










sites (14) are tyrosine dephosphorylated similarly to functional ISGF3
complexes.

These data address STAT1 tyrosine dephosphorylation in the
pool of STAT1-STAT2 heterodimers but not in the pool of STAT1
homodimers, since homodimers are still functional and capable of
DNA binding in the absence of Irf9: IFN-� induces STAT1 and
STAT2 levels and increases the STAT1 homodimer-driven tran-

scription of Irf1 in Irf9�/� cells (Fig. 3A and C). To directly address
the role of DNA binding in Y701 dephosphorylation of STAT1
homodimers, we employed fibroblasts expressing solely a STAT1
K336A mutant, which is incapable of chromatin recruitment and
induction of IFN-� target genes, despite nuclear accumulation
(13). IFN-� treatment of STAT1 K336A-expressing cells revealed
impaired Y701 dephosphorylation (Fig. 3G). This was expected,

FIG 3 Inhibition of transcription is permissive for Y701 dephosphorylation of nucleoplasmic STAT1. (A) STAT1 and STAT2 tyrosine dephosphorylation in the
absence of Irf9. WT and Irf9�/� BMDMs were stimulated with IFN-� for the indicated times. Levels of tyrosine-phosphorylated STAT1 and STAT2, total STAT1
and STAT2, and tubulin (used as a loading control) were assessed by Western blotting. Note that total STAT1 and STAT2 levels strongly increased with time of
IFN-� treatment in Irf9�/� cells, in contrast to levels in WT cells (compare the 0-min with the 360-min time points). (B) IFN-�-activated STAT1 accumulates
in the nucleus in the absence of IRF9. Irf9�/� BMDMs were treated with IFN-� for the indicated times, and immunofluorescence analysis was performed using
STAT1-specific antibodies. (C) IFN-�-induced transcription of Irf1 proceeds in the absence of Irf9. WT and Irf9�/� BMDMs were treated with IFN-�, and total
RNA was isolated and was analyzed by qRT-PCR. Error bars indicate standard deviations for 3 biological replicates. (D) Ongoing tyrosine dephosphorylation of
STAT1 and STAT2 in Irf9�/� BMDMs with a block in protein synthesis. Irf9�/� BMDMs were treated as described in the legend to panel A in the presence or
absence of CHX and were analyzed by Western blotting. (E) Amounts of STAT1 and STAT2 heterodimers remain stable regardless of IFN-� treatment. BMDMs
were stimulated with IFN-� for the indicated times, and immunoprecipitation (IP) was carried out using antibodies against STAT1 (top) or STAT2 (bottom),
or beads only as a control (CTRL). Immunoprecipitated complexes were analyzed by Western blotting using antibodies to STAT1 and STAT2. (IN, input control
[20%]). (F) STAT1 and STAT2 form complexes in Irf9-deficient cells. STAT1 was immunoprecipitated in Irf9�/� BMDMs as described in the legend to panel E.
(G) Y701 dephosphorylation of WT and DNA binding-deficient STAT1 after IFN-� stimulation. Immortalized MEFs expressing either WT STAT1 or a DNA
binding-deficient STAT1 mutant (K336A) were stimulated with IFN-� for the indicated times and were analyzed by Western blotting as described for panel A.
(H) Y701 dephosphorylation of the DNA binding-deficient STAT1 mutant. MEFs expressing STAT1 K336A were stimulated with IFN-� for 5 min (“pulse”),
followed by a chase for the indicated times in the presence or absence of the JAK2 inhibitor P6. (I) Y701 dephosphorylation of MEFs expressing WT or K336A
STAT1 after stimulation with IFN-� or IFN-�. MEFs expressing WT or K336A STAT1 were pulsed with IFN-� or IFN-� for 5 min, followed by a chase for the
indicated times. STAT1 tyrosine phosphorylation was analyzed by Western blotting as described for panel A.
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since the K336A mutant does not induce transcription and con-
sequently does not induce SOCS1 expression to turn off IFN-�
signaling in these cells. In order to show that the K336A mutant
was capable of targeting by STAT1 Y701 phosphatase, we used the
JAK2 inhibitor P6. To circumvent the slow kinetics of STAT1
dephosphorylation in fibroblasts, we employed a pulse-chase pro-
tocol for IFN stimulation: 5 min of IFN treatment followed by
washout and incubation in the absence of IFNs. Inhibition of
IFN-� signaling by treatment with the JAK2 inhibitor P6 30 min

after IFN-� stimulation resulted in Y701 dephosphorylation of the
K336A mutant (Fig. 3H), demonstrating that dephosphorylation
can proceed in the absence of DNA binding. Upon IFN-� treat-
ment, Y701 dephosphorylation of the K336A mutant progressed
similarly to that for WT STAT1 (Fig. 3I), suggesting that tran-
scription, which is required for Y701 dephosphorylation (Fig. 1I)
by the K336A-containing ISGF3 complex, proceeds normally.
This is in agreement with previous studies showing that ISGF3
containing the K336A mutation is transcriptionally active (13). In

FIG 4 Transcription inhibition by ActD prolongs STAT1 but not NF-�B occupancy at target promoters. (A and B) Transcription inhibition prolongs STAT1
occupancy at the Irf1 and Mx2 promoters. BMDMs were stimulated with IFN-� in the presence or absence of ActD for the indicated times. STAT1 occupancy at
the corresponding GAS (A) and ISRE (B) sites was assessed by ChIP. Signals were normalized to input DNA. Error bars represent standard deviations (n � 3).
(C and D) ActD treatment does not alter RNAPII recruitment to the Irf1 and Mx2 promoters. BMDMs were stimulated with IFN-� in the presence or absence
of ActD for the indicated times. (C and D) The binding of RNAPII to the Irf1 (C) and Mx2 (D) promoters was analyzed by ChIP. Signals were normalized to input
DNA. Error bars represent standard deviations (n � 3). (E) ActD treatment inhibits the progression of RNAPII into the gene body. BMDMs were stimulated with
IFN-� in the presence or absence of ActD for the indicated times. The recruitment of RNAPII to Irf1 exon 4 was assessed by ChIP. Signals were normalized to
input DNA. Error bars represent standard deviations (n � 3). (F and G) Transcription inhibition does not prolong NF-�B occupancy at the I�ba promoter. (F)
BMDMs were stimulated with LTA for 60 min, followed by ActD treatment for an additional 60 min. RNA was isolated, and I�ba pre-RNA was analyzed by
qRT-PCR. Error bars indicate standard deviations for 3 biological replicates. (G) BMDMs were stimulated as described in the legend to panel F, and ActD or
cycloheximide (CHX) was added 60 min after LTA stimulation. The binding of NF-�B to the I�ba promoter was analyzed by ChIP. Signals were normalized to
input DNA. Error bars represent standard deviations (n � 3).
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sum, these results provide evidence that, in the DNA-unbound
state, dephosphorylation of both STAT1 homodimers and ISGF3
is an unregulated process. The dependence of STAT1 and STAT2
dephosphorylation on ongoing transcription, as shown for IFN-�
signaling (Fig. 1I), but not on DNA binding implies that STAT
inactivation constitutes a regulated step only if the transcription
factor has been recruited to the promoter.

Transcription inhibition prolongs STAT1 occupancy at tar-
get promoters. The regulation of Y701 dephosphorylation of
DNA-bound STAT1 by a mechanism that requires ongoing tran-
scription suggests either that transcription directly facilitates the
activity of a tyrosine phosphatase toward DNA-bound STAT1 or
that the transcription machinery feeds back to decrease STAT1
promoter occupancy. In the latter scenario, less promoter-bound
STAT1 would result in larger amounts of free (not DNA-bound)

STAT1, which is readily dephosphorylated in an unregulated
fashion.

To address the control of STAT1 promoter occupancy by the
transcription process, we first examined whether transcription
blockade and the accompanying persistent Y701 phosphorylation
result in prolonged association of STAT1 with target promoters.
IFN-�-induced STAT1 promoter occupancy decreased with the
duration of IFN-� treatment (Fig. 4A and B). The decrease of
STAT1 occupancy at the Irf1 promoter was more pronounced
than that of ISGF3 at the Mx2 promoter (Fig. 4A and B). Impor-
tantly, the decrease in STAT1 promoter occupancy was almost
blocked when transcription was inhibited by ActD treatment (Fig.
4A and B). Thus, the reduced STAT1 tyrosine dephosphorylation
in ActD-treated cells correlated with a slower decrease in STAT1
promoter occupancy. IFN-�-induced recruitment of RNA poly-

FIG 5 Transcription inhibition by flavopiridol and DRB prolongs STAT1 promoter occupancy. (A and B) Flavopiridol (FP) inhibits IFN-�-induced transcrip-
tion. BMDMs that had been left untreated (w/o) or pretreated with FP for 15 min were stimulated with IFN-� for the indicated time. Total RNA was isolated, and
the levels of Irf1 (A) and Mx2 (B) pre-mRNAs were analyzed by qPCR. Error bars indicate standard deviations (n � 3). (C and D) Flavopiridol increases and
prolongs STAT1 occupancy at the Irf1 and Mx2 promoters. BMDMs were either left untreated or pretreated with FP for 15 min; then they were stimulated with
IFN-� for the indicated times. STAT1 occupancy at Irf1-GAS (C) and Mx2-ISRE (D) sites was analyzed by ChIP. Error bars represent standard deviations (n �
3). Note that STAT1 promoter occupancy at 360 min of IFN-� treatment in the presence of FP was as high as that at 60 min without FP. (E and F) IFN-�-induced
RNAPII recruitment to the Irf1 and Mx2 promoters is not altered in the presence of FP. BMDMs either remained untreated or were pretreated with FP for 15 min;
then they were stimulated with IFN-� for the indicated time. RNAPII occupancy at the Irf1 (E) and Mx2 (F) promoters was analyzed by ChIP. Signals were
normalized to input DNA. Error bars indicate standard deviations (n � 3). (G) Transcription inhibition by DRB impairs STAT1 and STAT2 tyrosine dephos-
phorylation. BMDMs were either left untreated or pretreated with DRB for 15 min; then they were stimulated with IFN-� for the indicated times. Cell extracts
were analyzed by Western blotting using antibodies to tyrosine-phosphorylated STAT1 (pY-STAT1), tyrosine-phosphorylated STAT2 (pY-STAT2), total
STAT1, and total STAT2. (H and I) DRB increases and prolongs STAT1 occupancy at the Irf1 and Mx2 promoters. BMDMs were either left untreated or
pretreated with DRB for 15 min; then they were stimulated with IFN-� for the indicated times. STAT1 occupancy at Irf1-GAS (H) and Mx2-ISRE (I) sites was
analyzed by ChIP. Error bars represent standard deviations (n � 3). (J and K) DRB treatment does not alter RNAPII recruitment to target promoters. BMDMs
either remained untreated or were pretreated for 15 min with DRB; then they were stimulated with IFN-� for the indicated time. RNAPII occupancy at the Irf1
(J) and Mx2 (K) promoters was analyzed by ChIP as described for panels E and F. Signals were normalized to input DNA. Error bars indicate standard deviations
(n � 3).
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merase II (RNAPII) to the transcription start site (TSS) was not
impaired by ActD treatment (Fig. 4C and D). As expected, the
progression of RNAPII into the gene body was inhibited by ActD
treatment, as revealed by RNAPII occupancy in exon 4 of Irf1
(Fig. 4E).

To test whether blockade of transcription had more general
effects on the dynamics of chromatin association of transcription
factors, we examined NF-�B occupancy at the I�ba promoter in
lipoteichoic acid (LTA)-stimulated BMDMs treated with ActD.
LTA causes rapid Toll-like receptor 2 (TLR2)-dependent NF-�B
activation but not type I IFN production in BMDMs, so that an
undesired interaction with STAT1 was excluded (31). Cells were
stimulated with LTA for 60 min, followed by ActD treatment for
an additional 60 min. Under these conditions, I�ba transcription
was completely abolished (Fig. 4F). Importantly, such a regime
allowed accumulation of the NF-�B inhibitor I�B prior to the
transcription blockade so that aberrant inactivation of NF-�B was
avoided, as confirmed by inhibiting translation (Fig. 4G, CHX
control). The occupancy of NF-�B at the I�ba promoter displayed
transient kinetics, with a peak after 60 min of LTA treatment
(Fig. 4G). A similar occupancy profile was observed upon ActD
treatment, indicating that transcription inhibition did not im-
pair NF-�B dissociation from the promoter (Fig. 4G). The data
suggest that the effects of ActD on STAT1 promoter binding
are specific.

Like ActD treatment, flavopiridol treatment resulted in im-
paired tyrosine dephosphorylation of both STAT1 and STAT2 in
IFN-�-stimulated cells (Fig. 2A). Under these conditions, the
transcription of Irf1 and Mx2 in IFN-�-stimulated cells was pre-
vented, as confirmed by measurements of Irf1 and Mx2 pre-
mRNAs (Fig. 5A and B). Flavopiridol enhanced STAT1 occu-
pancy at both the Irf1 and Mx2 genes throughout IFN-� treatment
(Fig. 5C and D). In contrast to ActD treatment (Fig. 4A and B),
STAT1 occupancy was consistently higher in flavopiridol-treated
cells at 60 min of IFN-� stimulation, but a decrease in STAT1
occupancy was not completely abolished (Fig. 5C and D). Impor-
tantly, STAT1 occupancy at 360 min of IFN-� treatment in the
presence of flavopiridol was as high as that at 60 min without
flavopiridol (Fig. 5C and D). Thus, the increased levels of Y701-
phosphorylated STAT1 in flavopiridol-treated cells correlated with
higher STAT1 promoter occupancy. The occupancy of RNAPII at the
TSSs of both the Irf1 and Mx2 genes was not affected by flavopiridol
(Fig. 5E and F).

DRB (5,6-dichloro-1-�-ribo-furanosyl benzimidazole) is a
transcription inhibitor (21) that reversibly targets CDK9 and, in
contrast to flavopiridol, also inhibits CDK7, albeit with 3-fold-
lower efficiency (32). Thus, DRB targets transcription elongation
and, to a lesser extent, transcription initiation. Consistently, DRB
treatment of BMDMs prevented IFN-�-induced expression of
Irf1 (Fig. 5G). Like ActD and flavopiridol treatments, DRB treat-
ment inhibited STAT1 Y701 dephosphorylation (Fig. 5G) and ex-
tended IFN-�-induced STAT1 association with the Irf1 and Mx2
promoters (Fig. 5H and I) but did not block RNAPII recruitment
(Fig. 5J and K). We consistently observed that DRB enhanced
STAT1 occupancy at 60 min of IFN-� stimulation. With this re-
gard, DRB resembled flavopiridol, which is also a kinase inhibitor,
rather than the DNA-intercalating ActD.

We wanted to test the requirement for ongoing transcription
in Y701 dephosphorylation without the use of chemical transcrip-
tion inhibitors. To this end, we made use of BMDMs derived from

mice expressing solely the STAT1� isoform (STAT1�/� mice)
(15). STAT1 occurs in cells in two isoforms: STAT1	 is the full-
length isoform, whereas STAT1� is an isoform that lacks the C-
terminal 38 amino acids but otherwise is identical with STAT1	.
STAT1� homodimers were previously regarded as not transcrip-
tionally active, but a recent study using STAT1�/� mice demon-
strated that STAT1� homodimers retain significant transcrip-
tional activity (15). BMDMs from STAT1�/� mice exhibit reduced
induction of GAS-driven genes in response to IFN-�, but not all
target genes are affected to the same extent (15). The expression of
ISRE-driven genes is not grossly affected in STAT1�/� BMDMs
stimulated by IFN-�, indicating that the ISGF3 complex is fully
functional in these cells. The Irf1 and Socs1 genes were shown to be
significantly less induced in IFN-�-stimulated STAT1�/� BMDMs
than in IFN-�-stimulated WT BMDMs (15). IFN-� treatment of
STAT1�/� BMDMs and analysis of pre-mRNA expression of Irf1
and Socs1 demonstrated that STAT1� homodimers were less tran-
scriptionally active at these genes in type I IFN responses also (Fig.
6A and B). However, similarly to the reported responses to IFN-�,
STAT1� was still significantly active, since the pre-mRNA levels
of Irf1 and Socs1 were approximately 50% lower in STAT1�/�

BMDMs than in WT cells (Fig. 6A and B). Strikingly, ChIP exper-
iments revealed longer occupancy of STAT1� than of WT STAT1
at the Irf1 and Socs1 promoters (Fig. 6C and D). This finding
further supported our notion that processive transcription limits
STAT1 promoter occupancy.

In sum, all three transcription inhibitors, despite different
mechanisms of action, prolonged STAT1 promoter occupancy
and STAT1 Y701 phosphorylation in response to IFN-�. Simi-
larly, reduction of STAT1 transcriptional activity by genetic
means caused longer promoter association of STAT1. Together,
these results demonstrate that STAT1 inactivation can proceed

FIG 6 Analysis of IFN-�-induced gene expression and STAT1 promoter oc-
cupancy in BMDMs expressing solely the STAT1� isoform. (A and B) IFN-�-
induced transcription in WT and STAT1� BMDMs. Cells were stimulated
with IFN-�; total RNA was isolated; and the levels of Irf1 (A) and Socs1 (B)
pre-mRNAs were analyzed by qRT-PCR. Error bars indicate standard devia-
tions for biological replicates (n � 3). (C and D) STAT1 promoter occupancy
in WT and STAT1� BMDMs. BMDMs were stimulated with IFN-� for the
indicated times. STAT1 occupancy at the Irf1-GAS (C) and Socs1-GAS (D)
sites was analyzed by ChIP. Error bars represent standard deviations (n � 3).
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only after the establishment of a transcription-competent RNAPII
complex.

Processive transcription is required for downregulation of
STAT1 promoter occupancy but not for Y701 dephosphoryla-
tion. Prolonged STAT1 accumulation at the target promoters un-
der conditions preventing processive transcription might be the
consequence of impaired STAT1 Y701 dephosphorylation. We
therefore asked whether a block in Y701 dephosphorylation is
sufficient for enhanced promoter accumulation of STAT1. To an-
swer this question, we inhibited Y701 dephosphorylation by treat-
ment of cells with the irreversible tyrosine phosphatase inhibitor
pervanadate, which is known to prevent STAT1 Y701 dephos-
phorylation (33). As expected, pervanadate treatment resulted in
inhibition of tyrosine dephosphorylation of STAT1 and STAT2
(Fig. 7A) and persistent nuclear accumulation of STAT1 (Fig. 7B)

in IFN-�-stimulated cells. Surprisingly, STAT1 occupancy at Irf1
and Mx2 promoters decreased with time in the presence as well as
in the absence of pervanadate (Fig. 7C and D). In agreement with
the declining STAT1 occupancy, pervanadate treatment was per-
missive for IFN-�-induced transcription of IFN-stimulated genes
(Fig. 7E). Thus, regardless of the amounts of Y701-phosphory-
lated STAT1 in the nucleus, the IFN-�-stimulated promoter oc-
cupancy of STAT1 decreases with time of processive transcription.
Together, these data establish that the regulated step of STAT1
inactivation in macrophages is STAT1 promoter occupancy, not
STAT1 Y701 dephosphorylation.

Our findings reveal that the transcription machinery com-
municates to the promoter-bound transcriptional complexes
the status of transcription: establishment of processive tran-
scription diminishes STAT1 occupancy, whereas a perturbation

FIG 7 Processive transcription is required for downregulation of STAT1 promoter occupancy but not for Y701 dephosphorylation. (A) Pervanadate (Na3VO4)
inhibits the tyrosine dephosphorylation of STAT1 and STAT2. BMDMs were stimulated with IFN-� in the presence or absence of Na3VO4 for the indicated times.
Cell extracts were analyzed by Western blotting using antibodies to Y701-phosphorylated STAT1 (pY-STAT1) and STAT2 (pY-STAT2), total STAT1 and STAT2,
and tubulin (used as a loading control). (B) Na3VO4 treatment results in persistent STAT1 nuclear accumulation. BMDMs were stimulated with IFN-� in the
presence or absence of Na3VO4 for the indicated times. Cellular localization of STAT1 was assessed by immunofluorescence using STAT1-specific antibodies. (C
and D) Inhibition of tyrosine dephosphorylation does not prevent a decrease in STAT1 promoter occupancy. BMDMs were stimulated with IFN-� in the
presence or absence of Na3VO4 for the indicated times. STAT1 recruitment was assessed by ChIP for Irf1-GAS (C) and Mx2-ISRE (D) sites. Signals were
normalized to input DNA. Error bars represent standard deviations (n � 3). (E) Na3VO4 treatment is permissive for IFN-�-induced transcription. BMDMs were
stimulated with IFN-� in the presence or absence of Na3VO4. Total RNA was isolated, and the levels of Irf1, Mx2, Socs1, and Ifit1 mRNAs were quantified using
qRT-PCR. Error bars indicate standard deviations (n � 3).
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in transcription maintains high occupancy. STAT1 bound to
DNA is protected from efficient Y701 dephosphorylation, while
unbound STAT1 is subject to rapid dephosphorylation and recy-
cling to the IFN receptor. By these means, permanent monitoring
of the cytokine receptor activity and precise adjustment of the
transcriptional output are ensured. Such a sensor function of con-
tinuous STAT activation and inactivation has been proposed by
mathematical modeling (34, 35). Coupling of processive tran-
scription with a reduction in promoter occupancy could result
from a promoter displacement of STAT1 or from prevention of
STAT1 recruitment after the onset of transcription. In both sce-
narios, the most likely regulators are chromatin modifiers and/or
chromatin remodelers. Dynamic changes in histone modifica-
tions and chromatin remodeling operate in concert to reversibly
switch the chromatin conformation between open and closed (36,
37). Transcription factor access can be facilitated through histone
modifications such as acetylation, which loosens the nucleosome-
DNA contacts, or by nucleosome eviction at the binding site, or by
combinations of both. An example of regulation of transcription
factor occupancy by signal-dependent chromatin changes is the
two-wave recruitment of NF-�B in lipopolysaccharide (LPS)-
stimulated macrophages, whereby the second wave of NF-�B ap-
pears at the target promoters only after a stimulus-dependent gain
in the accessibility of NF-�B binding sites (38). Conversely, lin-
eage-specific transcription factors can, in a signal-independent
manner, maintain chromatin in an open configuration, which is
characteristic for the particular lineage. In this way, the transcrip-
tion factor Pu.1 preserves nucleosome-depleted sites at positions
of macrophage-specific enhancers (39). The observed negative
regulation of STAT1 occupancy after the onset of transcription
might result from a gradual change from open to closed chroma-
tin. The recruitment of several chromatin modifiers, including
histone deacetylases or the RVB and BRG1 chromatin remodelers,
has been associated with the induction of IFN-stimulated genes
(40–44). The removal of these enzymes from the target genes
might help to reestablish a closed chromatin conformation,
thereby reducing STAT1 promoter occupancy. An important
player in the repositioning of evicted nucleosomes is the INO80
remodeling complex, which also facilitates the exchange of the
transcription-promoting histone variant H2A.Z with the nucleo-
some-stabilizing H2A (45). Although INO80 is not critical for
type I IFN-induced gene expression in HEK293 cells (43), in com-
bination with lineage-specific chromatin regulators, such as Pu.1,
INO80 might contribute to restricting STAT1 promoter occu-
pancy in macrophages. We assume that cell type-specific aspects
feed in to modulate the duration of STAT1 signaling: our findings
demonstrate that despite constitutive IFN presence, STAT1 is ef-
ficiently inactivated within several hours in BMDMs, whereas the
dephosphorylation kinetics appears slower in MEFs, in which an
IFN-free chase is beneficial for the assessment of STAT1 inactiva-
tion. Future studies should explore the involvement of general as
well as cell type-specific histone marks and nucleosome configu-
ration in the control of STAT1 occupancy. One can also speculate
that a second signal (other than IFN) might restructure the chro-
matin configuration at the STAT1 target genes such that the pro-
moter occupancy of STAT1 is shortened or prolonged. Such
mechanisms would provide additional ways of regulating IFN/
STAT1 signaling. Notably, pathogens might have developed strat-
egies to interfere with IFN signaling by restricting STAT1 turnover
at the promoter: persistent STAT1 chromatin association without

concomitant transcription of STAT1 target genes has been ob-
served in Toxoplasma gondii-infected cells (46). The results of our
study have broader implications for STAT biology, since inactiva-
tion of STAT2 and STAT3, like that of STAT1, is impaired under
conditions of blocked transcription.
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