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Abstract

We found previously that the Chlamydomonas HSP70A promoter
counteracts transcriptional silencing of downstream promoters in

a transgene setting. To elucidate the underlying mechanisms, we
analyzed chromatin state and transgene expression in transformants
containing HSP70A-RBCSZ2-ble (AR-ble) constructs harboring
deletions/mutations in the A promoter. We identified histone
modifications at transgenic R promoters indicative for repressive
chromatin, i.e. low levels of histone H3/4 acetylation and H3-lysine
4 trimethylation and high levels of H3-lysine 9 monomethylation.
Transgenic A promoters also harbor lower levels of active chromatin
marks than the native A promoter, but levels were higher than those
at transgenic R promoters. Strikingly, in AR promoter fusions, the
chromatin state at the A promoter was transferred to R. This effect
required intact HSE4, HSE1/2 and TATA-box in the A promoter

and was mediated by heat shock factor (HSF1). However, time-
course analyses in strains inducibly depleted of HSF1 revealed

that a transcriptionally competent chromatin state alone was not
sufficient for activating the R promoter, but required constitutive
HSF1 occupancy at transgenic A. We propose that HSF1 constitutively
forms a scaffold at the transgenic A promoter, presumably containing
mediator and TFIID, from which local chromatin remodeling and
polymerase II recruitment to downstream promoters is realized.

INTRODUCTION

The capability of eukaryotic cells to dynamically change the level of
chromatin condensation—from unpacking large chromosomal regions
down to the repositioning of individual nucleosomes—has enabled them
to regulate gene expression at a level unknown to prokaryotes (1). Such
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changes in chromatin structure are largely mediated by a plethora of
post-translational modifications that occur mainly at the N-terminal
tails of core histones H3 and H4 and at the N- and C-terminal tails of
core histones H2A and H2B (2-4). Regulation of gene expression at
the chromatin level often becomes evident and problematic when one
attempts to express transgenes at ectopic sites within the genome. At
such sites, transgenic promoters might not be accessible to transcription
factors because of repressive chromatin structures at the integration
site (5). This problem is particularly evident in Chlamydomonas
reinhardtii, where histone modifications characteristic for active
chromatin are low (~20% H3 acetylation), whereas those typical for
inactive chromatin are high [~80% monomethylation of lysine 4 at
histone H3 (H3K4)] (6,7).

Transgenes may also become actively silenced by protein factors that
place specific histone modifications onto nucleosomes at the transgene
loci to trigger chromatin compaction—a mechanism that may have
evolved to protect the genome from invading DNA (8). Several such
factors have been identified in Chlamydomonas: one of them is MUT11,
a homolog of human WDR5, which presents lysine 4 at histone H3
(H3K4) for methylation (9). In mutl1 knock-out strains single-copy
transgenes and dispersed transposons became activated (10). MUT11
was shown to interact with SET domain histone methyltransferases
and RNAi-mediated suppression of SET1p, a trithorax-like H3K4
histone methyltransferase, resulted in a reduction of levels of H3K4
monomethylation, a histone mark associated with transcriptionally
repressed loci (6). Another factor is the SU(VAR)3-9-related protein
SET3p. Suppression of SET3p by RNAIi released the transcriptional
silencing of tandemly repeated transgenes and correlated with a
partial loss of levels of monomethylated lysine 9 at histone H3 (H3K9),
whereas repressed, single-copy euchromatic transgenes and dispersed
transposons were not reactivated (11). Again another factor is the
MUT9p kinase that phosphorylates threonine 3 at histone H3 and
residues at histone H2A and is required for long-term, heritable gene
silencing (8). Furthermore, the Chlamydomonas enhancer of zeste
homolog (EZH) catalyzes methylation of lysine 27 at histone H3. RNAi-
mediated suppression of EZH in Chlamydomonas resulted in a global
increase in levels of histone H3K4 trimethylation and H4 acetylation,
both characteristic for active chromatin, thus leading to the release

of retrotransposons and of silenced, tandemly repeated transgenes
(12). Finally, Yamasaki et al. (13) found that silencing of a transgenic
Rubisco small subunit 2 (RBCS2) promoter, driving the expression of an
inverted repeat construct, was associated with low levels of histone H3
acetylation and high levels of H3K9 monomethylation at the transgenic
promoter. Deletion of the Elongin C gene, which is a component of some
E3 ubiquitin ligase complexes, released silencing of the transgenic
RBCS2 promoter. The activated promoter was characterized by high
levels of H3 acetylation and low levels of H3K9 monomethylation (14).

In contrast to the many factors identified that mediate (trans)gene
silencing, only little is known about factors counteracting transgene
silencing. More by chance we have identified a system that seems to be
capable of counteracting transgene silencing: the Chlamydomonas heat
shock protein 70A (HSP70A) promoter. When transgene expression is
driven directly by the HSP70A (A) promoter, or when the A promoter
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is fused upstream of other Chlamydomonas promoters, transgene
expressing Chlamydomonas transformants are found at high frequency
(15,16). In fact, the HSP70A-RBCS2 promoter fusion (AR) turned out

to be the most efficient of several promoter fusions tested and today
probably is the most frequently used promoter for transgene expression
in Chlamydomonas (17-27). Moreover, the AR promoter seems to be
functional also in other microalgae (28,29).

To understand the mechanism underlying the activating effect of the

A promoter on other promoters, we used the bacterial resistance

gene ble, conferring resistance to zeocin (30). When directly selecting
for zeocin resistance, we observed that transformation rates were
more than doubled if the ble gene was driven by an AR promoter
fusion compared with the R promoter alone. Surprisingly, average ble
transcript levels in transformants generated with either construct were
the same. This apparent contradiction was resolved in experiments
where (A)R-ble constructs were co-transformed with the ARG7 gene,
and selection was on arginine prototrophy. Here, the fraction of co-
transformants expressing the R-ble construct was only 20%, whereas
that expressing the AR-ble construct was 64% (31). Hence, increased
(co-)transformation rates resulted from the ability of the A promoter to
counteract transcriptional gene silencing of the R-ble transgene.

Two regions within the A promoter were mapped that independently
counteract R-ble transgene silencing: a proximal region confined to
nucleotides —22 to —285 relative to the translational start codon and a
distal region located upstream of position —285 (31) (Figure 1A). While
the proximal region exhibits a strong spacing dependence toward the
R promoter, the distal region seems to act spacing-independent. Using
DNasel hypersensitivity assays at the native HSP70A gene locus, two
strong, constitutive DNasel hypersensitive sites were mapped to heat
shock element 1 (HSE1)/TATA-box and to HSE4 in the proximal and
distal HSP70A promoter, respectively (33) (Figure 1A), suggesting that
protein factors constitutively occupying these sequence motifs might
be mediating the anti-silencing effect. Various A promoter deletion/
mutation constructs revealed that the anti-silencing effect indeed largely
depended on functional HSE4 in the distal and functional HSE1/2 and
TATA-box in the proximal region. Moreover, the ability of the mutated/
deleted HSP70A promoter to exert the anti-silencing effect correlated
with its ability to confer heat shock inducibility to the ble reporter
gene (34). Hence, it seemed likely that the anti-silencing effect of the A
promoter was mediated by heat shock transcription factors (HSFSs).

Figure 1.

Regions amplified from chromatin immunoprecipitates by gPCR and
HSP70A promoter mutation/deletion constructs used in this study.
Schematic drawings of the native HSP70A gene (black) (A), the native
RBCS2 gene (grey) (B) and the ble transgene (white) driven by the
HSP70A-RBCS2 tandem promoter (C). Non-coding regions are drawn
as thin lines, coding regions as boxes. Thin-lined arrows indicate
transcriptional start sites (+1), of which the HSP70A promoter has
two (32). RBCS2 promoter deletion end points are given relative to the
transcriptional start site. Large arrows mark the positions of DNasel
hypersensitive sites (HSS) as detected previously (33). Sequence motifs
highlighted are CCAAT-boxes (C), inverted CCAAT-boxes (C;), HSEs
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(black boxes with roman numbers) and a TATA-box (T, small black box).
Black lines on top of the promoters designate the regions amplified by
qPCR. (D) Overview of HSP70A promoter variants fused upstream of
the RBSCZ2 promoter. HSP70A (A) promoter sequences are situated with
optimal spacing upstream of the RBCS2 (R) promoter in all constructs
except for those designated NOS (non-optimal spacing), which contain
a 4-bp deletion (in lower case) in the GCTAGCttaaGAT Nhel-AflII linker
between both promoters (31). HSP70A promoter deletion end points are
given relative to the translational start codon. The transcriptional start
site indicated (+1) is that of promoter P,; situated 89-bp upstream of
the translational start codon (32). Light grey boxes designate mutated
motifs with nucleotide substitutions as described earlier (34).

Two HSFs, termed HSF1 and HSF2, are encoded in the Chlamydomonas
genome (35). In contrast to HSF2, HSF1 is a canonical HSF that
combines properties typical for plant HSFs (heat shock inducibility,

high sequence similarity to class A plant HSFs) with those typical for
yeast HSF (constitutive trimerization, large size). HSF1-RNAi strains
were unable to induce the expression of heat shock genes and proteins
and were highly thermosensitive, thus indicating that HSF1 is a key
regulator of the stress response in Chlamydomonas (36).

Chromatin immunoprecipitation (ChIP) experiments revealed that
(increased) binding of HSF1 to its target promoters after heat shock
resulted in increased acetylation of histones H3 and H4, followed by
nucleosome eviction and transcriptional activation (37). The A promoter
also under non-stress conditions was found to be in a particularly open
chromatin state, as judged by high levels of histone H3/4 acetylation
and low nucleosome occupancy. This constitutively open chromatin
state seems to be mediated by HSF1, as H3 acetylation levels at the

A promoter were significantly reduced in HSF1-RNAi/amiRNA strains
compared with wild-type strains (37). Hence, it seems possible that this
open chromatin state spreads from the A promoter into its close vicinity
and thereby counteracts the silencing of downstream promoters, as
suggested previously (31).

In this work, we show that in a transgene setting the A promoter
indeed realizes a transcriptionally more competent chromatin state at
the downstream R promoter, as judged from elevated levels of H3/4
acetylation and H3K4me3—both characteristic for active chromatin—
and reduced levels of H3K9mel indicative for repressive chromatin.
Surprisingly, this is not sufficient for their activation by the transgenic
A promoter. Rather, constitutive HSF1 occupancy at the A promoter is
essential for R promoter activation, presumably mediated by the ability
of HSF1 to organize a scaffold from which the R promoter is supplied
with RNA polymerase II.

MATERIALS AND METHODS

Strains and cultivation conditions

C. reinhardtii strains cw15-302 (cwq, mt*, nit1~, arg7") and cw15-325
(cwg, mt*, arg7”), both kindly provided by R. Matagne, University of
Liége, Belgium, were used as recipient strains for co-transformation.
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Strain cw15-302 was used for the experiments presented in Figures
2-5, and strain cw15-325 for those presented in Figures 6 and 7.
Cells, supplemented with 50 pg/ml of arginine if required, were grown
photomixotrophically to a density of 4-7 x 10° cells/ml in Tris-acetate-
phosphate (TAP) medium (38) on a rotary shaker at 24°C and ~30 pE
m~?s™'. (Co-)transformations were done with 1 x 10° cells using the
glass beads method (39) or electroporation (40). pCB412, containing
the wild-type ARG7 gene, was linearized with EcoRI, pHyg3 (41) with
HindIII and (A)R-ble constructs with Ncol. For co-transformation
experiments, 200 ng of plasmid containing the selection marker
(pCB412 or pHyg3) and 1 ug of the (A)R-ble constructs were used.
Immediately after vortexing with glass beads or electroporation, cells
were spread on TAP agar plates. Plates were supplemented with 10
pg/ml of hygromycin when cw15-325 strains, already containing the
pNIT1-HSF1-amiRNA construct (42), were co-transformed. For direct
transformation of the latter strains with (A)R-ble constructs, cells after
electroporation were directly spread onto TAP agar plates supplemented
with 5 pg/ml of zeocin.

Figure 2.

Mutation/deletion of HSEs or TATA-box in the HSP70A promoter impairs
its activating effect on R-ble transgene expression. (A) Spot test to
determine the fraction of zeocin-resistant co-transformants. Pools of

at least 200 co-transformants generated with the constructs indicated
were grown in TAP medium and spotted on TAP-agar plates lacking
zeocin (TAP) or supplemented with 1.5 pg/ml of the drug (TAP,.,). (B)
Quantification of survival rates. Spots on zeocin-containing TAP agar
plates were quantified by densitometry. Shown are averages and SEM
(n = 2-3). Asterisks indicate the significance as determined by the

All Pairwise Multiple Comparison Procedure (Fisher LSD Method)

after successful ANOVA (P < 0.001). (C) Relative content of transgenic
DNA in co-transformant pools. Relative copy numbers of transgenic
constructs were determined by qPCR on extracted total DNA. Each
diamond represents an independent experiment analyzed in triplicate.
(D) Accumulation of ble mRNA relative to transgenic DNA in co-
transformant pools. ble mRNA levels were quantified relative to those
of CBLP2 by qRT-PCR, first normalized by the transgenic DNA content
determined in (C), and subsequently to the normalized value determined
for the co-transformant pool generated with R-ble. Error bars represent
standard errors of two to three biological replicates, each analyzed

in triplicate. Letters indicate the significance as determined by the
Fisher LSD Method after successful ANOVA (P < 0.001). a, significant
difference to R-ble; b, significant difference to A(a.s5)-R-ble.

Figure 3.

Mutating HSE1/2 or the TATA-box in the full-length HSP70A promoter
impairs its activating effect on R-ble transgene expression. Black bars
indicate relative ble mRNA levels in co-transformant pools determined
by qRT-PCR as described in Figure 2D. Error bars represent standard
errors of two biological replicates, each analyzed in triplicate. Grey bars
indicate survival rates of co-transformant pools determined as described
in Figure 2A and B. Shown are averages and SEM (n = 2). Asterisks
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indicate the significance as determined by the Multiple Comparisons
versus Control Group (Holm Sidak Method) after successful ANOVA (P <
0.001) compared with A(ag43)-R-ble.

Figure 4.

Effects of variants of the distal HSP70A promoter on histone
modifications at transgenic HSP70A and RBCS2 promoters. (A) Proximal
and distal HSP70A promoter elements mediate increased levels of H3
acetylation at transgenic promoters. Chromatin fragments precipitated
from co-transformant pools with antibodies against acetylated lysines
9 and 14 of histone H3 were quantified by qPCR. The enrichment
relative to 10% input DNA was normalized with respect to histone H3
occupancy at the respective region (Supplementary Figures S3A-C). Values
for each region investigated were normalized to that obtained for

the native CYC6 promoter. Error bars indicate standard errors of two
biological replicates, each analyzed in triplicate. Asterisks indicate the
significance as determined by the Holm-Sidak method after successful
ANOVA (P < 0.001). Circles indicate the significance of differences
relative to co-transformant pools generated with the A .,g5-R-ble
construct (transgenic A promoters) or the R-ble construct (transgenic
R promoters). The label ‘native’ refers to the native HSP70A or RBCS2
promoter in the strains bearing the indicated transgenes. (B) Proximal
and distal HSP70A promoter elements mediate increased levels of H4
acetylation at transgenic promoters. ChIP was done using antibodies
against acetylated lysines 5, 8, 12 and 16 of histone H4. Normalization
was done as in (A). (C) Levels of H3K4 monomethylation at transgenic
promoters are not affected by any motifs within the HSP70A promoter.
ChIP was done using antibodies against monomethylated lysine 4 at
histone H3 (H3K4mel). Normalization was done as in (A). (D) Levels
of H3K4 dimethylation at transgenic promoters are not affected by any
motifs within the HSP70A promoter. ChIP was done using antibodies
against dimethylated lysine 4 at histone H3 (H3K4me2). Normalization
was done as in (A). (E) The distal HSP70A promoter element mediates
increased levels of H3K4 trimethylation at transgenic promoters. ChIP
was done using antibodies against trimethylated lysine 4 at histone H3
(H3K4me3). Normalization was done as in (A), but using qPCR data
from the native PSAD promoter. (F) Levels of H3K9 monomethylation
at transgenic RBCS2 promoters are reduced by the proximal HSP70A
promoter. ChIP was done using antibodies against monomethylated
lysine 9 at histone H3 (H3K9mel). Normalization was done as in (A), but
using gPCR data from telomere flanking region 1 (TFR1).

Figure 5.

Effects of variants of the proximal HSP70A promoter on histone
modifications at transgenic HSP70A and RBCS2 promoters. (A)
Optimal spacing and intact HSE2 and TATA-box in the proximal
HSP70A promoter are essential for mediating increased H3 acetylation
at transgenic promoters. Quantification of precipitated chromatin
fragments and significance tests were done as described in Figure 4A
using data on nucleosome occupancy shown in Supplementary Figures

S3D and S3E. (B) Optimal spacing and intact HSE2 and TATA-box in the
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proximal HSP70A promoter are essential for mediating increased H4
acetylation at transgenic promoters. ChIP was done using antibodies
against acetylated lysines 5, 8, 12 and 16 of histone H4. Normalization
was done as described in Figure 4A. (C) Optimal spacing but not intact
HSE2/TATA-box are required for reducing H3K9 monomethylation
levels at transgenic promoters. ChIP was done using antibodies against
monomethylated lysine 9 at histone H3 (H3K9mel). Normalization was
done as described in Figure 4F.

Figure 6.

HSF1 counteracts transcriptional transgene silencing. (A) Inducible
downregulation of HSF1 in co-transformant pools generated with R-
ble and AR-ble constructs. Constructs R-ble and A .g43)-R-ble were
co-transformed with the aph7”’ gene into strains already containing
an HSF1-amiRNA construct under control of the NIT1 promoter. Co-
transformant pools were grown for 48 h in medium containing NH,Cl
or KNOj;. Whole-cell proteins corresponding to 2 pg chlorophyll were
separated by SDS-PAGE and analyzed by immunoblotting. Shown is a
typical experiment with HSF1-amiRNA strain #5 as background. (B)
Spot test to determine the fraction of zeocin resistant co-transformants.
Co-transformant pools were grown in NH,- or NO;-containing medium
and spotted on plates with the respective nitrogen source lacking
(TAP) or containing (TAP,.,) 5 ng/ml zeocin. (C) Quantification of
survival rates. Spots on zeocin-containing TAP agar plates were
quantified by densitometry. Shown are averages and standard errors
from three independent co-transformant pools generated with HSF1-
amiRNA strains #5, #7 and #22 as recipients. Asterisks indicate the
significance as determined by the Fisher LSD Method after successful
ANOVA (P < 0.001). (D) Analysis of relative changes in ble mRNA
levels upon depletion of HSF1 in single-clone transformants. R-ble
and A .s13-R-ble constructs were transformed into a control strain
(black) and into HSF1-amiRNA strains #7 (dark grey) and #22 (light
grey) and directly selected for resistance to zeocin. Relative fold
changes in ble mRNA levels in cells shifted from NH,- to NO;-containing
medium for 48 h were quantified by qRT-PCR with CBLPZ2 as control.
Error bars indicate standard errors from experiments done with

two independent transformants in the two strain backgrounds, each
analyzed in triplicate. Whole-cell proteins extracted in parallel were
analyzed by immunoblotting as described in (A). Asterisks indicate the
significance as determined by the Holm-Sidak method after successful
ANOVA (P < 0.001).

Figure 7.

Time course analysis of the sequence of events at transgenic HSP70A
and RBCS2 promoters during HSF1 depletion. (A) Transgene expression
is affected already 6 h after shifting to nitrate. Cells from two individual
HSF1-underexpressing transformants (in HSF1-amiRNA strain #7)
harboring the A g43)-R-ble construct were shifted from from NH,-

to NO;-containing medium and ble mRNA levels were quantified

by qRT-PCR as described in Figure 2D. Shown are fold changes in
transcript accumulation relative to the non-shifted state. Values derive
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from two biological replicates, each analyzed in triplicate. Error bars
indicate standard errors. (B) HSF1 occupancy at transgenic HSP70A
and RBCS2 promoters declines already 6 h after shifting to NOs.
Transgenic promoters HSP70A (black bars) and RBCS2 (grey bars)
were precipitated with affinity-purified antibodies against HSF1 and
quantified by qPCR. The enrichment relative to 10% input DNA was
normalized to the values obtained for the CYC6 promoter. Values derive
from two biological replicates, each analyzed in triplicate. Error bars
indicate standard errors. The inset shows an immunoblot analysis

of HSF1 levels in the time-course samples that was carried out as
described in Figure 6A. (C) Levels of histone H4 acetylation at the
transgenic HSP70A and RBCSZ2 promoters decline slowly. ChIP was
done as described in (B) but using antibodies against acetylated lysines
5, 8, 12 and 16 of histone H4. Values were normalized to histone H3
occupancy data as shown in Supplementary Figure S3F. (D) Graphical
overview of results. The data from (A-C) are given as percent of the
respective maximal values.

Spotting test to compare relative resistances to

zeocin

Cells were cultured in liquid TAP medium to a density of ~5 x 10° cells/
ml, and 10° cells were spotted on TAP agar plates supplemented with
1.5 pg/ml of zeocin (for cw15-302) or 5 pg/ml of zeocin (for cw15-325).
Then the plates were incubated for 7-10 days under constant white
fluorescent light at 24°C and ~30 pE m *s™". Cell growth on TAP-agar
plates was quantified by densitometry using the Quantity One-4.5.1
program (Bio-Rad).

Plasmid constructions

The generation of constructs R-ble, A 2s5-R-ble, Anassivos)-R-ble, A .gas-
R-ble and A, ss3vos)-R-ble is described (31), and that of constructs
A(a-8a3nsesR-ble, A(n25.tata-R-Dl€, A(p285.hse2-R-bDle and Ay zg5.nse1/2-R-ble

as well (34). Construct A 467-R-ble was made by polymerase chain
reaction (PCR)-amplification of a 689-bp fragment on pMS188 (A(a.543)-
R-ble) using primers 5-GGACTAGTCGAAGGGCCGCGACGGT-3" and 5'-
ATCCTGGCCATTTTAAGATGTTG-3’, and ligation of the Spel-BstEII-
digested PCR product into pMS171 (A 2s5-R-ble) cleaved with the same
enzymes. Construct A, 377-R-ble was made by ligating a 287-bp fragment
released from Xbal-BstEII-digested PCB478 (43) into Spel-BstEII-
digested pMS171. Constructs A g3.tata-R-ble, A saz-nser-R-ble, A gaznse1,2)
R-ble and A, gs3.nse2)-R-ble were made by PCR amplification of 507-bp
fragments on constructs pMS428 (A 285.tata-R-ble), pMS424 (Aa285-nse1)-R-
ble), pMS478 (An2ss5.nse1,2)-R-ble) and A ga3.nse2-R-ble, respectively, using
primers 5" AAATTACATATGTCTGCGTGACGGCGGGGAGCTCGCTGA-3’
and 5-ATCCTGGCCATTTTAAGATGTTG-3'. PCR products were digested
with Nhel and Ndel and ligated into Nhel-Ndel-digested pMS188
(Aas43)-R-ble). Correct cloning of all constructs was verified by
sequencing.
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Protein extraction, immunodetection, RNA extraction
and quantitative reverse transcriptase-PCR

Protein extraction, immunoblot analyses, RNA extraction and
quantitative reverse transcriptase (JRT)-PCR were done as described
previously (37). qRT-PCR was performed using the StepOnePlus RT-
PCR System (Applied Biosystems) and the Maxima SYBR Green kit from
Fermentas. Each reaction contained the vendor’s master mix, 100 nM
of each primer and cDNA corresponding to 10 ng input RNA in the
reverse transcriptase reaction. The reaction conditions were as follows:
95°C for 10 min, followed by cycles of 95°C for 15 s and 65°C for 60 s,
up to 40 cycles. Controls without template were always included. ACt
values were determined by subtracting Ct values obtained for CBLP2
housekeeping gene transcripts from those obtained for ble transcripts.

Preparation of genomic DNA and qPCR

Total DNA was extracted from co-transformant pools as described
previously (44). In all, ~20 ng of extracted DNA was used for gPCR
using the same settings as for qRT-PCR (see earlier in the text).
Controls without template were always included. ACt values were
determined by subtracting Ct values obtained for the endogenous CYC6
promoter [using primers reported earlier (37)] from those obtained for
transgenic R promoters (using primers amplifying region 2 in Figure 1C;
Supplementary Figure S2). ACt values were all normalized to those obtained
for the co-transformant pool generated with the R-ble construct.

Chromatin immunoprecipitation assay

ChIP assays and the analyses of immunoprecipitated DNA by real-

time PCR were performed as described previously (37,45). Antibodies
used for ChIP were as follows: histone H3 (ab1791; Abcam), histone
H3K9me1l (ab9045; Abcam), histone H3Ac (06-599; Millipore), histone
H4Ac (06-866), histone H3K4me3 (07-473; Millipore), histone H3K4me?2
(07-030; Millipore) and histone H3K4mel (ab8895; Abcam). Affinity-
purified antibodies against VIPP2 (46) were used as negative control.
Normalization of ChIP data was performed depending on the analyzed
chromatin mark. ChIP data obtained with antibodies against AcH3,
AcH4, H3K4mel and H3K4me?2 were normalized relative to the CYC6
promoter. In case of H3K9mel, a region downstream of the repetitive
telomere region at chromosome 2 (telomere flanking region, TFR) was
used for normalization (47). The ChIP data gained with an antibody
against H3K4 trimethylation was normalized against the PSAD promoter,
at which we found the H3K4 trimethylation mark to be strongly
enriched.
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RESULTS

HSE4 in the distal, and HSE1/2, TATA-box and spatial
setting in the proximal HSP70A promoter are crucial
for its anti-transgene silencing activity

Our first goal was to investigate which cis-regulatory elements within
the HSP70A (A) promoter are required for counteracting silencing of
the transgenic RBCS2 (R) promoter. For this, we co-transformed an
arginine auxotrophic C. reinhardtii strain with the ARG7 wild-type gene
and constructs where the ble gene is driven by the R promoter alone
(R-ble) or by the AR fusion promoter (AR-ble) (Figure 1C). We used 14
different variations of AR promoter fusions, in which sequence elements
of the A promoter were deleted/mutated, or where the A promoter was
fused to the R promoter with a non-optimal spacing (Figure 1D) (31).
On the one hand, the constructs were designed to address the role of
heat shock element (HSE) 4, two inverted and a regular CCAAT-box in
the distal A promoter, and the relevance of their spatial setting toward
the R promoter. On the other hand, they were intended to address the
roles of HSEs 1 and 2 and the TATA-box in the proximal A promoter and
of their spacing toward the R promoter. To average out position effects,
we pooled at least 200 arginine prototrophic co-transformants generated
with each construct—this pool size was determined previously to be at
least required for this purpose (34).

As a simple method to determine the fraction of co-transformants
expressing the ble transgene, we spotted cells from cultured co-
transformant pools onto zeocin-containing agar plates and quantified
the density of cells growing on the drug (Figures 2A and B). Moreover,
to also use a more accurate method, we used qPCR to determine how
much ble transcript accumulated per transgene copy in the respective
co-transformant pool. Co-transformation rates, as determined from

the ratio of transgenic R promoters to native CYC6 promoters, were
similar for each construct type (Figure 2C), thus ruling out an effect of
the A promoter on the efficiency of transgene insertion. Although the
results from the simple spot assay and the labor-intensive qPCR analysis
correlate well (compare Figures 2B and D), we will only refer to the
more accurate qPCR data.

We found that twice as many co-transformants express the ble transgene
when they contain an AR-ble construct where the A-285 A promoter

is preceding the R promoter compared with the R-ble construct. This
stimulatory effect of the proximal A promoter is entirely abolished

when HSE2, HSEs 1 and 2 or the TATA-box is mutated, or when the
spatial setting between A and R promoters is non-optimal. These data
indicate that HSE2, TATA-box and spacing play crucial roles for the anti-
silencing activity of the proximal A promoter. The stimulatory effect

of the proximal A promoter was not increased when it was extended

by two inverted CCAAT-boxes (A-377 deletion), therefore, ruling out a
contribution of these sequence motifs.

We observed that the fraction of expressing ble transgenes in co-
transformant pools was increased ~6-fold when co-transformants
contained an AR-ble construct where the A-843 A promoter is fused
upstream of the R promoter compared with an R-ble construct (Figure
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2D). The stimulatory effect was the same when the A-467 A promoter
was used, hence, ruling out a contribution of the regular CCAAT-

box. The stimulatory effect was also fully observed when the A-843 A
promoter was fused to the R promoter with non-optimal spacing, thus
suggesting that the distal A promoter exerts its anti-silencing activity
spacing-independently. Mutation of HSE4 reduced the stimulatory effect
of the A promoter by half, which indicates a crucial role for HSE4, but

it also points to a minor role of yet unknown sequences in the distal A
promoter.

We wondered whether the anti-silencing effect mediated by the

distal A promoter is independent of the HSE1/2 and TATA motifs

found in the proximal promoter to be important for counteracting
transgene silencing. To test this, we mutated HSE1/2 and the TATA-
box in the A-843 AR-ble construct and analyzed zeocin resistance and
ble transgene expression levels in co-transformant pools containing the
respective constructs. As shown in Figure 3, mutation of HSE1 or HSE2
reduced the fraction of expressing ble transgenes in co-transformant
pools by 25-35% and mutation of HSE1/2 and TATA-box even by ~50%
when compared with co-transformants containing the intact A-843 AR-
ble construct. However, the fraction of expressing ble transgenes was
still ~2.5-fold higher in co-transformant pools generated with A-843 AR-
ble constructs containing mutated HSE1/2 or TATA-box when compared
with those generated with the A-285 AR-ble construct. These data
indicate that motifs in the distal A promoter cooperate with HSE1/2 and
TATA-box in the proximal A promoter to exert the anti-silencing effect.

The observations made here are in full agreement with those made in
our previous study where the fraction of expressed ble transgenes in co-
transformant pools was determined by RNA and DNA gel blot analyses
(34). However, although in our earlier study we observed that the A-843
and the A-285 A promoters increased the fraction of expressing ble
transgenes by 26.7- and 5.6-fold, respectively, we find increases in

this study by only 6- to 10- and ~2-fold, respectively (Figures 2D and

3; see Supplementary Figure S1 for a comparison of earlier and current
data). As the values determined by qPCR correlate well with the
resistance levels (Figures 2B, D and 3) and with values obtained from
direct transformation rates (31), we consider them as quantitatively
more reliable. We explain the discrepancy by a less efficient transfer

of larger DNA fragments in DNA gel blots. This would result in an
underestimation of copy numbers of larger transgenes in our earlier
study and thus to an overestimation of ble transcripts per transgene for
larger transgenes.

HSEA4 in the distal HSP70A promoter mediates
increased levels of histone H3 and H4 acetylation at
transgenic promoters

To investigate whether the anti-silencing effect of the A promoter

was realized by its ability to remodel close-by chromatin via histone
modifications, as suggested previously (31), we applied the chromatin
immunoprecipitation (ChIP) technique to the co-transformant pools
described earlier in the text. We designed specific amplicons to compare
the chromatin states of native and transgenic promoters (Figure

1A-C and Supplementary Figure S2). Moreover, to allow for an analysis
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of the individual chromatin states of transgenic A and R promoters

in the AR promoter fusion, we chose harsh sonication conditions to
generate chromatin fragments of ~200 bp, essentially corresponding to
mononucleosomes (45).

In the first set of experiments, we focused on potential effects on histone
modifications mediated by factors binding to HSE4, regular and inverted
CCAAT-boxes in the distal A promoter and their spatial setting toward
the R promoter. Using antibodies against the unmodified C-terminus

of histone H3, we first investigated nucleosome occupancy. Although
nucleosome occupancy was up to 2-fold lower at the native A promoter
compared with transgenic A promoters, occupancy was about equally
high at transgenic and native R promoters (Supplementary Figure S3; see
Figure 8 for a compilation of all results). No significant differences in
nucleosome occupancy between co-transformant pools generated with
R-ble or any AR-ble construct were observed.

Figure 8.

Schematic presentation of nucleosome occupancy and modifications at
the native and transgenic HSP70A and RBCSZ2 promoters as elucidated
in this study. HSP70A promoter sequences are drawn as black, RBCS2
promoter sequences as grey lines. Promoter deletion end points are
given as described in Figure 1. The nucleosome in the promoter regions
studied by ChIP is schematically shown. Histone modifications are given
on top of the nucleosome, where ‘acH3’ stands for acetylation at H3K9
and H3K14, ‘acH4’ for acetylation at H4K5, H4K8, H4K12 and H4K16,
‘H3K4me1l-3’ for mono-, di- and trimethylation of H3K4 and ‘H3K9me1l’
for H3K9 monomethylation. The darker the symbols for nucleosomes
and histone modifications are drawn, the higher are their levels in the
respective setting. Numbers in blue and black boxes give fold changes
mediated by HSE2/TATA-box in the proximal, and by HSE4 in the distal
region of the transgenic HSP70A promoter, respectively. Numbers in
red, orange and green boxes give fold changes mediated by yet unknown
sequence motifs within the promoters. Arrows indicate that fold changes
depend on a proper spatial setting of HSP70A to RBCSZ2 promoter.

To analyze whether histone modification levels differ between native
and transgenic A and R promoters, and whether the modification
state at the transgenic R promoter is altered in AR promoter fusions,
we performed ChIP with antibodies against acetylated histones H3
and H4. We first looked for histone acetylation because it is known
to correlate with active transcription (2,4,37). As shown in Figure 4A
and B, histone H3 and H4 acetylation levels were ~15- and ~7-fold
higher at native compared with transgenic A promoters comprising
the proximal promoter. H3 and H4 acetylation levels increased 2- to
4-fold at transgenic A promoters if they contained HSE4 in the distal
region, an effect that occurred independent of the spatial setting of A to
R promoter.

Strikingly, H3 and H4 acetylation levels at the native R promoter were
30-40 times higher than at the transgenic R promoter in the R-ble
construct. Also here, H3 and H4 acetylation levels increased 5- to 7-fold
if the transgenic R promoter was preceded by the proximal A promoter,
and 10- to 20-fold if it was preceded by a complete A promoter. Again,
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this effect was spacing-independent, but fully depended on the presence
of an intact HSE4, thus ruling out any contributions to H3/4 acetylation
by the CCAAT-box or other sequences in the distal A promoter. As an
extension of the proximal A promoter by sequences containing two
inverted CCAAT-boxes (A-377 compared with A-285) had no effect on
H3/4 acetylation levels at transgenic A or R promoters, these motifs
apparently do not play any roles in A promoter-conferred histone
acetylation.

The HSP70A promoter increases levels of H3K4
trimethylation and reduces levels of H3K9
monomethylation at transgenic promoters

Next, we used antibodies against mono-, di- and trimethylated lysine

4 at histone H3 (H3K4) for ChIP on this first set of co-transformant
pools. Methylation levels at H3K4 are of particular importance, as
H3K4 monomethylation (mel) was shown to be associated with silenced
euchromatin in Chlamydomonas (6), whereas H3K4 trimethylation (me3)
is generally observed at promoters of actively transcribed genes (2,4).
As shown in Figure 4C, levels of H3K4mel at the transgenic A promoter
are about twice as high as those at the native A promoter, whereas

the opposite was observed at the R promoters. Levels of H3K4mel

were about the same at the transgenic A and R promoters. None of the
different A promoter variants in AR-ble constructs led to significant
changes in levels of H3K4mel at the transgenic promoters.

Figure 4D reveals that levels of H3K4 dimethylation (me2) were about
four times higher at native A compared with transgenic A promoters,
whereas they were the same at native and transgenic R promoters.

As was observed for H3K4mel, levels of H3K4me?2 were the same at
both transgenic promoters and were not significantly altered by any A
promoter variant in AR-ble constructs.

Interestingly, levels of H3K4me3 at the native R promoter were only
about one-third of those detected at the native PSAD and HSP70A
promoters (Figure 4E). Similar to H3/4 acetylation, levels of H3K4me3
were ~10 times lower at transgenic A promoters (comprising only the
proximal promoter) compared with the native A promoter and ~4 times
lower at transgenic compared with native R promoters. H3K4me3 levels
increased >4-fold at transgenic A promoters containing the distal as
compared with the A promoter containing only the proximal region.
This effect was reduced 2-fold by mutation of HSE4, but as it was not
entirely abolished, there seem to be sequences in the distal promoter
region apart from HSE4 that contribute to H3K4me3 at the transgenic
A promoter. Similarly, levels of H3K4me3 at the transgenic R promoter
increased ~2-fold if it was preceded by the proximal A promoter and
~6-fold to levels similar to those detected at the native R promoter

if the entire A promoter was upstream of the R promoter. Again, this
effect was reduced by about half, but it was not completely abolished
when HSE4 was mutated, thus supporting the notion that sequences
apart from HSE4 in the distal A promoter contribute to H3K4me3 at the
transgenic promoters. As H3K4me3 levels at the transgenic promoters
were not increased in co-transformant pools generated with constructs
A(asa3-R-ble versus A 467-R-ble and A, 377)-R-ble versus A .,s5-R-ble, we



14

Heat shock factor 1 counteracts epigenetic silencing of nuclear transgenes in
Chlamydomonas reinhardtii

can rule out contributions to H3K4me3 by regular and inverted CCAAT-
boxes, respectively (Figure 4E).

Another important methylation mark is that on lysine 9 of histone H3
(H3K9), as levels of H3K9me1l were shown previously to be enriched

at silenced transgene promoters in Chlamydomonas (11,13,14). ChIP
using antibodies against H3K9mel on the first set of co-transformant
pools revealed that H3K9mel levels are very low at the native A and

R promoters (Figure 4F). In contrast, H3K9mel was ~10 times higher
at transgenic A promoters and ~50 times higher at transgenic R
promoters. Strikingly, if R promoters were preceded by A promoters,
their average H3K9mel levels were reduced almost by half to about the
same levels observed at transgenic A promoters. This effect appears to
be mediated by sequences within the proximal A promoter, as it was not
enhanced by longer A promoter variants.

An optimal spacing between the proximal HSP70A

promoter and the RBCS2 promoter is crucial for
increasing levels of H3/4 acetylation and reducing
levels of H3K9mel at transgenic promoters

We next used a second set of co-transformant pools generated with
constructs that allow investigating the roles of HSE1/2, TATA-box and
their spatial setting toward the R promoter on histone modifications

at transgenic promoters. Here, we only analyzed H3/4 acetylation and
H3K9mel levels. As shown in Figure 5A and B, we could reproduce
that in co-transformant pools generated with the A g5 R-ble construct,
acetylation levels at histones H3 and H4 are ~15- and ~7-fold higher
at the native compared with the transgenic A promoter, and that both
acetylation marks are 10- to 20-fold higher at the native compared with
the transgenic R promoter. These already low levels of H3/4 acetylation
at the transgenic A and R promoters decreased further when HSE?2,
HSE1/2 or the TATA-box were mutated or when the spacing between A
and R promoters was non-optimal.

Regarding H3K9mel, we could also reproduce that levels are very

low at the native and high at the transgenic promoters (Figure 5C).
Again, if the proximal A promoter was fused upstream of the R promoter,
H3K9mel levels at the R promoter were reduced by about half.
Surprisingly, this effect persisted when HSE1/2 or the TATA-box was
mutated, but was abolished when A and R promoters were not optimally
spaced. In the latter case, H3K9mel levels were also ~35% higher at
the transgenic A promoter. The observations that non-optimal spacing
between A and R promoters reduces H3 and H4 acetylation levels

and increases levels of H3K9mel at the transgenic A promoter are
remarkable, as they suggest cooperation between yet unknown elements
located in the A and R promoters.

HSF1 is the trans-acting factor through which
transgene silencing is counteracted by the HSP70A
promoter

The finding that HSE1/2 and HSE4 are the dominant sequence motifs
mediating the anti-silencing effect of the A promoter suggested that



Heat shock factor 1 counteracts epigenetic silencing of nuclear transgenes in 15
Chlamydomonas reinhardtii

HSF1 as the canonical heat shock factor in Chlamydomonas (36) might
be the trans-acting factor mediating this effect. To test this, we co-
transformed the aph7” gene, conferring resistance to hygromycin (41),
with the R-ble and A, g43)-R-ble constructs into Chlamydomonas strains
harboring an HSF1-amiRNA construct driven by the NIT1 promoter. By
switching the nitrogen source from ammonium to nitrate, expression

of the HSF1-amiRNA is induced, and HSF1 is diluted out by growth
[Figure 6A; (42)]. Hence, if HSF1 was mediating the activation of the R-
ble transgene, we expected a larger fraction of zeocin-resistant clones
in AR-ble co-transformant pools only in the presence of ammonium.

As shown in Figure 6B and C, this expectation was indeed met: when
grown on ammonium, the fraction of zeocin-resistant clones was ~5
times larger in AR-ble compared with R-ble co-transformant pools.
However, when grown on nitrate, the fraction of drug-resistant clones
in AR-ble co-transformant pools declined ~3-fold. The nitrogen source
had no influence on the fraction of zeocin-resistant clones in R-ble co-
transformant pools.

To substantiate these findings, we also determined the accumulation of
ble transcripts in AR-ble and R-ble single-clone transformants grown
on ammonium and nitrate. As shown in Figure 6D, ble transcript levels
declined ~3-fold when AR-ble transformants generated in Py;r-HSF1-
amiRNA strain backgrounds were grown on nitrate compared with
ammonium. The reduction in ble transcript levels correlated with a
strong reduction in HSF1 protein levels. In contrast, ble transcript levels
in AR-ble transformants generated in the wild-type background were
unaffected by the nitrogen source. A change of the nitrogen source
had no effect on ble transcript levels in R-ble transformants, no matter
whether they were generated in the wild-type or Py;r;-HSF1-amiRNA
strain background. Accordingly, the reduction in HSF1 protein levels
in the latter did not affect ble mRNA accumulation. Over all, these data
strongly suggest that HSF1 is the major trans-acting factor by which
the A promoter counteracts transcriptional silencing of the AR-ble
transgene.

Not a transcriptionally competent chromatin
structure, but HSF1 occupancy is crucial for R-ble
transgene expression

With the inducible HSF1-amiRNA lines, we had a tool at hand that
allowed us to investigate how fast histone modifications at the
transgenic promoters are altered on depletion of HSF1, and how this
correlates with transgene expression. For this, we grew single-clone
transformants containing the A .g43-R-ble construct in the Py;;-HSF1-
amiRNA background on ammonium, shifted cells to medium containing
nitrate to induce HSF1 depletion, and took six samples during a 48-

h time-course. In these samples, we detected HSF1 occupancy and

H4 acetylation at the transgenic A and R promoters by ChIP and

ble transcript levels by gRT-PCR. We restricted our analysis to H4
acetylation because this mark was most dramatically affected by the A
promoter and because the decline of H3K9mel levels was independent
of HSEs and thus unlikely to be mediated by HSF1. As shown in Figure
7B, HSF1 constitutively occupies the transgenic A promoter also under
non-stress conditions, thus corroborating earlier results with the native
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A promoter (37). Binding of HSF1 to the transgenic R promoter was not
detected, thus confirming that our sonication conditions indeed allow

a separation of the A and R promoters in chromatin-embedded AR-ble
transgenes. Concomitantly with HSF1 depletion, HSF1 occupancy at the
transgenic A promoter declined and reached background levels already
12 h after shifting the nitrogen source. ble mRNA levels declined by
about half within 18 h after shifting the nitrogen source with slightly
delayed kinetics when compared with those of HSF1 occupancy (Figure
7A). Surprisingly, levels of H4 acetylation declined at both, transgenic A
and R promoters with much slower kinetics than HSF1 occupancy and
ble transcripts (Figure 7C and D). These data indicate that the activity of
the transgenic R promoter requires the constitutive presence of HSF1 at
the A promoter, and that a more transcriptionally competent chromatin
structure alone is not sufficient. In that case, we would have expected
similar kinetics for HSF1 occupancy, ble mRNA accumulation and H4
acetylation.

DISCUSSION

In this study, we dissect the mechanisms underlying the activation
effect of the HSP70A (A) promoter on downstream promoters in a
transgene setting in the unicellular green alga C. reinhardtii. Our
approach allows for obtaining an average picture of the chromatin state
of transgenic A and RBCS2 (R) promoters by investigating pools of
hundreds of individual transformants, thus averaging out variation by
position effects. As the spot assays shown in Figure 2A demonstrate a
homogenous distribution of drug-resistant cells, transgene copies are
activated by the A promoter in a large fraction of co-transformants.

Features of the chromatin state at native versus
transgenic HSP70A and RBCS2 promoters

We found that the native A promoter exhibits a chromatin state that is
characteristic for active promoters (2,4,6,11,13,14,37), i.e. relatively low
nucleosome occupancy, high levels of H3/4 acetylation and H3K4me3,
and low levels of H3K4mel and H3K9me1l (Figures 4, 5 and 8, and
Supplementary Figure S3). In contrast, the native R promoter, although
considered a highly active promoter (48,49), exhibits a chromatin state
that combines characteristics of active and inactive promoters (active:
high levels of H4 acetylation, intermediate levels of H3 acetylation

and H3K4me3, low levels of H3K9mel; inactive: relatively high
nucleosome occupancy, very high levels of H3K4mel). These data
corroborate and extend our previous observations (37,45) and suggest
that in Chlamydomonas, histone acetylation might dominate over

the H3K4 methylation state. However, the chromatin state of more
Chlamydomonas promoters needs to be determined to elucidate whether
this is the rule or whether the R promoter is exceptional.

Histone modifications at transgenic R promoters on average are
enriched by marks typical for repressive chromatin, i.e. low levels

of H3/4 acetylation and H3K4me3 and high levels of H3K4mel and
H3K9mel (Figure 8). However, average levels of H3K4mel at transgenic
R promoters are only half of those detected at the native R promoter,
therefore, questioning whether high levels of H3K4me1 are generally
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associated with silent chromatin in Chlamydomonas, as suggested
previously (6). Again, more promoters need to be studied to draw
general conclusions.

Compared with the native A promoter, the average chromatin state at
transgenic A promoters also is dominated by features characteristic for
repressive chromatin, i.e. relatively high nucleosome occupancy, low
levels of H3/4 acetylation and H3K4me3 and high levels of H3K4mel
and H3K9mel. The average levels of H3/4 acetylation and H3K4me3
are significantly higher at transgenic full-length A promoters containing
intact HSE4, but still do not reach the levels detected at the native A
promoter (Figure 8). However, average levels of H3/4 acetylation and
H3K4me3 are higher at short and long transgenic A promoters than at
transgenic R promoters that are not preceded by an A promoter. Most
strikingly, the transgenic A promoters appear to imprint their chromatin
state to the transgenic R promoter fused downstream. In case of the
full-length A promoter, this generates a chromatin state at transgenic R
promoters that is equivalent to that detected at the native R promoter
with respect to H3K4me3 and is about half of that at native R regarding
H3/4 acetylation (Figure 8). The A promoter also reduces levels of the
repressive chromatin mark H3K9mel by about half if spaced properly
toward the R promoter.

These data suggest that in Chlamydomonas transgenic R promoters
[and probably also other promoters like HSP70B and 8,TUB (15)] on
average are silenced by the setting of repressive chromatin marks, and
that the A promoter reduces the extent of repressive marks set at close
by downstream promoters. An exception to this, however, seems to be
the H3K4me?2 mark. Although H3K4me3 is present only at promoters
of active genes, H3K4me?2 is present at both active and inactive
euchromatic promoters (50). The role of H3K4me2 may be to determine
a transcriptionally ‘permissive’ chromatin environment, whereas the
trimethylated state may allow for an ‘active’ chromatin conformation
(37,50). H3K4me3 and H3K4me?2 localize near transcriptional start sites,
but H3K4me?2 peaks slightly downstream of H3K4me3 (51). Although
H3K4me3 recruits histone acetyltransferases to acetylate nucleosomes,
H3K4me?2 recruits histone deacetylases to remove acetylation marks,
presumably to demarcate promoter from downstream regions and to
prevent spreading of histone acetylation into transcribed regions (52).
Like H3K4me3, H3K4me?2 is absent in heterochromatin and can thus be
considered as a euchromatin mark (53). Accordingly, in Chlamydomonas,
H3K4me?2 levels are low at transgenic promoters, but in contrast to
H3K4me3, H3K9mel and H3/4 acetylation are not changed by any A
promoter variant (Figure 4D).

The setting of repressive chromatin marks is not
triggered by modifications on the transforming DNA

How can we explain the phenomenon that transgenic promoters in
Chlamydomonas as a rule are embedded in repressive chromatin?

A possible explanation is that the transgenic promoter attains the
chromatin structure at its ectopic integration site and, as bulk chromatin
in Chlamydomonas is repressive, the general outcome is a repressive
chromatin state at the transgene locus. This idea seems to be supported
by the finding that only 20% of bulk nucleosomes in Chlamydomonas
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carry the active mark of H3 acetylation (54), whereas 81.2% contain the
repressive mark of monomethylated H3K4 (6,7). However, it seems to be
not supported by the observation that only 15.6% of bulk nucleosomes
are monomethylated at H3K9 (7). Thus, dictation of the transgene’s
chromatin state by that prevailing at the random integration site might
explain the low H3 acetylation and the high H3K4mel levels, but not the
strong enrichment of the repressive H3K9mel mark.

Hence, it seems more likely that the H3K9mel mark is set at
nucleosomes that assemble on the foreign DNA right after its integration
into the genome. But how is the foreign DNA recognized by the

cell? DNA methylation triggered by the transcription of an inverted
repeat construct was recently shown to correlate with high levels

of H3K9mel, particularly at the promoter-driving expression of the
inverted repeat (13). As we used plasmids purified from Escherichia
coli for transforming Chlamydomonas, we reasoned that methyl marks
on the plasmid DNA might trigger the setting of the H3K9mel mark on
nucleosomes formed at transgene loci. To test this idea, we compared
the zeocin resistance levels of Chlamydomonas cells co-transformed
with plasmid- or PCR-derived R-ble constructs. As we could not detect
significant differences in resistance or transgene expression levels
(Supplementary Figure S4), DNA modifications on the transforming DNA
seem to not represent the trigger for the setting of the H3K9me1 mark.
Using plasmid DNA extracted from dcm /dam bacteria also did not
negatively affect transgene expression efficiency in mammalian cells
(55).

An attractive hypothesis is that the setting of the H3K9mel mark on
nucleosomes formed on foreign DNA is mediated by Chlamydomonas
SET3p (8,11) as part of the integration machinery. Such a mechanism
would represent an efficient way for controlling invading DNA and might
be worth of experimental testing.

Cis-regulatory elements within the HSP70A promoter
mediating a modified chromatin state

As expected, the accumulation of ble transcripts and the levels of zeocin
resistance strongly correlated with histone modifications characteristic
for active chromatin at transgenic R promoters (Figures 2-5). Our
deletion/mutation analysis of prominent cis-regulatory elements within
the A promoter (i.e. HSEs, TATA-box and regular/inverted CCAAT-
boxes) revealed that HSE4 in the distal and HSE1/2 and TATA-box in the
proximal region of the A promoter are the dominant sequence elements
required for mediating H3/4 acetylation and H3K4me3 at the transgenic
promoters (Figure 8). Curiously, regarding the activation effect on
transgene expression and the setting of active chromatin marks, HSE4
is more potent than HSE1/2 (Figure 8). In contrast, with respect to
mediating heat shock inducibility, HSE1 and 2 are essential, whereas
HSEA4 is entirely dispensable (33). These data might indicate that

the composition and/or the position of the HSEs within the promoter
influence whether they act preferably in establishing transcriptionally
competent chromatin or heat shock inducibility (56).

Interestingly, yet unknown sequences in the distal A promoter are
responsible for setting part of the H3K4me3 marks at the transgenic
promoters (Figure 8). And most strikingly, the reduction in levels of
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H3K9me1l by about half at the transgenic tandem promoters did not
depend on CCAAT-boxes, HSEs or TATA-box, but apparently on yet
unknown sequences within both promoters that need to be in a proper
spatial setting toward another. As the H3K9me1l mark is likely to be a
major determinant for promoter silencing in Chlamydomonas (11,13,14),
the identification of these sequence elements and binding trans-acting
factors would be of greatest interest for the construction of efficient
expression vectors for this biotechnologically important organism.

HSF1 is a key trans-acting factor for counteracting
transgene promoter silencing in Chlamydomonas

The identification of HSEs as prominent sequence elements for the
activation of silenced promoters suggested a major role for HSFs in
this process [(34); Figure 8]. By using strains that allow the inducible
downregulation of HSF1 by amiRNA (42) we could in this study indeed
verify HSF1 as the trans-acting factor mediating the effect: both ble
transcript levels and resistance to zeocin declined in cells that contain
AR-ble constructs and are depleted of HSF1, whereas HSF1 depletion
had no effect on the already low transcript and resistance levels in cells
containing R-ble (Figure 6).

In time-course analyses, we observed that, on depletion of cellular
HSF1 levels, HSF1 binding to the A promoter declined rapidly, which,
with a slight delay, was true also for ble transcript levels. Surprisingly,
however, ~18 h after inducing the HSF1-amiRNA construct, ble
transcript levels were already down by half, whereas levels of H4
acetylation had hardly declined (Figure 7). In previous work, we found
that the order of events on activation of the Chlamydomonas HSP22F
gene by heat stress was binding of HSF1 to the promoter, histone
acetylation, nucleosome remodeling and transcript accumulation (37).
Hence, HSF1 obviously recruits histone acetyltransferase and other
histone-modifying enzyme activities to target promoters. However, the
presence of a nucleosome enriched with active chromatin marks at a
transgenic R promoter apparently is not sufficient for its transcriptional
activation. Rather, this seems to require the recruitment of RNA
polymerase II (Pol II) by HSF1 either directly or via mediator/TFIID. In
this regard, it is important to note that, under non-stress conditions, less
Pol IT accumulated at the yeast HSP82 promoter containing a mutated
high-affinity HSE1 as compared with the wild-type promoter (57).

Mediator is a large complex that is highly conserved among all
eukaryotes and forms the bridge between transcription factors bound at
upstream regulatory elements and the general transcription machinery
at the core promoter (58,59). Yeast mediator consists of 25 subunits
and was shown to be important for genome-wide Pol II recruitment

in vivo (60). In yeast, loss-of-function mutants of some mediator
subunits enhanced the expression of heat shock genes under non-stress
conditions while simultaneously limiting the extent of stress-induced
expression, thus confirming a role of mediator in controlling HSP gene
transcription in yeast (61). Yeast mediator remains at the promoter
following the escape of Pol IT and together with the transcriptional
activator, TFIID, A, H and E may serve as a scaffold to facilitate
transcriptional re-initiation (62,63). The constitutive presence of such

a scaffold at the yeast HSP82 promoter is supported by the observation
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that mutation of its TATA-box or high-affinity HSE1, respectively, led to
~3- and ~15-fold reductions of HSP82 transcript accumulation under
non-stress conditions (57,64).

The idea of a scaffold formed by HSF1, mediator and TFIID, A, H

and E for Pol II recruitment under non-stress conditions also at the
Chlamydomonas A promoter is supported by the following observations:
first, Chlamydomonas and yeast HSF1 exist as constitutive trimers

that also under non-stress conditions bind to high-affinity HSEs within
their HSP70A and HSPS8Z2 target promoters, respectively (36,37,65-68).
Hence, HSF1 as part of the putative scaffold is constitutively present at
the A promoter. Second, downregulation of HSF1 or mutation of HSE1/2
or HSE4 impaired the activation effect on downstream promoters

[(34); Figures 2, 3 and 6-8], thereby confirming the essential role of
permanently bound HSF1 in the activation process. Third, mutation of
the A promoter’s TATA-box, required for stabilizing TFIID binding (69),
also impaired the activation effect of A promoter proximal and distal
HSEs on downstream promoters [(34); Figures 2, 3 and 8]. The strong
dependence of HSE4 on intact HSE1/2 and TATA-box (Figure 3) suggest
that HSF1 binding to HSE4 most likely via loop formation cooperatively
interacts with HSF1 and TFIID binding to the proximal A promoter.

Curiously, under non-stress conditions, transcription initiation from
promoter fusions of the A promoter with R, CYC6, HSP70B or B, TUB
promoters was found to always take place at the initiation site of the
downstream promoter (15,31,32,34). If the scenario of a constitutively
bound scaffold at the A promoter from which Pol II (re)initiation is
driven is correct, why then does transcription initiation not occur at the
A promoter’s transcriptional start site? And why is the rate of initiation
at the downstream promoter higher than at the A promoter (15)? We
speculate that, similar to the situation in yeast, subunits of mediator

at the A promoter might serve to negatively regulate transcription
elongation under non-inducing conditions (61,70). Alternatively, or in
addition, transcription elongation might be impeded by the presence
of a positioned nucleosome that hides the A promoter’s transcriptional
start site (33). Either block might be overcome by factors contributed
by the downstream promoters, like the initiator (Inr) sequence or the
downstream promoter element (DPE) or proteins binding to them.

In fact, TATA-box binding protein associated factors (a complex of
TAF;250 and TAF;150) were shown to specifically interact with the Inr
sequence and to determine basal promoter strength and responsiveness
to activating signals (71). The latter might explain, why the A promoter
acts as a transcriptional state enhancer, while the transcription rate is
determined by the downstream R promoter (31,72).

HSF-mediated counteracting of gene silencing in
Chlamydomonas and other organisms

Gene silencing via heterochromatin in Drosophila or via Tup1-Ssn6

in yeast is characterized by the occlusion of general transcription
factors to their target sites (73,74). For example, the access of GAGA
factor, TBP and Pol II to non-induced hsp26 and hsp70 promoters within
heterochromatin of Drosophila is blocked (5). If silencing of transgene
promoters in Chlamydomonas is similarly mediated by the occlusion
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of cis-regulatory elements, HSF1 in the context of the full-length A
promoter apparently is able to overcome this block.

Interestingly, gene silencing mediated in yeast by the silent information
regulator (Sir) at a transgenic HSP82 promoter does not block access of
HSF1, TBP and Pol II, but a step downstream of transcription initiation
(75). This block to a minor extent is overcome by heat shock. The same
is true for a Polycomb-silenced transgenic hsp26 promoter in Drosophila
(76). Obviously, HSFs in yeast and Drosophila cannot override Sir-

and PcG-silencing, respectively, under non-stress conditions, and after
heat shock can do so only to a limited extent. In contrast, HSF1 in
Chlamydomonas can override the yet unknown silencing mechanism
under non-stress conditions even at close by promoters. This is also
reflected by the observation that yeast HSF1 constitutively binding to
the Sir-silenced HSP82 promoter is not able to mediate local histone
acetylation, whereas Chlamydomonas HSF1 is (75). These inter-species
comparisons suggest that, no matter which silencing mechanism is

at work at transgenic promoters in Chlamydomonas (occlusion of
transcription factor binding sites or blocking a step downstream of
transcriptional initiation), HSF1 in context of the A promoter seems

to be particularly efficient in overriding it even under non-stress
conditions.

In summary, we have gained many important insights into
transcriptional transgene silencing in Chlamydomonas and why the A
promoter to some extent is able to counteract this phenomenon. The
hypothesis that HSF1 might organize a scaffold at the A promoter for
Pol II recruitment to downstream promoters now allows the design of
targeted experiments to test this idea and may provide entry points for
the design of promoters that are more resistant to silencing.
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