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Eril degrades the stem-loop of oligouridylated histone
mRNAs to induce replication-dependent decay

Kai P Hoefig!, Nicola Rath45, Gitta A Heinz!», Christine Wolf!, Jasmin Dameris!, Aloys Schepers?,

Elisabeth Kremmer!, K Mark Ansel® & Vigo Heissmeyer!

The exoRNase Eri1 inhibits RNA interference and trims the 5.8S rRNA 3’ end. It also binds to the stem-loop of histone mRNAs,
but the functional importance of this interaction remains elusive. Histone mRNAs are normally degraded at the end of S phase
or after pharmacological inhibition of replication. Both processes are impaired in Eri1-deficient mouse cells, which instead
accumulate oligouridylated histone mRNAEs. Eri1 trims the mature histone mRNAs by two unpaired nucleotides at the 3" end but
stalls close to the double-stranded stem. Upon oligouridylation of the histone mRNA, the Lsm1-7 heteroheptamer recognizes
the oligo(V) tail and interacts with Eri1, whose catalytic activity is then able to degrade the stem-loop in a stepwise manner.
These data demonstrate how degradation of histone mRNAEs is initiated when 3’ oligouridylation creates a cis element that

enables Eri1 to process the double-stranded stem-loop structure.

Exoribonuclease 1 (Eril) is a 3’ exonuclease that is conserved in
eukaryotes from the fission yeast Schizosaccharomyces pombe to
humans. The eril gene was identified in a screen for inhibitors of the
exogenous short interfering RNA (siRNA) pathway in Caenorhabditis
elegans!. In S. pombe, Eril limits the expression of endogenous nuclear
siRNAs and their function in heterochromatin formation®3. Recently,
Eril was also shown to limit the expression of mature microRNAs
(miRNAs) in mouse T and NK cells, without exhibiting specificity for
certain miRNA sequences?. In addition to regulating exogenous and
endogenous RNA-interference (RNAi) function, Eril was also found
to be critical for 3’-end trimming of the 5.8S rRNA, a function that is
conserved in eukaryotes from fission yeast to mammals>®. In vitro,
Eril degrades single-stranded RNA and 3’ overhangs but is strongly
inhibited by double-stranded RNA structures!-6-8,

Earlier studies showed that stem-loop-binding protein (SLBP) and
human ERI1 (previously also termed 3’hExo or THEX1) bind to repli-
cation-dependent (canonical) histone mRNAs”?-11. These mRNAs are
not stabilized through polyadenylation but through a highly conserved
stem-loop at their 3" end, which can simultaneously be bound by SLBP
and Eril proteins in vitro”-12, Replication-dependent histone mRNAs
of the five classes (1, 2a, 2b, 3 and 4) are initially transcribed as longer
precursors from three genomic clusters (Hist1, Hist2 and Hist3) that
encode 65 genes in mice!®. The precursor transcripts are cleaved to
form a 3’ end that terminates five nucleotides downstream of the
stem-loop. Histone expression is tightly coupled to DNA replication
to accommodate the newly synthesized DNA in nucleosomes. Histone
mRNA levels rapidly increase as the cells enter S phase, to meet the
nucleosome demand, and sharply decrease when DNA replication

ceases. The balance of DNA and histone synthesis is important
because artificially increased levels of histones can cause chromosome
loss and genome instability!4. At the end of S phase, the stem-loop
serves as a cis element that is required and sufficient to mediate his-
tone mRNA degradation!>1°. In comparison, degradation of polyade-
nylated mRNAs is initiated by deadenylation!”. Typically, the oligo(A)
tail is recognized by the Lsm1-7 complex, which promotes mRNA
decapping!® and rapid 5’-to-3" degradation, but 3’-to-5" degradation
by the exosome may contribute to mRNA decay as well®®.

It was recently found that histone mRNA oligouridylation at the 3’
end preceded degradation. It correlated with the appearance of
degradation intermediates that were shortened from the 3" end as well
as the 5" end?’. Histone mRNA degradation depended on Lsm1 and
Upfl (refs. 20,21) in addition to cellular terminal uridyltransferases
(TUTases)?%-22, The specific molecular role of the RNA helicase
Upfl in the degradation process remains unclear. Lsm1 is part of the
heteroheptameric Lsm1-7 ring, which preferentially binds oligo(U)
tails?3. It was therefore proposed that Lsm1-7 initiates decapping of
oligouridylated histone mRNAs, similar to its function in the degra-
dation pathway of oligoadenylated mRNAs. By analyzing cells from
the Eril-deficient mouse, we investigated the role of Eril in histone
mRNA regulation.

RESULTS

Eri1 is required for replication-dependent histone mRNA decay
To investigate functional consequences that may result from the previ-
ously reported interaction of the Eril protein with the histone mRNA
stem-loop”®12, we analyzed Eril-deficient and wild-type mouse
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embryonic fibroblast (MEF) cells. In these cell lines, we determined
the extent to which histone mRNA degradation was induced by the
DNA-replication inhibitor hydroxyurea. This pharmacological agent
triggers molecular events that affect histone mRNAs in untreated
cells at the end of S phase. A panel of 22 histone genes was selected
for probe-based quantitative PCR (qPCR) analysis. In wild-type MEF
cells, the ratio of histone mRNA expression levels before and 45 min
after hydroxyurea treatment showed strongly induced degradation at
varying degrees for 17 out of 19 replication-dependent histone mRNAs
(Fig. 1a). Hydroxyurea-induced degradation was greatly attenuated in
Eril-deficient MEF cells (Fig. 1a). Analysis of the mRNA levels of the
longer isoform of H2afx showed no effect in both cell lines (Fig. 1a).
This is consistent with previous findings indicating that this replica-
tion-independent histone mRNA is hardly affected by hydroxyurea
treatment on the transcriptional and post-transcriptional level?425.
Loss of Eril inhibited the induced downregulation of histone mRNAs
of all five classes (H1, H2a, H2b, H3 and H4) and from each of the
three gene clusters (Hist1, Hist2 and Hist3). Considering the high
degree of sequence similarity among histone genes, we confirmed
the specificity of PCR amplification. We cloned and sequence verified
representative Hist2h4 and Hist1h2ak amplicons (data not shown)
and matched the actual with the calculated amplicon sizes for all 22
qPCR assays (Fig. 1a and Supplementary Table 1). We observed a
similar defect in Eril-deficient primary activated CD4 T cells, when
comparing sex- and age-matched animal pairs of both genotypes. As
in MEF cells, loss of Eril interfered with hydroxyurea-induced histone
mRNA degradation, as determined for the replication-dependent
genes Hist1h2ak, Hist1h1a (Fig. 1b,c) and Hist2h4 (Fig. 1¢), without
affecting the expression of the replication-independent H2afx histone
mRNA (Fig. 1c¢).

Figure 1 Eril is required for the degradation of
replication-dependent histone mRNAs. (a) Histone
mRNA levels of Eril-deficient and wild-type MEF
cells, quantified before and after hydroxyurea (HU)
treatment, showing significantly less degradation
of replication-dependent histone mRNAs (n=19)
in Eril-deficient cells (P = 0.0006) with the
paired t-test. Ratios are shown between Hprt-
normalized expression at O min and 45 min. The
lower panel shows qPCR-amplified fragments on
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We also compared histone mRNA abundance in unstimulated
asynchronously growing MEF cells. The mRNAs of only a few of
the analyzed genes were less abundant in Eril-deficient MEF cells
(Fig. 1d, Hist1hla, Hist1h1b and Hist3h2bb), whereas several of the
remaining histone mRNA transcripts had strongly (Fig. 1d, Hist2h4,
Hist2h2ab, Hist1h2bb, Hist1h2bf and Hist1hle) or slightly increased
expression as compared to wild-type cells. This panel revealed only a
trend toward higher histone mRNA expression in Eril-deficient cells.
We then attempted to avoid differences resulting from cell preparation
of different mouse embryos, immortalization and selection, which
may manifest individual cell-line compensation for the loss of Eril.
Reintroduction of GFP-Eril into Eril-deficient cells decreased the
abundance of all replication-dependent histone mRNAs tested, as
compared to cells that were transduced to express GFP only (Fig. 1e).
Characterizing these retrovirally transduced cells further in immuno-
blots, we found that exogenous expression of Eril exceeded the
endogenous levels in wild-type cells by far (Supplementary Fig. 1a).
Accordingly, overexpression as well as reconstitution of Eril func-
tion in Eril-deficient cells may be reflected in the histone mRNA
expression. This, however, did not alter the cell size (Supplementary
Fig. 1b) or the cell cycle when compared to co-cultured GFP-negative
cells (Supplementary Fig. 1c,d). The observed changes in histone
mRNA content after Eril overexpression (Fig. 1e) were therefore not
secondary to differences in cell-cycle progression. In a time-course
experiment, hydroxyurea-induced Hist2h4 mRNA degradation in
wild-type MEF cells was markedly increased after 20-30 min of
treatment, whereas this mRNA remained unaffected in Eril-deficient
cells (Fig. 1f). These data show that the major cellular pathway of
hydroxyurea-induced degradation of histone mRNAs relies on the
presence of Eril.
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Error bars indicate technical variance of qPCR.
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Figure 2 Eril binds, degrades and trims
the 3’ end of cellular histone mRNAs.
(a) Anti-GFP immunoprecipitations Erit" Erit*
(IP) from extracts of Eril-deficient TAP  + - + -
MEF cglls trgnsdu'ced to express the 249 bp— « i — Hist2ha
catalytically inactive mutant of Eril fragment

(GFP-D130G E132G) or GFP. Hist1h2ak

levels are shown, determined by qPCR of reverse-transcribed
co-immunoprecipitated RNA. (b) Histone mRNA levels in Eril-deficient
MEF cells transduced with the indicated constructs and treated with
hydroxyurea. Ratios are calculated as before (Fig. 1). (c) Time-course
experiment comparing Hist1h2ak degradation in wild-type MEF cells
with Eril-deficient cells transduced with GFP-Eril or GFP-Eri1AN.

(d) Expression of human Eril and a-tubulin in Eril-deficient MEF
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cells (top). The cells were analyzed for hydroxyurea-induced HistlhZ2ak degradation (bottom) as in b. (e) Scheme of the cRT-PCR procedure. (f) RT-PCR
amplification of a Hist2h4 fragment spanning the ligated 5” and 3” ends from RNA isolated from Eril-deficient or wild-type MEF cells, either treated
with TAP or left untreated before RNA ligation and RT-PCR. Amplicons are shown on a 2% agarose gel. (g) cRT-PCR sequencing results of Hist2h4
mRNA from Eril-deficient (gray bars) and wild-type MEF cells (black bar). (h) RNA immunoprecipitation with a monoclonal antibody against Eril, using
wild-type and Eril-deficient cells or Eril-deficient cells reconstituted with wild-type or mutant Eril. In a, d and f-h, representatives of at least two
independent experiments are shown. In b, s.d. is calculated from three or two (‘GFP-Eril’" and ‘GFP’) individual experiments. In a, ¢ and d, error bars

indicate gPCR variance.

Eri1 binds and trims histone mRNA in cells

We determined the extent of Eril association with an endogenous
histone mRNA in retrovirally reconstituted Eril-deficient cells. Using
anti-GFP immunoprecipitation, we found that Hist1h2ak mRNA co-
immunoprecipitated efficiently with the catalytically inactive mutant
GFP-Eril D130G E132G but not with GFP (Fig. 2a). We then asked
whether histone mRNAs are direct targets for the catalytic activity
of Eril. Hydroxyurea treatment-induced degradation of the Hist2h4
mRNA was compared in cells that lack Eril alleles (Eri I-") or express
endogenous Eril (Eril*/*) or GFP-tagged Eril proteins (Fig. 2b,c
and Supplementary Fig. 2a). Reconstitution of Eril-deficient cells
with wild-type Eril that was N-terminally fused to GFP was able
to rescue histone mRNA degradation only partially. This result may
involve a possible negative effect of the tag on Eril activity, but it still
allowed comparison of wild-type and mutant Eril proteins. Histone
mRNA degradation was still impaired in Eril-deficient cells trans-
duced to express the catalytically inactive Eril mutant (GFP-Eril
D130G E132G) or GFP alone. We also addressed whether the enzyme
depended on the SAP domain that has been implicated in contacting
the histone mRNA stem-loop?. In contrast to the catalytically inactive
mutant, a partial rescue of histone mRNA degradation was observed
upon re-expression of an N-terminal deletion mutant (GFP-ErilAN),
which lacks the SAP domain, spanning amino acids 1-106 (ref. 6).
To analyze the kinetics of histone mRNA degradation in Eril~/- MEF
cells reconstituted with GFP-Eril and GFP-ErilAN (Supplementary
Fig. 2b), we determined hydroxyurea-induced HistIh2ak mRNA
decay in a time course (Fig. 2¢). Again, retroviral transduction of
Eri1~/= cells with wild-type GFP-Eril did not fully reconstitute Eril

activity (Fig. 2c). However, the wild-type protein was more effective
in Hist1h2ak mRNA degradation, as the GFP-Eril AN mutant showed
a strongly delayed mRNA decay (Fig. 2¢). Nevertheless, 60 min after
hydroxyurea treatment, GFP-ErilAN decreased Hist1h2ak mRNA to
a similar extent as GFP-Eril (Fig. 2c).

Because previous knockdown approaches were unable to demon-
strate a function for human ERI1 in hydroxyurea-induced histone
mRNA degradation?, we also addressed the possibility of mouse
and human ERI1 proteins serving a different function. Similar to
the function of endogenous mouse Eril protein, the Flag-HA-tagged
human counterpart clearly rescued hydroxyurea-induced degradation
of Hist1h2ak in Eril-deficient cells (Fig. 2d).

Our previous work showed that the 3” exoRNase activity of Eril was
essential for trimming the 3" end of 5.85 rRNA®. This prompted us to
inspect the 3" end of the Hist2h4 mRNA in wild-type and Eril-deficient
cells by circularization reverse transcription PCR (cRT-PCR)? (Fig. 2e).
In this method, the 3" and 5’ ends of an individual RNA molecule are
ligated to form a circle, which is followed by reverse transcription and
PCR amplification across the joined ends. We found that cRT-PCR
amplification of Hist2h4 required treatment of RNA samples with
tobacco acid pyrophosphatase (TAP) (Fig. 2f), an enzyme that removes
the cap structure at the 5" end of mRNA molecules. In these TAP-
treated mRNAs, we compared the Hist2h4 mRNA 3’ ends of five wild-
type clones with those of nine clones derived from Eril-deficient cells.
The sequences clearly showed that the presence of the Eril wild-type
allele correlated with trimming of the last two nucleotides of the
AACCA sequence at the 3’ end of the Hist2h4 mRNA (Fig. 2g). In
fact, it created a 3" end that was similar to the previously determined
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Eril-deficient and wild-type MEF cells. (d) Analysis of uridylated
3" ends of endogenous Hist1h2ak in Eril-deficient MEF cells, with ligation of a linker to the 3” end of gel-purified RNAs (~200-800 nucleotides).

For reverse transcription, a primer with the complementary linker sequence and a 3’ anchoring A was used. Uridylated Hist1h2ak was amplified with a
forward primer annealing at the 3" UTR and a reverse primer in the linker region. PCR fragments were cloned and sequenced. (e-h) PCR quantification
of oligouridylated Hist1h2ak mRNA in wild-type and Eril-deficient MEF cells in response to hydroxyurea treatment (e), in mRNA from samples shown in
Figure 2b and Supplementary Figure 5 (f) and in samples from Figure 2d (g) or in mRNA extracted from tissues of Eril-deficient and wild-type mice (h).
c and e-h are representative of at least two independent experiments, and d combines results from three independent experiments. Error bars in b,c and

e-h indicate technical variance of qPCR.

3" end of histone HIST2H3 mRNAs in HeLa cells?. Eril deficiency
instead led to mRNA molecules that terminated either four (AACC)
or five (AACCA) nucleotides downstream of the stem-loop (Fig. 2g),
which were similarly found for histone H2a mRNA when processing
occurred in vitro®.

The five nucleotides of the consensus sequence ACCCA at the
3" end of replication-dependent histone mRNAs have been found
to be crucial for the interaction of recombinant Eril with short
oligoribonucleotides that form the stem-loop structure in solution.
Shortening or extension, as well as replacement with an AUUUU
sequence, reduced the interaction of recombinant Eril significantly®.
Having established that Hist2h4 mRNA, in the presence of cata-
lytically active Eril, ends in an AAC sequence, we tested whether
3’-end trimming would abolish the association of Eril with the histone
mRNA. We performed anti-Eril RNA immunoprecipitations (RIPs)
after formaldehyde cross-linking of intact cells®. In these experiments,
we found that endogenous Eril from wild-type cells and Eril that
was re-expressed in Eril-deficient cells were equally able to interact
with Hist2h4 mRNA (Fig. 2h). Efficient binding was also observed
for the catalytically inactive mutant of Eril (GFP-Eril D130G E132G)
(Fig. 2h). In contrast, no binding was observed in immunoprecipita-
tions from Eril-deficient cells transduced with empty vector or trans-
duced with Eril harboring two mutations (K107A K108A) that were
previously shown to interfere in human ERI1 with histone mRNA
binding®. A naturally occurring polymorphism of mouse Eril with
one amino acid substitution (A176D)°® did not interfere with histone
mRNA binding. These data suggest that Eril interaction with the

histone mRNA may be stabilized by other proteins, for example by
SLBP as previously described?® or by cis elements other than the con-
sensus ACCCA motif. The findings also show that the Eril protein
trims two nucleotides from the mature histone mRNA 3’ end but then
stalls close to the double-stranded stem-loop structure.

Oligouridylated histone mRNAs accumulate upon Eri1 deficiency
Addition of nontemplated oligo(U) tails to the 3 end of histone
mRNAs has been implicated as the degradation-initiating event?°. We
set up an assay to quantify these short-lived oligo(U)-marked histone
mRNAs, performing reverse transcription under optimized condi-
tions with a primer that included 14 As (Fig. 3a and Supplementary
Fig. 3a). To validate how many Us have to be present at the 3" end of
the histone mRNA to be detected, the assay was tested on in vitro—
transcribed uridylated and oligouridylated transcripts after electro-
poration into MEF cells. It was possible to detect the 3" untranslated
region (UTR) of Histl1h2ak fused to GFP mRNA (Supplementary
Fig. 4) when it was extended by more than five Us (Fig. 3b). However,
the efficiency of detection steeply increased between 5 and 14 Us.
In asynchronously growing cells, the detection of endogenous oligo-
uridylated Hist1h2ak increased by a factor of ~20 in Eril-deficient as
compared to wild-type cells (Fig. 3c). We then ligated RNA linkers
to RNA from Eril-deficient cells and used a linker-specific primer,
which anchored the reverse transcription to templates that ended in
at least one U. For Hist1h2ak transcripts that ended in the sequences
ACCUA or ACCU, which were found appropriate for Eril-deficient
cells (Fig. 2g), we determined uridylation to involve additions of
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Figure 4 Impaired cell cycle-dependent degradation of oligouridylated histone
mRNAs in Eril-deficient cells. (a) Expression profiles for Hist2h4 mRNA in
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Eril-deficient and wild-type CD4 T cells, determined by gPCR. Samples are from peripheral CD4 T cells isolated from wild-type and Eril-targeted
mice, as indicated and activated with anti-CD3 and anti-CD28 antibodies to enter the cell cycle. The experiment was performed five times, measuring
Hist2h4 in four and Hist1hla, Hist1hle and Hist1h2ak in one experiment(s). In all experiments, histone mMRNA expression was significantly increased
in Eril-deficient cells after 40 h, as determined by the paired Student’s t-test (P = 0.03 for Hist2h4). (b) Propidium iodide staining and fluorescence-
activated cell sorting (FACS) analysis of samples in a. (c,d) Cell cycle (c) and size (d) analysis of T2 cells from wild-type and Eril-deficient mice.
BrdU, bromodeoxyuridine; 7-AAD, 7-aminoactinomycin D. (e-h) Centrifugal elutriation of Eril-deficient and wild-type T2 cells. The different cell-
cycle phases were identified through their DNA contents in propidium iodide staining and FACS analysis (e). (f-h) Protein or RNA extracts analyzed

by immunoblotting using an anti-Eril monoclonal antibody (f) or gPCR for oligouridylation of histone Hist1h2ak (g,h). g and h depict the same data
for wild-type T2 cells that are directly compared to oligouridylation levels of Hist1h2ak in Eril-deficient cells in h. c-h are representative of two

experiments. Error bars in g and h indicate technical variance of qPCR.

1-9 Us as well as 3" additions of CAAAAAU or CAAAUUUUUU
(Fig. 3d). Unexpectedly, we also found Hist1h2ak transcripts that were
shortened by 3 nucleotides in the absence of Eril. These transcripts
were 3’ monouridylated, which suggested that this type of modifica-
tion occurs in association with 3’-end degradation.

Hydroxyurea treatment induced a steady increase of oligouridyla-
tion of Hist1h2ak mRNA over 20 min in wild-type MEF cells (Fig. 3e).
Eril-deficient MEF cells responded only marginally after 10 min
(Fig. 3e), but oligouridylation in these cells was elevated at all time
points by more than one order of magnitude, compared to wild-type
cells. We then tested whether re-expression of GFP-Eril could rescue
this phenotype in Eril-deficient MEF cells. In these experiments, GFP-
Eril completely reduced oligouridylation of Hist1h2ak mRNA to wild-
type levels, whereas the catalytically inactive GFP-Eril D130G E132G
mutant was ineffective (Fig. 3f and Supplementary Fig. 5). This res-
cue activity was not restricted to mouse Eril but also occurred upon
reconstitution with human ERI1 (Fig. 3g). Much as we had observed
after hydroxyurea-induced histone mRNA degradation (Fig. 2b,c), we
found that the RNA-binding mutant GFP-ErilAN partially rescued
Hist1h2ak oligouridylation levels (Fig. 3f and Supplementary Fig. 5).
The increased abundance of oligouridylated histone mRNAs was also
confirmed in RNA samples prepared from tissues of Eril-deficient
and wild-type mice (Fig. 3h). These measurements showed smaller
differences in organs composed mainly of cells that are resting or are
terminally differentiated (Fig. 3h, spleen, lung and heart). However, a
greater difference was detected in the mRNA samples prepared from
testis (Fig. 3h), consistent with the fact that many cells are progressing
in the cell cycle in this organ. These results demonstrate that the
exonucleolytic activity of Eril decreased the abundance of oligouri-
dylated histone mRNAs, whereas the intrinsic RNA-binding capacity
of Eril was dispensable.

Eri1-deficient cells progress normally in the cell cycle

To find out how the apparent defect of Eril-deficient cells can be
compensated for in the cell cycle, we performed time-course experi-
ments to measure histone mRNA expression in quasisynchronized
cells by activating naive CD4 T cells with anti-CD3 and anti-CD28
antibodies (Fig. 4a,b). This treatment similarly induced Eril-deficient
and wild-type cells to leave the GO phase and to enter and progress in
the cell cycle (Fig. 4b). Hist2h4 mRNA expression profiles in Eril-
deficient and wild-type cells were comparable in that they increased
after 24 h of stimulation, peaked after 40 h and subsequently declined
to basal levels after 48 h or 44 h, respectively (Fig. 4a). Over all time
points the Hist2h4 mRNA abundance in Eril-deficient cells was
slightly increased. However, the decay of histone mRNA was delayed
40-44 h after stimulation as compared to wild-type cells (Fig. 4a). At
that time, both samples exhibited similar cell-cycle progression, as
determined by DNA-content analysis (Fig. 4b). Still, histone mRNA
degradation was eventually achieved. These data suggest that Eril-
deficient T cells implement an alternative but slower histone mRNA
degradation pathway within their cell cycle, which was not obvious
during short-term hydroxyurea treatment. To formally rule out effects
of Eril deletion on the cell cycle of T cells, we performed bromode-
oxyuridine (BrdU) incorporation experiments after culturing the cells
3 din Ty2 conditions. Analyzing asynchronously growing wild-type
and Eril-deficient T cells, we found no differences in the distribution
of cells in sub G1, GO-G1, S or G2-M phase (Fig. 4c) and no difference
in cell size (Fig. 4d).

In order to analyze oligouridylation in individual cell-cycle
phases, we employed centrifugal elutriation to separate fractions
of wild-type and Eril-deficient T cells. These were judged by their
DNA content to represent cells mostly in G0-G1, G1-S, S, S-G2 and
G2 phases (Fig. 4e). Eril-deficient and wild-type T cells were close
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Error bars indicate technical variance of gPCR.

to identical in their DNA content, with the exception of the S-phase
elutriation fraction that, owing to unknown reasons, showed slightly
less DNA content in the Eril-deficient cells. Immunoblotting of
T-cell lysates derived from the same cell fractions did not reveal
obvious regulation of the Eril protein in the wild-type cells during
the cell cycle (Fig. 4f). We then compared the dynamics of oligo-
uridylation of Hist1h2ak during cell-cycle progression in T cells.
In wild-type T cells, oligouridylation of Hist1h2ak increased from
G1 over G1-S to late S phase and decreased in S-G2 phase (Fig. 4g).
The total amount of Hist1h2ak increased as expected from GO-G1
to early S phase and continuously decreased toward G2-M phase

(Supplementary Fig. 6a). Oligouridylation of Hist1h2ak in Eril-
deficient T cells was increased throughout the cell cycle and was
highest in G1 phase, with strongly increased levels as compared
to wild-type cells. The levels dropped slightly during G1-S phase,
S phase and S-G2 phase and increased again during the G2 phase
(Fig. 4h). Nevertheless, oligouridylation of Hist1h2ak increased
in S phase when we normalized to the total amount of Hist1h2ak
(Supplementary Fig. 6b), which suggested a higher activity of the
responsible cellular TUTase during this cell-cycle phase. These
findings implicate the existence of an Eril-independent pathway
to degrade oligouridylated histone mRNAs.
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Figure 6 Lsm1 binds to Eril and oligouridylated Hist1hZ2ak mRNA after hydroxyurea treatment. (a) Immunoprecipitation £ E - E E =
. . . . © @ @ ©
of Lsm1 from MEF lysates, using generated monoclonal antibody 5F3 (evaluated in Supplementary Fig. 7a—c). Western o o oo
blot analysis using a second monoclonal antibody (2A8) to detect Lsm1 is shown. Additionally, co-immunoprecipitation s p
ril Erit™"

of Eril but not Rc3h1, another RNA binding protein, was observed. (b) Anti-GFP immunoprecipitations on cell lysates

from Eril-deficient MEF cells retrovirally transduced with GFP-Eril or GFP alone, that were treated with a mixture of
RNases or left untreated. The indicated proteins were detected by immunoblotting. The Lsm1 protein in the input was detected only upon prolonged
exposure. Effective RNase treatment was demonstrated through ethidium bromide staining of the 28S and 18S rRNA bands after RNA-extraction of

immunoprecipitation supernatants. (¢c) Immunoprecipitation of endogenous Eril from CD4 T cell lysates, using a monoclonal Eril antibody. Eril and
Upfl were detected by immunoblotting. Asterisk denotes a degradation product of Eril. (d) Immunoprecipitation performed as in a, but MEF cells were
treated with hydroxyurea for O, 15 or 30 min. (e) Similar to d, but anti-Lsm1 immunoprecipitates were washed with a high-salt buffer that efficiently
disrupts Lsm1-Eril interactions. Half of each immunoprecipitated sample was analyzed by western blot or gPCR for oligouridylated HistIhZak. In a—e,
experiments were performed at least twice. Error bars in e indicate the technical variance of the gPCR results.
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two independent experiments.

Eri1 degrades histone mRNAs in their oligouridylated form
We determined the protein expression and half-life of oligouridylated
histone mRNAs in wild-type and Eril-deficient MEF cells. To do so,
we performed transfections of in vitro-transcribed and 5'-capped
mRNAs encoding the open reading frame of GFP fused to the 3’ UTR
of Hist1h2ak (G-2ak) (Supplementary Fig. 4). As an internal con-
trol, we also cloned and in vitro transcribed polyadenylated Cherry
mRNA (Ch-poly(A)). Single and double mRNA transfections revealed
that both fluorescent proteins were efficiently expressed if equipped
with a poly(A) tail (Fig. 5a). Expression of GFP with a stem-loop was
reduced as compared to that of the same mRNA ending in a poly(A)
tail (Fig. 5a,b). We then analyzed the influence of increasing numbers
of Us added to the 3’ end of the Hist1h2ak 3" UTR (G-2ak-(U)g_14)
(Fig. 5b). In these experiments, we found no effect on GFP expression
upon addition of one or three Us to the 3" end of the Hist1h2ak 3’ UTR
(Fig. 5b—d). In contrast, 5-14 Us reduced or blocked GFP expression in
most of the transfected cells. In fact, green fluorescence was undetect-
able for cells that received mRNAs ending in 11-14 Us and was similar
to transfections of a GFP transcript with no poly(A) tail (Fig. 5a,b).
Next we asked whether oligouridylation influenced histone mRNA
stability in wild-type and Eril-deficient cells. The mRNA levels of the
oligouridylated reporter (G-2ak(U);,) declined much faster at 6 h and
24 h in wild-type compared to Eril-deficient cells (Fig. 5e). In con-
trast, the decrease of the nonuridylated reporter was similar in both
cell lines (Fig. 5f; G-2ak-(U),). The degradation of co-transfected
Cherry mRNA was also comparable (Fig. 5f, Ch-poly(A)). These data
show that only the oligouridylated form of HistI1h2ak is a target for
Eril-dependent degradation and suggest that oligouridylation inter-
feres with protein expression.

Eri1 interacts with Lsm1, Lsm4 and Upf1 proteins
We hypothesized that Eril may act on oligouridylated mRNAs
in concert with Lsm1 and Upfl proteins, which are required for

+/+P(1)

replication-dependent histone mRNA decay?%2226. To analyze the
interaction of Eril with Lsm1, we generated monoclonal antibodies
against Lsm1 (Supplementary Fig. 7a-c). Immunoprecipitating
endogenous Lsm1 from wild-type MEF cell extracts, we found sub-
stantial co-immunoprecipitation of Eril (Fig. 6a). The interaction
was specific, as Re3h1, another RNA-binding protein?’ was not co-
immunoprecipitated with Lsm1, and no Eril signal appeared in an
isotype-control immunoprecipitation. We also confirmed this inter-
action through Eril pulldowns. Here, we performed immunoprecipi-
tations with antibodies against GFP, using extracts of Eril-deficient
MEF cells transduced with retroviruses expressing either GFP or
GFP-Eril (Fig. 6b). Again, immunoprecipitation of GFP-Eril but
not GFP revealed an interaction with endogenous Lsm1 (Fig. 6b).
Similarly, immunoprecipitation of Eril from extracts of T cells
revealed an interaction with the helicase Upf1 (Fig. 6¢).

We then asked whether any of these interactions occurred in the
absence of RNA. Immunoprecipitations were performed with cell
lysates that were either left untreated or supplemented with RNase
(Fig. 6b). Upfl was co-immunoprecipitated only when RNA was
present, as the signal was lost upon RNase-treatment (Fig. 6b). This
indicated that these two proteins were present in the same mes-
senger ribonucleoprotein complex but did not engage in protein-
protein interactions. In contrast, Eril interacted with Lsm1, and the
western blot signal even increased when RNase was added to the
cell lysate (Fig. 6b). RNase treatment in this case may liberate Lsm
complexes from nonhistone mRNAs, making them more accessible
for binding Eril in the lysates. This conclusion was supported by
co-immunoprecipitation of Lsm4 protein with endogenous Eril
from T-cell lysates in which RNase treatment also strongly enhanced
endogenous Eril interaction with endogenous Lsm4 (Supplementary
Fig. 7d). These results point toward an RNase-insensitive inter-
action of Eril with one or several members of the heteroheptameric
Lsm1-7 ring, which is known to specifically bind oligouridylated or
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oligoadenylated mRNAs?328, In line with this, we found that the inter-
action of Eril with Lsm1 in extracts of wild-type MEF cells transiently
increased 15 min after hydroxyurea treatment (Fig. 6d). At this time
point, we also found more oligouridylated histone Hist1h2ak mRNA
in anti-Lsm1 RNA immunoprecipitations (Fig. 6e). Notably, Lsm1
interaction with this histone mRNA was not dependent on the pres-
ence of Eril and rather appeared increased in the Eril-deficient cells,
even before hydroxyurea treatment. This is consistent with increased
basal levels of oligouridylated transcripts in these cells (Fig. 3¢c). The
results therefore support a model in which Eril may gain specificity
for the degradation of oligouridylated histone mRNAs through its
interaction with Lsm1-7 proteins.

Eri1 degrades the stem-loop of oligouridylated histone mRNAs
We repeatedly noticed that PCR amplicons of oligouridylated his-
tone mRNAs from Eril-deficient and wild-type MEF cell extracts
ran differently in gel electrophoresis (Fig. 7a—c). The wild-type band
migrated somewhat faster and appeared diffuse. We detected similar
differences in band size between Eril-deficient and wild-type MEF
cells for amplicons of oligouridylated Hist1hla, Hist1h3b, Hist1h3d
and Hist1hle (Fig. 7b). Furthermore, retroviral transduction of mouse
or human ERI1 in Eril-deficient MEF cells converted the slower-
migrating and more defined band that is characteristic for Eril-
deficient cells into a faster-running and more diffuse wild-type band
(Fig. 7c). The phenotype could not be rescued by the catalytically
inactive mutant GFP-Eril D130G E132G (Fig. 7c). Sequences from
27 clones originating from wild-type MEF mRNA showed that oligou-
ridylation was hardly present at the 3" end of mature Eril-trimmed
Hist1h2ak mRNA. Instead, oligouridylation was almost entirely found
at 3’ ends of mRNAs that showed intermediate degradation into the
stem-loop (93%). These stages are depicted and were designated +2 to
-8 with respect to position 0 being the 3" end of mature Eril-trimmed
Hist1h2ak (Fig. 7d). The oligouridylated 3’ end at position -7 was
by far the most abundantly occurring oligouridylated degradation
product in wild-type MEF cells (62%) (Fig. 7e). These results strongly
indicate that oligouridylated full-length histone mRNAs are rapidly
degraded into the stem-loop, where degradation stalls, and that full
degradation of the stem-loop requires re-oligouridylation. In sharp
contrast to these findings, oligouridylation of Hist1h2ak in Eril-defi-
cient MEF cells was not found at the 3" end of transcripts with a
partially degraded stem-loop, that is, with 3" ends below the -1 posi-
tion. Instead, oligouridylation of Hist1h2ak mRNA in Eril-deficient
cells was mostly found at position +2 (Fig. 7e), that is, on full-length
mRNA that lacked Eril-dependent 3’-end trimming (58%).

DISCUSSION

We demonstrated the crucial role of Eril in histone mRNA degra-
dation, representing one paradigm of induced mRNA decay. We
observed Eril-dependent trimming of two nucleotides at the 3" end
of mature histone Hist2h4 mRNA (Fig. 2g). This is consistent with
previous observations describing that cytoplasmic mature histone
mRNAs are two nucleotides shorter than those processed in in vitro
reactions that lack Eril (ref. 20). In vitro, the Eril protein shortened
the 3" end of histone mRNAs by 2-3 nucleotides at limiting con-
centrations and progressively degraded the mRNA at higher protein
concentrations’. Such nonspecific degradation was inhibited in the
presence of the SLBP protein’. However, trimming of histone mRNAs
by Eril can also be interpreted as an unsuccessful attempt at 3’-end
degradation, which requires oligouridylation to become effective
(Fig. 5e). This inhibition could be due to steric constraints or to the
double-stranded RNA structure of the stem-loop, which is known

to inhibit Eril exoRNase activity in vitro67. According to a previ-
ous report, Eril binding to the stem-loop required the full ACCCA
at the 3" end”. Therefore, Eril-mediated trimming could destabilize
its own binding for subsequent degradation of the stem-loop, unless
additional interaction surfaces are created in an oligouridylated his-
tone messenger ribonucleoprotein complex. The Lsm1-7 complex
binds 3’-oligouridylated transcripts, and we found that Eril interacts
in cell lysates in an RNA-independent and hydroxyurea-inducible
manner with the Lsm1 complex (Fig. 6a,d). We also found that Eril
co-immunoprecipitated with Upfl in an RNase-sensitive manner
(Fig. 6b,c). Previous publications have shown that SLBP interacted
directly with Upfl (ref. 22) and, in an RNase-sensitive manner, with
Lsm1 (ref. 20), and both interactions were stimulated by hydroxyu-
rea?%:22, Considering the inhibition of Eril catalytic activity by RNA
duplexes, the Eril-Lsm1-7 complex may be able to process through
the stem-loop only when the helicase activity of Upfl, presumably in
a stepwise manner, opens up the double-stranded RNA of the stem.
This scenario would provide a mechanistic interpretation for the
functional importance of Upfl in this pathway?®-22.

It was previously shown that binding of the Lsm1-7 complex to
oligo(U) tails can cause decapping of mRNAs28:29. The same function
of Lsm1 was recently proposed in the process of histone mRNA degra-
dation?0, Experimental evidence included the detection of 5’-shortened
transcripts after circularization PCR as well as the knockdown of
Dcp2, which resulted in a two-fold reduction of hydroxyurea-induced
histone mRNA degradation®’. Our data show that oligouridylation of
full-length histone mRNAs is profoundly increased in Eril-deficient
cells (Fig. 3¢ and Fig. 4h), and hydroxyurea treatment induces only
amodest reduction of histone mRNAs (Fig. 1a—c). We therefore con-
sider decapping as an alternative degradation pathway in wild-type
cells. We can also not rule out involvement of 3" degradation by the
exosome??, although a previous publication described that oligouri-
dylation interfered with 3’-5” degradation in cell extracts?. However,
these alternative pathways are much less effective in Eril-deficient
cells. We also determined that oligouridylated transcripts are transla-
tionally repressed (Fig. 5¢), which could result from Lsm1-7 binding,
as translational inhibition has been found to be associated with the
binding of activators of mRNA decapping?’. Translational inhibition
together with alternative degradation may prevent the development
of signs of genomic instability due to histone overexpression in Eril-
deficient mice. Nevertheless, the increased abundance and delayed
decay of histone mRNAs due to Eril deficiency may cause problems
under certain circumstances, for example in rapidly growing cells
during an ongoing immune response? or in processes that require
replacement with specific histone variants.

The untemplated addition of Us to the 3" end of RNAs by TUTases
was observed for several RNA classes, the U6 (ref. 31), miRNAs32:33
and histone mRNAs??, but the mechanistic implications of this modi-
fication are not well understood. For the let-7 family of miRNAs,
it was shown that lin28 binds sequence specifically to the loop of
pre-let-7 miRNAs and recruits the TUTase Zcchcll for oligo-
uridylation34. This renders pre-let-7 no longer a substrate for Dicer
processing®2. Consequently, no mature let-7 is produced, but the fate
of oligouridylated pre-let-7 is unknown. Because we showed that
Eril is an exonuclease that selectively degrades oligouridylated
histone mRNAs, we speculate that the range of potential substrates
might not be restricted to the class of histone mRNAs.

METHODS
Methods and any associated references are available in the online
version of the paper.
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ONLINE METHODS

Mice and cell lines. Mice were housed in specific pathogen-free barrier facilities
and used in accordance with protocols approved by the animal-care and state and
federal guidelines of the Helmholtz Zentrum Miinchen. Sex-, age- and strain-
matched wild-type control mice were used in all experiments. T cell-specific
Eril-deficient mice (Eri '"f;CD4Cre) were on a pure C57BL/6 background. MEF
cells were isolated by sacrificing pregnant females 13.5 d post coitum and separat-
ing the embryos. Fibroblasts of the appropriate genotype were taken into culture
and immortalized by ecotropic retroviral infection with SV40 large T antigen,
using hygromycin selection at 100 pig/ml for two weeks. MEF and T cells were
treated with 5 mM HU, as previously described?.

RNA isolation, cDNA synthesis and quantitative PCR. RNA was isolated by
using Trizol and reverse transcribed with QuantiTect Reverse Transcription
Kit (Qiagen), which also removes traces of contaminating genomic DNA. The
Roche assay design center (https://www.roche-applied-science.com/sis/rtpcr/
upl/ezhome.html) was used to design qPCR assays that were in silico-tested to
avoid off-target amplification and that consisted of two primers and a UPL probe
(Roche). Supplementary Table 2 lists all primer and probe combinations that
were used. Real-time PCR was performed as described for UPL assays (Roche) on
a Light Cycler 4801 and with Light Cycler 480 software release 1.5.0 SP1, which
was used to calculate efficiency-corrected relative expression. For the experiments
shown in Figure 1a,d,e and Figure 4a, the AAC, method was chosen for analysis.
If not stated otherwise, Hprt (hypoxanthine guanine phosphoribosyltransferase,
NM_013556) and Pbgd (porphobilinogen deaminase, also called hydroxymeth-
ylbilane synthase (Hmbs), NM_013551) were used as a reference for relative
quantification throughout (Supplementary Table 2).

Oligouridylation qPCR assay. Reverse transcription was performed with 3-5 ug
total RNA at an optimized temperature of 14.4 °C (Supplementary Fig. 3a) for
2 h, using three gene-specific primers—GSP 1h2ak R (5 pmol/ul), GSP Hprtl R
(2 pmol/ul) and ((A)14-GFP-RT (5 pmol/ul) (Supplementary Table 2)—and
applying the Superscript III First Strand Synthesis Kit (Invitrogen). Real-time
PCR was carried out as advised for UPL assays (Roche) using the primer pairs
(U),,-1h2ak for/rev, Hist1h2ak for/rev and Hprt for/rev (Supplementary Table 2),
for which the amplification efficiency was determined as 2.00, 1.93 and 1.95,
respectively (Supplementary Fig. 3b). All results were efficiency corrected as
described for qPCR (above).

Circularization RT-PCR and cloning. cRT-PCR was performed as depicted in
Figure 2e and as described?’. Circularized Hist2h4 mRNA was reverse tran-
scribed by using the primer ¢cRT 2H4 RT and PCR amplified (cRT 2H4 PCR
for/rev, Supplementary Table 2).

Virus production and infection. Retroviral supernatants were produced by
calcium phosphate transfection of HEK293T cells with amphotropic packaging
and retroviral expression vectors. Supernatants were collected 48 h after transfec-
tion, filtered through 0.45-um filters, supplemented with 5 pg ml~! polybrene
and used for infection. Puromycin selection started 48 h after infection, at a
concentration of 2 ig ml~!, and ended when 100% of uninfected control cells
were dead.

T-cell culture and stimulation. Cultures of helper T cells were prepared and ana-
lyzed as described3”. Briefly, CD4* T cells were purified from spleen and superfi-
cial cervical, facial, axillary, brachial and inguinal lymph nodes by magnetic-bead
selection (Dynal). Purified T cells were activated with hamster anti-mouse CD3
(0.1 pg/ml; 145-2C11) and anti-mouse CD28 (1 ug/ml; 37N) antibodies cross-
linked on goat anti-hamster IgG-coated plates (0.3 mg/ml in PBS at 4 °C over-
night; MP Biomedicals) for 44 h (Fig. 1b,c) or as described (Fig. 4a). Samples
were collected by removing the supernatant and lysing cells in Trizol (Sigma).
For the elutriation experiment, cells were activated as described above, and the
cultures were supplemented to induce Ty2 differentiation?’. After being stim-
ulated for 48 h, cell populations were expanded in recombinant human IL-2
(10 U/ml; World Health Organization, National Institute for Biological Standards
and Control). All monoclonal antibodies were purified from supernatants of
hybridomas on protein A- or protein G-Sepharose columns and were dialyzed
against PBS.

Cell-cycle analysis. T2 CD4 T cells were stimulated for 40 h. Both Ty2 and
MEEF cells were labeled for 40 min by using BrdU. Further sample preparation
was according to the APC BrdU Flow Kit manual (BD Pharmingen).

Co-immunoprecipitation of Lsm1- and Eril-associated proteins and histone
mRNA. Co-immunoprecipitation was performed as previously described3°. For
each sample, two 15-cm dishes of MEF cells (~80-90% confluent) were washed
twice with PBS. Cells were centrifuged (300g, 5 min, 4 °C), and the pellet was lysed
in 600-800 pl lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 0.25% (vol/vol)
Nonidet-P40, 1.5 mM MgCl,, protease-inhibitor mix without EDTA (Roche) and
1 mM dithiothreitol). Lysates were passaged through a 26-gauge needle, shock fro-
zen, thawed and cleared by centrifugation (4 °C, 10 min, 10,000g). For co-immu-
noprecipitation of histone mRNA, polyclonal anti-GFP (A11122; Invitrogen)
antibody-coupled magnetic beads (Invitrogen) were incubated for 4 h at 4 °C with
lysates in the presence of 20 U RNasin (Promega). For co-immunoprecipitation of
Eril-associated proteins, monoclonal anti-Eril (5G8) antibody-coupled magnetic
beads (Invitrogen) were used and incubated for 4 h at 4 °C with lysates supple-
mented with or without RNase (Roche). Beads were washed twice (RNA) or three
times (protein) with lysis buffer and for RNA co-immunoprecipitation an addi-
tional two times with high-salt lysis buffer (300 mM NaCl, 0.5% (vol/vol) Nonidet-
P40 and 2.5 mM MgCl,). For co-immunoprecipitation of Lsm1-associated
proteins and histone mRNAs, lysates of untreated or hydroxyurea-treated wild-
type and Eril-deficient MEF cells were incubated with monoclonal anti-Lsm1
(5F3) antibody-coupled magnetic beads (Life Technologies) for 4 h at 4 °C. Beads
were washed five times with either lysis buffer (protein) or high-salt lysis buffer
(RNA), respectively. To isolate RNA, the pellet (including magnetic beads) was
resuspended in 600 pl lysis-and-binding buffer of the MirVana kit (Ambion),
and RNA purification was performed according to the manufacturer’s manual.
Reverse transcription of the RNA for qPCR or for the oligouridylation qPCR
assay was performed as described above.

RNA immunoprecipitation for semiquantitative PCR. The procedure was
carried out exactly as previously described®. The primers 2H4F1 (TTG CGT GAC
AAC ATC CAG GG) and 2H4B2 (TTG GCG TGC TCG GTG TAG G) were used
to amplify the histone gene Hist2h4.

Centrifugal elutriation and flow cytometry. Centrifugal elutriation (Beckman
J6-MC centrifuge) was used to separate the different cell-cycle phases of 5 x 108
exponentially growing Ty2-differentiated CD4 T cells as previously described?”.
Cells were washed with PBS and resuspended in 30 ml RPMI supplemented
with 1% FCS, 2 mM EDTA and 0.25 U/ml DNase I (Roche). Cells were injected
in a JE-5.0 rotor with a large separation chamber at 1,400 r.p.m. and a flow
rate of 29 ml/min, controlled with a Cole-Palmer Masterflex pump. The rotor
speed was kept constant, and 400-ml fractions were collected at increasing
flow rates (32 (G1-G0), 35 (G1-S), 38 (S), 41 (S-G2) and 44 ml (G2)/minute).
Individual fractions were counted and split three ways for flow cytometry
(1 x 10° cells), immunoblotting (0.3 to 3.3 x 107 cells) and RNA isolation
(0.4 to 2.3 x 107 cells). For flow cytometry, cells were washed once with PBS,
resuspended in 1 ml 80% ethanol, 20% PBS and incubated for 1 h on ice. Fixed
cells were washed twice with PBS, and 900 pl PBS supplemented with 200 U
RNase were added. After 15 min incubation on ice, 100 pl of the propidium
iodide stain was added (5 pg/ml PI, 50 mM EDTA in PBS), and samples were
kept on ice until the DNA content was determined by using a Becton Dickinson
FACS Calibur.

In vitro mRNA transcription and electroporation of MEF cells. In vitro tran-
scription and polyadenylation were performed according to the manufacturer’s
instructions (Ambion). Single transfections contained 10 ug of the indicated
RNA. For double transfections, 10 pig of Ch-poly(A) and 10 pg of G-2ak-(U),_4
were mixed for electroporation (Bio-Rad, Gene Pulser Xcell, exponential proto-
col, 250 V, 500 UF, 4 mm cuvette) of 4 x 106 MEF cells that were washed in
Opti-MEM (Gibco) twice. Fluorescent protein was analyzed by flow cytometry
after 24 h, and RNA samples were obtained by lysing cells 4 h, 6 h and 24 h after
transfection, using Trizol. Prior to lysis, cells were incubated for 1 h in 2 ml warm
cell-culture medium, including 10 ug/ml DNase-free RNase (Roche) to degrade
RNA outside of the cells. qQPCR-based assays to detect Cherry and GFP-fusion
transcripts used primers and probes listed in Supplementary Table 2.

NATURE STRUCTURAL & MOLECULAR BIOLOGY

doi:10.1038/nsmb.2450


https://www.roche-applied-science.com/sis/rtpcr/upl/ezhome.html
https://www.roche-applied-science.com/sis/rtpcr/upl/ezhome.html

© 2013 Nature America, Inc. All rights reserved.

&

RNA-linker ligation. Total RNA (50 g) from Eril-deficient cells was separated
on a denaturing agarose gel. RNA of ~200-800 nt was purified from a gel slice by
using the Gelase high-activity protocol (Epicentre) and performing a subsequent
ammonium acetate/ethanol precipitation, according to the instructions of the
manufacturer. A universal miRNA cloning linker (New England BioLabs) was
ligated to RNA 3’ ends by using T4 RNA ligase 1 (ref. 38). cDNA was produced
at 48 °C by using Superscript III (Life Technologies) and a reverse primer with
the complementary linker sequence, extended by an anchoring 3" adenine (ATT
GAT GGT GCC TAC AGA). Standard PCR amplification was performed with a
forward primer that annealed in the 3" UTR of Hist1h2ak (TAG AAA GCA ACC

CTT TCC) and the reverse primer above. The PCR products were directly used
for TA cloning and sequencing.
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