating significant (p < 0.0001) positive correlation between
the two sets of expression ratios. (C) Expected (gray bars) and observed (white bars) numbers of similarly and oppositely regulated genes.
First D/U indicates down/up-regulation in KO (first letter) or SI (second) astrocytes. Note the significant difference between the predicted and
observed numbers of regulated genes in each class, indicating that similarity between the two treatments are not due to chance.

samples provides a parameter by which genotypes
can be compared. Higher variability presumably re-
flects less stringent transcriptional control, whereas
lower variability is interpreted as reflecting tighter
control. As illustrated in Figure 4A, we found that
relative expression variability of genes in KO and SI
were both significantly increased compared to that
of WT (by 20% in the case of KO and by 19% for
SI). Moreover, we found a remarkable proportion-
ality between the changes in the hierarchy of gene
transcription control (measured by the alteration of
the GES scores) as illustrated in Figure 4B. Thus,
this analysis indicates that Cx43 KO and SI astro-

cytes had very similar and significant overall loss of
transcription control.

Gene Expression Interlinkages Are Similar
in Cx43 Knockout and Knockdown Astrocytes
and Differ Strikingly from Wild-Types

The variability in gene expression levels in astro-
cytes from different mice allows coordination anal-
ysis between pairs of genes. Gene pairs with signif-
icant pairwise Pearson correlation coefficients thus
are coordinated with regard to their expression levels
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Figure 4. Overlap of expression variability regulation and changes
in transcription control priorities. (A) Box charts of relative expres-
sion variability (REV) of genes within the three types of astrocytes.
Note the p values of the hypothesis regarding the equality of the indi-
cated rev averages. (B) Linear regression of the changes in hierarchy
of transcription control in KO and SI with respect to WT astrocytes.
Note the significant non-zero slope.

and are interlinked within the network. In order
to evaluate whether such interlinkages were altered
similarly in Cx43 KO and SI astrocytes we ana-
lyzed the expression intercoordinations within the
three types of astrocyte samples among genes of
the most affected GO categories. Here, we illustrate
the remodeling of the regulatory network for eight
genes related to polymerase III and of transforma-

tion/transcription domain-associated protein (Trrap)
and GCN5 general control of amino acid synthesis-
like 2 (Gnc5l2), recently reported as used by c-Myc–
binding protein (Mycbp) to activate pol III transcrip-
tion of tRNA and 5S rRNA genes (Kenneth et al.
2007). In WT astrocytes (Figure 5A), we observed
only one positive coordination (“synergism”) be-
tween BRF2, a subunit of RNA polymerase III tran-
scription initiation factor and polymerase (RNA) III
(DNA directed) polypeptide G like (Polr3gl) and no
negative antagonistic coordinations, i.e., <2% coor-
dination. By contrast, expression coordinations were
much more common in Cx43 KO (17 synergisms +
9 antagonisms, i.e., >47% coordination) and SI (13
synergisms + 8 antagonisms, i.e., >38% coordina-
tion) astrocytes (Figure 5B, C). The overlap between
the last two conditions is striking, with eight com-
mon synergisms, eight common antagonisms, and
no oppositions; moreover, in all cases where coor-
dinations were significant in one sample but not in
the other, orientation was the same in both. Thus, the
architecture of the astrocyte Gene Regulatory Net-
work is substantially altered in both Cx43 KO and
SI astrocytes, and alterations in network connectivity
produced by both manipulations are similar.

Similar “See-Saw” Partners of Key Genes from
the Polymerase III Cluster in Cx43 Knockout
and Knockdown

An alternative method by which to analyze coor-
dination throughout the Gene Regulatory Network
is to compare coordination profiles of one gene with
all others. Such analysis has identified certain gene
pairs with very similar coordination with all other
genes. We have termed such gene pairs “see-saw”
partners, both in recognition of the appearance of
the graphs and to denote the strength of their syner-
gistic and antagonistic relationships (Iacobas et al.
2007a, 2007b; Spray and Iacobas 2007). We have
identified the “see-saw” partners within the poly-
merase III cluster for each type of astrocytes by
comparing the correlation of expression levels of
three selected partners (Polr3K compared to Brf2
and Brf1) with each other gene from the sampled
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Figure 5. Remodeling of gene interlinkages. Note the lack of interlinkage between the genes in WT genotype and their presence in SI and
KO. Of note is the similar remodeling of gene interlinkages within the polymerase III cluster induced by knockdown and knockout. Red lines
indicate significant synergistic expression of the connected genes and blue lines indicate antagonistic expression. Genes: Brf1 = BRF1 homolog,
subunit of RNA polymerase III transcription initiation factor IIIB (S. cervisiae); Brf2 = BRF2, subunit of RNA polymerase III transcription
initiation factor, BRF1-like; Gcn512 =GCN5 general control of amino acid synthesis-like 2 (yeast); Mycbp = c-myc–binding protein; Polr3b
= polymerase (RNA) III (DNA directed) polypeptide B; Polr3c = polymerase (RNA) III (DNA directed) polypeptide C; Polr3e = polymerase
(RNA) III (DNA directed) polypeptide E; Polr3f = polymerase (RNA) III (DNA directed) polypeptide F; Polr3gl = polymerase (RNA) III
(DNA directed) polypeptide G like; Polr3K = polymerase (RNA) III (DNA directed) polypeptide K; Trrap = transformation/transcription
domain-associated protein.

transcriptome (8039 unigenes). This analysis dis-
closed a significant overlap of these partnerships
between KO and SI but not between WT and KO
or WT and SI (as illustrated in Figure 6). Thus, for
these genes in both KO and SI astrocytes, Brf2 ex-
hibits very similar relationships to all other genes
compared to Polr3k, whereas Brf1 exhibits opposite
coordinations. These close similar and opposite rela-
tionships are much less prominent in WT astrocytes.

DISCUSSION

Overlap of Transcriptomic Changes

Gene expression profiling provides a highly sensi-
tive method for comparing large fractions of the tran-
scriptome of cells and tissues from various sources.
Not only can transcript abundance be quantified for
all genes under different experimental conditions,

Figure 6. Overlap of coordination profiles. Plots of correlation coefficients between the expression levels of the indicated genes with each
other genes within the biological samples of the indicated samples (WT, KO, and SI). Note the striking similarity of the coordination profile
of Polr3k with that of Brf2 and the striking opposition with Brf1 in both Cx43 null (KO) and Cx43siRNA (SI) astrocytes and the differences
with regard to wildtype (WT) astrocytes.
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but also data from multiple biological replicas of dif-
ferent samples allow calculation of variability within
each group of replicas, thus revealing through corre-
lation analysis the interlinkages comprising the Gene
Regulatory Networks and determining whether such
interlinkages are modified by treatment.

A difficulty in interpreting transcriptomic results
consisting of such large numbers of gene expres-
sion values is to quantitatively establish similarities
or differences between data sets. We show here that
expression levels of a large number of genes are al-
tered in both Cx43KO astrocytes and those treated
with Cx43 siRNA and that the overlap between up-
and down-regulated genes in both conditions is much
higher than predicted by chance. Moreover, the num-
ber of observed opposite regulations is significantly
smaller than predicted by chance. In addition, when
expression levels of each gene are plotted against
each other from siRNA-treated and Cx43 KO astro-
cytes, they are found to covary over the entire range,
indicating that overlap is not confined to the signif-
icantly altered genes, but that the entire transcrip-
tomes are similar.

Both knockout and knockdown methods targeted
a single gene (Gja1, encoding the gap junction pro-
tein connexin43). However, we found that regulated
genes in both Cx43 KO and SI astrocytes were lo-
cated on all chromosomes and that functions of
the proteins encoded by the regulated genes in-
clude a wide diversity of physiological and cellu-
lar processes. As pointed out in previous studies on
Cx43 null brain (Iacobas et al. 2003b, 2003c, 2005b,
2007a, 2007b; Spray and Iacobas 2007), heart (Ia-
cobas et al. 2003b, 2003c, 2005a, 2005c), and as-
trocytes (Iacobas et al. 2003a, 2004, 2007c), the
finding that ablation of a single gap junction gene
regulates numerous other genes clearly indicates the
major role played by interlinkages of these genes to
those encoding gap junction proteins. In the present
study, we found that such interlinkages are also
present in astrocytes in which expression of Cx43
was acutely reduced (knockdown) by transfection
with Cx43siRNA, and that alterations in gene ex-
pression compared to WT were remarkably similar
in both KO and SI astrocytes.

Analysis of variations in gene expression among
biological samples revealed a global increase in vari-
ation in both Cx43 KO and siRNA-treated astro-
cytes of about 20% compared to wild-types. More-
over, the slope of the expression stability deviation
in Cx43siRNA-treated with respect to WT astro-
cytes plotted against the deviations in Cx43 null
with respect to WT was highly significantly nonzero,
providing further evidence for a transcriptome-wide
similarity between Cx43 KO and SI astrocytes.

Finally, we used correlation analysis within the
most affected GO categories to determine whether
the Gene Regulatory Networks were similarly af-
fected in Cx43 KO and SI astrocytes. This analysis
(illustrated for the cluster of polymerase III and two
of its main regulators) revealed that in both groups of
Cx43 deficient astrocytes, there were abundant inter-
linkages not seen in WT and that these interlinkages
were similar in KO and SI astrocytes.

In summary, analyses of these three independent
parameters of gene expression all demonstrate a high
degree of similarity between Cx43 KO and siRNA-
treated astrocytes. To be sure, such similarity is not
absolute, such that many other genes display differ-
ences in their expression variability and coordination
comparing Cx43 KO and SI astrocytes. The extent to
which such deviation represents compensatory ad-
justments in Cx43 KO astrocytes or effects of vec-
tor or other factors accompanying transfection with
siRNA is currently being explored.

Hits and Misses of the RNAi Systems

The RNAi method was developed as an alter-
native to the costly and time-consuming technique
of homologous recombination to disrupt expres-
sion of selected genes. In contrast to the knock-
out technique, RNAi treatment achieves loss-of-
function phenotypes without removing the targeted
gene. Thus, the transient nature of the knockdown
with siRNA (DeSouza et al. 2006) allows restora-
tion of the expression of the endogenous gene once
the RNAi vector is silenced or removed (Voorhoeve
and Agami 2003). In addition to the simplicity and
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cost-effectiveness, the knockdown strategy is acute,
thereby avoiding developmental tissue malforma-
tions such as occur in the heart in Cx43 null mice
(Reaume et al. 1995).

A few previous behavioral and genomic stud-
ies have compared the effects of knocking-out and
knocking-down particular genes, and these studies
have revealed both similarities and differences in
the consequences of the two methods (see DeSouza
et al. 2006). A major technical difference is that the
knockdown does not disrupt completely the gene ex-
pression (such as in our experiment where the Cx43
protein and mRNA level were reduced by 70% to
78%, and in the De Souza et al report, where levels
of targeted RNA varied from minimal alteration to
80% reduction). The lack of uniformity in silencing
Cx43 among the biological replicas in our study ex-
panded the range over which coordinated expression
could be evaluated, thereby increasing the accuracy
of the coordination analysis. It should be noted here
that previous comparison of Cx43 heterozygous and
null brains (Iacobas et al. 2005b) revealed similar
alterations in gene expression patterns, differing pri-
marily in larger magnitudes of alterations in KO than
heterozygotes.

In our study, we have compared astrocytes cul-
tured for almost two weeks after isolation from peri-
natal wildtype and Cx43 null mice with wildtype
astrocytes maintained in culture for the same period
but transfected for 48 hr with Cx43 siRNA, at time
at which Cx43 expression was found to be max-
imally reduced by the siRNA. The results of this
comparison indicate significant similarities between
transcriptomes of SI and KO astrocytes as com-
pared to WT, from which we conclude that transcrip-
tomic changes in the Cx43 null mice are not simply
due to developmental compensation for the missing
gene. We acknowledge that additional experiments
are necessary in order to rigorously establish the pre-
cise Gene Regulatory Networks involving Cx43 and
their activation and inactivation kinetics. It would
thus be desirable to quantify such gene interlinkages
both at steady state and as changes resulting from
perturbations evolve in response to temporally con-

trolled Cx43 activation and inactivation. It will also
be necessary to evaluate the impact of transfection
with vector alone (as we have done previously: Ia-
cobas et al. 2002) or with scrambled construct and
to reintroduce Cx43 into the Cx43 null astrocytes.

Although the comparison reported here represents
a single time point and therefore provides no infor-
mation regarding sequence of gene alterations, the
highly significant overlap that we observed not only
in the regulated pattern but also in the changes in
expression variability and coordination supports the
conclusion that the gene interlinkage rather than the
developmental compensatory mechanisms are re-
sponsible for the transcriptomic alterations in the
Cx43 null astrocytes.
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