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Pseudouridylation of 7SK snRNA promotes 7SK
snRNP formation to suppress HIV-1 transcription
and escape from latency
Yang Zhao1,†, John Karijolich2,†, Britt Glaunsinger1,2,3 & Qiang Zhou1,*

Abstract

The 7SK snRNA sequesters P-TEFb, a general transcription elonga-
tion factor and human co-factor for HIV-1 Tat protein, into the
catalytically inactive 7SK snRNP. Little is known about how 7SK
RNA is regulated to perform this function. Here, we show that
most of 7SK is pseudouridylated at position U250 by the predomi-
nant cellular pseudouridine synthase machinery, the DKC1–box
H/ACA RNP. Pseudouridylation is critical to stabilize 7SK snRNP, as
its abolishment by either mutation at or around U250 or depletion
of DKC1, the catalytic component of the box H/ACA RNP, disrupts
7SK snRNP and releases P-TEFb to form the super elongation
complex (SEC) and the Brd4–P-TEFb complex. The SEC is then
recruited by Tat to the HIV-1 promoter to stimulate viral transcrip-
tion and escape from latency. Thus, although 7SK RNA levels remain
mostly unchanged, its function is modulated by pseudouridylation,
which in turn controls transcription of both HIV-1 and cellular genes.
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Introduction

The 7SK RNA is an abundant non-coding nuclear RNA highly

conserved in vertebrates [1,2]. Despite its first detection in human

cells in the 1970s [3], little was known about its function for the

next quarter of century. In 2001, two independent studies [4,5] iden-

tified 7SK as a critical regulator of the homeostasis and activity of

P-TEFb, a key human transcription factor and a specific host cofac-

tor for HIV-1 transcription.

7SK was identified during the isolation of nuclear factors that

can bind and control the activity of P-TEFb. Composed of

cyclin-dependent kinase-9 (CDK9) and its partner cyclin T (CycT1

or the minor T2a and T2b) [2], P-TEFb phosphorylates a pair of

negative elongation factors (DSIF and NELF) and the C-terminal

domain of RNA polymerase (Pol) II. These events antagonize the

inhibitory actions of the negative factors and stimulate Pol II

elongation and co-transcriptional RNA processing [2].

P-TEFb is an integral component of the multi-subunit super elon-

gation complex (SEC) that is recruited by the HIV-1-encoded Tat

protein to the viral long terminal repeat (LTR) to stimulate viral

transcription elongation [6,7]. It cooperates with another elongation

stimulatory factor ELL1 or ELL2 that resides in the same SEC to

synergistically produce full-length HIV-1 transcripts essential for

productive viral replication. As such, P-TEFb and the encompassing

SEC are cellular co-factors required for maximal Tat-transactivation

and efficient escape from viral latency [6,8,9].

Under normal growth conditions and depending on the cell type,

up to 90% of cellular P-TEFb is sequestered in another multi-

subunit complex called the 7SK snRNP [2]. This RNP also contains

HEXIM1 or HEXIM2, which inhibit CDK9, and MePCE and LARP7,

which protect 7SK integrity by binding to the 50 and 30 end of the

RNA, respectively. The 7SK RNP functions as a cellular reservoir for

excess P-TEFb to keep it in an inactive state [2]. Under conditions

that globally affect cell growth or induce stress response, P-TEFb is

released from 7SK RNP to form the SEC and the Brd4–

P-TEFb complex to stimulate transcription and regulate growth. The

bromodomain protein Brd4 present in the latter complex recruits

P-TEFb to many primary response genes to promote their expression

[10–12]. Notably, P-TEFb can also be extracted from 7SK RNP by

Tat to form Tat–SEC for activation of the HIV-1 LTR [2].

The 7SK RNA is constitutively produced by RNA Pol III from a

multi-gene family [1,4]. Although its levels remain relatively

constant, a recent genomewide study [13] suggests that it may

undergo a type of post-transcriptional modification termed

pseudouridylation, which could potentially alter its structure and

function. Pseudouridylation is one of the most frequent internal

modifications found in stable non-coding RNA and produces the

C5-glycosidic isomer of uridine (Ψ) [14]. While the pseudouridyla-

tion of 7SK has been suggested in this high-throughput study,

biochemical and functional validation of this modification has yet
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to be performed. Here, we provide direct biochemical proof that

the vast majority of cellular 7SK RNA is pseudouridylated at

residue U250. Our data demonstrate a key role for Ψ250 in

controlling the formation of 7SK RNP and show that the DKC1–

box H/ACA RNP is mostly responsible for this modification.

Impairment of the modification through DKC1 depletion preferen-

tially activates Tat-dependent HIV-1 transcription and promotes

reversal of viral latency by enhancing SEC’s binding to Tat and

the HIV-1 LTR.

Results and Discussion

7SK RNA is pseudouridylated exclusively on U250 by an enzyme
in HeLa nuclear extract (NE)

We first sought to biochemically confirm results from a recent

genomewide study suggesting that 7SK RNA is pseudouridylated at

residue U250 [13]. To avoid possible false-positive signals that can

arise in this type of study that employed reverse transcription and

primer extension of structured RNAs, we instead evaluated 7SK

pseudouridylation directly using an in vitro modification assay and

thin-layer chromatography (TLC). 7SK was divided into six frag-

ments (Fig 1A) and in vitro transcribed in the presence of 32P-UTP.

Following incubation with HeLa NE and digestion by nuclease P1,

products were resolved by one-dimensional TLC (1D-TLC) along

with pU and pΨ as controls. Only fragment 5 containing U250

yielded pΨ (Fig 1B). To confirm that the modification indeed selec-

tively occurred at U250, the same analysis was performed with

mutant 7SK containing U250 replaced with G (U250G). This change

completely abolished the production of pΨ (Fig 1C). Furthermore,

using a modified SCARLET (Site-specific Cleavage And Radioactive-

labeling followed by Ligation-assisted Extraction and Thin-layer

chromatography) method [15] (Fig 1D) that enables site-specific

labeling of U250 or the control U203 in full-length 7SK produced

by in vitro transcription (IVT) or isolated from HeLa cells, only the

latter sample contained pΨ at position 250 in 94% of the popula-

tion (Fig 1E). These data indicate that most 7SK RNA are pseu-

douridylated at U250 in vivo. Notably, U250 is present in all

identified vertebrate 7SK RNA [16], suggesting a critical role of this

residue in 7SK function. It remains to be tested whether this

residue is also pseudouridylated in other vertebrates besides

humans.

P-TEFb-bound 7SK RNA is pseudouridylated on U250

To analyze the modification status of 7SK RNA bound to P-TEFb,

we purified 7SK by anti-Flag immunoprecipitation from NE of F1C2

cells, a HeLa-based cell line stably expressing CDK9-Flag (Fig 1F).

The purified 7SK was compared with the IVT 7SK by nuclease diges-

tion and two-dimensional (2D)-TLC. Only the CDK9-bound but not

the IVT 7SK produced a spot corresponding to pΨ (Fig 1G, right

panel, red circle). This level of modification is not low considering

that U250 is only one of 75 U residues in 7SK RNA. Finally, when

the CDK9-bound 7SK was site-specifically labeled at either U250 or

U203 and subjected to 1D-TLC analysis, pseudouridylation at U250

but not U203 was confirmed (Fig 1H).

Pseudouridylation of U250 is required for efficient formation of
7SK RNP

To determine the impact of Ψ250 on formation of 7SK RNP, U250

was mutated to G to block the modification. The mutation was

introduced into a version of 7SK RNA that carries a sequence tag (nt

216–221, Fig 2A) to allow discrimination from endogenous 7SK by

primer extension. Compared to the tagged 7SK containing WT

sequence at and around U250 (Fig 2A), the U250G mutant (mut1,

Fig 2B) showed significantly reduced binding to the 7SK RNP

components CDK9 and HEXIM1 but not LARP7 when expressed in

HeLa cells (Fig 2G–I). As a La-related protein, LARP7 binds to the

30-poly(U) end of 7SK [17], which may explain why its binding to

7SK was unaffected by the mutation. Notably, the U250G change

also decreased the binding to hnRNP R (Fig 2J), a protein known to

interact with 7SK RNA upon its release from 7SK RNP [18]. To rule

out the possibility that the compromised 7SK RNP formation was

due to disruption of the hairpin structure by U250G, we restored

base-pairing of the upper stem by mutating A228 to C at the comple-

mentary site on the opposite strand (mut2, Fig 2C). Like mut1,

mut2 showed decreased bindings to CDK9, HEXIM1, and hnRNP R,

but displayed the same binding capacity as WT and mut1 toward

LARP7 (Figs 2K–N and EV1).

Pseudouridylation of U250 requires base-pairing with
H/ACA snoRNA

In eukaryotes, pseudouridylation of non-coding RNAs is catalyzed

primarily by the box H/ACA ribonucleoprotein (RNP) complex, in

▸Figure 1. Most cellular 7SK RNA including those bound to P-TEFb are pseudouridylated at U250.

A 7SK was divided into six non-overlapping fragments and in vitro transcribed in the presence of 32P-UTP for use in an in vitro modification assay. U250 in fragment 5
is highlighted in red.

B In vitro modification reactions containing the six fragments and HeLa NE were performed. After nuclease P1 digestion, the products were analyzed by 1D-TLC with
pU and pΨ as controls.

C WT and mutant 7SK fragment 5 containing U250G were analyzed as in (B).
D Outline of the biotin-facilitated extraction and analysis of the modification status of site-specifically labeled nucleotides in 7SK by 1D-TLC.
E 7SK RNA, either generated by in vitro transcription (IVT) or purified from HeLa total RNA and then site-specifically labeled at the indicated positions through the

procedure described in (D), was analyzed by 1D-TLC.
F SYBR Gold staining of 7SK obtained by either IVT or immunoprecipitation (IP) with the indicated antibodies.
G 2D-TLC analysis of 32P-labeled mononucleotides derived from IVT or CDK9-bound 7SK RNA, with the first panel depicting a schematic migration pattern of the

indicated 50-phosphorylated mononucleotides. The red circle indicates the spot corresponding to pΨ.
H 7SK RNA, obtained by either IVT or anti-CDK9 IP and then site-specifically labeled at the indicated positions through the procedure described in (D), was analyzed by

1D-TLC.
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which dyskerin (DKC1) serves as the catalytic subunit and the box

H/ACA snoRNA guides the RNP to the targeted uridine by

base-pairing with the flanking sequences [14] (Fig 2E). Importantly,

the bioinformatics pipeline RNAsnoop [19] reveals extensive

base-pairing between the 7SK sequences flanking U250 and the

second pseudouridylation pocket of snoRNA U70.

As a first step toward determining a possible role for the box

H/ACA RNP in 7SK pseudouridylation, we disrupted the predicated
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snoRNA-7SK RNA interactions by mutating three nucleotides

(C243U, U247A, and G253U) surrounding U250 in 7SK to disrupt

the base-pairing with the snoRNA (Fig 2E). Two additional changes

(C224A and A231U) were also made in 7SK in order to restore base-

pairing to the stems both above and below U250 (Fig 2D). Just like

mut1 and mut2, the new mut3 (Fig 2D), which still maintains the

intact U250, also displayed defective interactions with CDK9,

HEXIM1, and hnRNP R but not LARP7 (Fig 2O–R). An in vitro modi-

fication assay confirmed that all three mutants failed to undergo

pseudouridylation at U250 (Fig 2F). Finally, ruling out a potential

artifact caused by transient expression of tagged proteins, the ability

of endogenous CDK9 to discriminate between WT and the three 7SK

mutants was found to be the same as that of transfected CDK9-F

(Fig EV1).

Isomerization of uridine to Ψ results in the formation of an extra

hydrogen bond donor capable of coordinating a water molecule

[20]. The resulting structural changes are largely stabilizing as they

promote the RNA structural and thermal stability, and can also

influence RNA–protein and RNA–RNA interactions [14]. Consistent

with this general view of the function of pseudouridylation, our

results above demonstrate that Ψ250 in 7SK RNA promotes 7SK

RNP formation by stabilizing the interactions with HEXIM1 and

P-TEFb. Moreover, the box H/ACA RNP is likely responsible for the

modification.

DKC1 is involved in 7SK pseudouridylation

As DKC1 is the catalytic subunit of a box H/ACA RNP, we examined

whether it interacted with 7SK RNA. Indeed, ectopically expressed

V5-DKC1 co-immunoprecipitated with endogenous 7SK RNA

(Fig 3A). Moreover, immunoprecipitated CDK9-F also pulled down

DKC1 in addition to the 7SK RNP components HEXIM1 and LARP7

(Fig 3B). The physical interaction between DKC1 and 7SK snRNP

supports the notion that the box H/ACA RNP directs 7SK RNA

pseudouridylation.

To further test this idea, we constructed HeLa-based cell lines

inducibly expressing a short hairpin RNA (shRNA) that targets

DKC1 (shDKC1). The DKC1 protein level was markedly

decreased upon doxycycline (DOX) treatment in two independent

knockdown (KD) clones (Fig 3C). Although the 7SK RNA level

remained largely unaffected by the KD (even slightly increased,

Fig 3D), the Ψ250 level was drastically decreased (Fig 3E). Given

that the KD efficiency was ~80%, these results indicate the box

H/ACA RNP as the predominant enzyme catalyzing the pseudo-

uridylation of 7SK in vivo, although the possible involvement of

other minor modifiers cannot be completely ruled out at this

stage.

DKC1 KD releases P-TEFb from 7SK RNP to form Brd4-P–TEFb and
Tat–SEC complexes

To determine whether the impairment of 7SK RNA pseudouridylation

by DKC1 KD affects 7SK RNP formation, we performed anti-CDK9

immunoprecipitations in NE of DKC1 KD cells that were either

untreated or treated with DOX to induce shDKC1 expression. The

KD significantly decreased the levels of 7SK RNA, HEXIM1, and

LARP7 bound to the immunoprecipitated CDK9 (Fig 3F), indicating

disruption of 7SK RNP and release of P-TEFb. The same conclusion

was also reached when the effect of DKC1 KD on endogenous 7SK

RNP was analyzed in a glycerol gradient (Fig EV2). The KD caused

HEXIM1, and to a lesser degree, CDK9 to move out of fractions 9–15

(dashed box) corresponding to the large-size 7SK snRNP to the top

of the gradient that contained smaller size complexes and free

proteins. Notably, although 7SK RNP can also be disrupted by

certain drugs such as DRB and the CDK9 inhibitor i-CDK9 [21]

(Fig EV3A), the drug-induced disruption did not change the modifi-

cation state of U250 (Fig EV3B).

In addition to disrupting 7SK RNP, the KD also markedly

increased the interactions of CDK9 with Brd4 and the SEC subunits

especially AFF1 and ELL2, revealing a transfer of P-TEFb from the

inactive 7SK RNP to the active Brd4-P–TEFb complex and SEC under

the KD conditions. The SEC family of complexes, particularly the

ones containing AFF1 and ELL2, play an important role in mediating

Tat-transactivation [6,8,9,22]. In addition to the above demonstra-

tion that DKC1 KD promoted the SEC formation, examination of the

Tat-associated proteins under the KD conditions also revealed a

significant increase in the interaction of the AFF1/ELL2-SEC with

Tat (Fig 3G). Together, these data support a model in which impair-

ment of 7SK pseudouridylation by DKC1 KD shifts the P-TEFb

functional equilibrium toward the active state by promoting the

formation of both the Tat–SEC and Brd4-P–TEFb complexes.

DKC1 KD preferentially activates Tat-dependent HIV-1
transcription by increasing SEC binding to viral promoter

To investigate the functional significance of the DKC1 KD-induced

release of P-TEFb from 7SK snRNP, we first examined the effect of

the KD on expression of a luciferase reporter gene placed under the

control of various viral and cellular gene promoters. Consistent with

the observation above that the KD shifted the P-TEFb equilibrium

toward the active Brd4-P–TEFb and SEC complexes, the introduction

of the DKC1-specific siRNA (siDKC1) into HeLa cells produced a

small but consistent increase ranging from 1.8- to 4.4-fold in

luciferase expression from all the promoters tested (Fig 4A). Inter-

estingly, although the basal, Tat-independent HIV-1 promoter

◀ Figure 2. Ψ250 in 7SK RNA is critical for 7SK RNP formation.

A–D Sequence alternations, in WT and 7SK RNA mutants mut1, mut2, and mut3, are shown in shaded boxes. U250 is marked in red. The tag refers to a 6-nt sequence
replacement to enable discrimination from endogenous 7SK by primer extension.

E Alignment between the 7SK sequences (black) flanking U250 (red) and a portion of the box H/ACA snoRNA (blue) showing base-pairing between the two. The
altered nucleotides in shaded boxes were introduced into 7SK to disrupt the base-pairing.

F The indicated 7SK RNA were in vitro transcribed in the presence of 32P-UTP and subjected to in vitro modification reactions. The nuclease P1-digested products
were analyzed by 1D-TLC with pU and pΨ as controls.

G–R Tagged WT or mutant 7SK RNA were co-transfected with the indicated Flag- or HA-tagged proteins into HeLa cells. Anti-Flag or anti-HA immunoprecipitates (IP)
were analyzed by immunoblotting for the indicated proteins and primer extension for the bound 7SK RNA.
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F NEs and anti-CDK9 IP from NEs of inducible DKC1 KD clone 1, either untreated or treated with DOX, were analyzed by WB for the indicated proteins and PEx for 7SK

RNA.
G Clone 1 was treated with DOX for 3 days and then transfected with the Tat-Flag cDNA (2 lg/150-mm culture dish). Two days later, NEs and anti-Flag IP from NEs

were analyzed as in (F).
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activity was induced by only 2.8-fold, and the Tat-dependent activ-

ity was elevated 17.5-fold. Notably, Tat failed to activate any of the

non-HIV-1 promoters used in this assay (Fig EV4).

The preferential effect of the DKC1 KD on Tat-transactivation

was not due to any major increase in Tat expression but instead

reflects elevated HIV-1 transcription, as the qRT–PCR analyses

showed an increase in the mRNA levels of luciferase but not

Tat upon the KD (Fig 4B and C). It is highly likely that the

enhanced Tat–SEC interaction (Fig 3G) that is known to support

optimal Tat function [6,22,23] was responsible for this preferen-

tial effect in the KD cells. Consistently, our ChIP–qPCR analysis

showed that the KD increased occupancy of SEC at the HIV-1

promoter, which in turn resulted in higher levels of both total

Pol II and Ser2-phosphorylated Pol II detected at this region

(Fig 4D and E).

Impairment of 7SK pseudouridylation promotes reversal of
HIV-1 latency

The suppression of P-TEFb activity in resting T cells through seques-

tration in 7SK RNP contributes to establishment of HIV-1 latency

[24,25], raising the possibility that the decreased 7SK pseudouridy-

lation upon DKC1 KD may facilitate the reversal of viral latency by

releasing P-TEFb from the RNP. To test this idea, we created indu-

cible DKC1 KD cells in the Jurkat 2D10 system, a widely used post-

integrative latency model [26]. The DOX-induced depletion of ~50%

of cellular DKC1 (Fig 4F) did not cause obvious cell death, but acti-

vated the LTR-driven GFP expression by ~85% (Fig 4G and H).

Moreover, the KD enhanced the ability of two well-established

latency-reversing agents (LRAs), JQ1 and prostratin, to induce the

GFP production by ~80–100% depending on the concentrations of

the drugs (Fig 4G and H). The lack of a more robust activation was

likely caused by the inefficient DKC1 KD. Nevertheless, these results

suggest that although the KD-induced release of P-TEFb from 7SK

RNP alone may not be enough to fully reverse HIV-1 latency, it can

be used in conjunction with other LRAs to further enhance their

effectiveness.

The data presented in this study indicate that 7SK is pseudo-

uridylated predominately by the DKC1–box H/ACA RNPs. Although

these RNPs also modify other RNA including spliceosomal snRNA

and ribosomal rRNA, which could broadly influence gene expres-

sion, we believe this is unlikely to account for the preferential acti-

vation of HIV-1 Tat function observed here. Both the DKC1 KD and

mutagenesis that disrupt the pseudouridylation target sequence in

7SK resulted in a redistribution of P-TEFb from the inactive 7SK

RNP to the active Tat–SEC that is required for optimal Tat-trans-

activation.

According to the structural model proposed by Wassarman and

Steitz [1], 7SK RNA contains four hairpins and U250 resides in the

third one. Previously, HEXIM1 and P-TEFb have been shown to bind

to two distinct elements located in the 50- and 30-terminal hairpins of

7SK [27]. Surprisingly, the deletion of the middle portion of 7SK

including the third hairpin did not disrupt these interactions. There

are two possible explanations for the apparent discrepancy between

these results and our current findings. The first is that the lack of

pseudouridylation at U250 may change the overall folding and struc-

ture of the entire 7SK molecule including the terminal 50 and 30

hairpins, which in turn decreases binding by HEXIM1 and P-TEFb.

In contrast, the simple deletion of the 3rd hairpin does not produce

such a global effect and may still allow the two terminal hairpins to

form independently and bind HEXIM1 and P-TEFb. The second

possibility is that the loss of pseudouridylation at U250 may enable

the recruitment of an unknown factor that interferes with 7SK RNP

formation. In this scenario, the deletion of the 7SK middle section

causes loss of the binding site for this factor, and thus, no disruption

of 7SK RNP occurs. Future studies are necessary to test these two

possibilities and directly measure the impact of Ψ250 on 7SK’s

global structure and folding.

Our findings that targeting DKC1 inhibits 7SK pseudouridyla-

tion and affects P-TEFb transcriptional activity also have

important clinical implications, as mutations in DKC1 are associ-

ated with a number of human diseases, including X-linked

dyskeratosis congenita (X-DC) and the Hoyeraal–Hreidarsson

syndrome [28,29]. Furthermore, X-DC mutations in DKC1 are

known to impair pseudouridylation and stability of various box

H/ACA snoRNAs [30]. In light of these, future studies are

needed to determine whether defects in 7SK RNA pseudouridyla-

tion and P-TEFb regulation contribute to the pathology of the

DKC1 diseases.

Efforts are currently underway to develop effective strategies to

“shock” the latent HIV reservoirs for their subsequent “kill” by

anti-retroviral therapy [24,31]. Several LRAs have been used in the

“shock” phase of the therapy but are highly toxic or ineffective, and

thus, new and improved LRAs are needed [32,33]. Our present data

support the idea that the 7SK RNP plays an inhibitory role in HIV’s

transcription and escape from latency. The demonstration that this

RNP can be destabilized by reducing 7SK RNA pseudouridylation,

which activates HIV transcription and promotes latency reversal,

implicates the DKC1–box H/ACA RNPs as a promising new target

for developing novel LRAs to eradicate latent viral reservoirs.

▸Figure 4. DKC1 KD preferentially activates Tat-dependent HIV-1 transcription and latency reversal by increasing SEC binding to HIV-1 promoter.

A Luciferase activities were measured in HeLa cells transfected with the indicated reporter constructs, an empty vector (�) or the Tat cDNA, and either siDKC1 or a
non-targeting siRNA (siNT). For each reporter, the activity in cells expressing siNT was set to 1.

B, C The mRNA levels of luciferase (B) or Tat (C) in cells expressing the indicated siRNAs were determined by qRT–PCR and normalized to the GAPDH mRNA and
plotted.

D NH1 cells containing the integrated HIV-1 LTR-luciferase reporter and expressing Tat were transfected with siDKC1 or siNT. ChIP–qPCR analysis was performed to
determine the levels of the indicated factors bound to the HIV-1 promoter. The signals were normalized to those of input and plotted.

E The mRNA levels of Tat in cells expressing the indicated siRNAs were determined by qRT–PCR and normalized to the GAPDH mRNA and plotted.
F Western blot analysis of DKC1 and CDK9 levels in a Jurkat 2D10-derived clone inducibly expressing shDKC1 upon exposure to DOX.
G, H The inducible DKC1 KD clone, either untreated or treated with DOX for 4 days, was incubated with the indicated concentrations of JQ1 (G) or prostratin (H) for

24 h. GFP expression was measured by flow cytometry and expressed as percentage of GFP(+) cells of the entire population.

Data information: The error bars in all panels represent mean � SD from three independent experiments, and the P-values determined by Student’s t-test.

◀
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Materials and Methods

Antibodies

Antibodies against DKC1 (Bethyl, Cat. A302-591A), AFF1 (Bethyl,

Cat. A302-344A; A302-345A), ELL2 (Bethyl, Cat. A302-505A-1), ENL

(Bethyl, Cat. A302-267A), AFF4 (Abcam, Cat. ab57077; Bethyl, Cat.

A302-539A-1), Flag (M2) (Sigma-Aldrich, Cat. F1804), HA (3F10)

(Roche, Cat. 11867423001), pSer2 Pol II (Abcam, Cat. ab5095), and

total Pol II (Santa Cruz, Cat. sc-899X) were purchased commercially.

The antibodies against CDK9, LARP7, HEXIM1 were generated in our

own laboratory and have been described previously [5,17,34].

Transfection, co-IP, and primer extension

HeLa cells (60–80% confluent) were transfected with the constructs

expressing the various tagged protein and tagged 7SK snRNA and

harvested 48 h post-transfection. The co-IP assay was performed as

described [6] with minor modifications. Briefly, the preparation of

nuclear extracts (NE) followed the classic procedure by Dignam et al

[35] without any further dialysis. For anti-Flag or anti-HA immuno-

precipitations (IP), NE prepared from the transfected HeLa cells were

incubated with anti-Flag (Sigma-Aldrich) or anti-HA agarose beads

(Roche) for 2 h at 4°C. After incubation, the immunoprecipitates

were washed extensively with buffer D [20 mM Hepes-KOH (pH

7.9), 15% (vol/vol) glycerol, 0.2 mM EDTA, 0.2% Nonidet P-40,

1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, and 0.3 M KCl]

before elution with Flag or HA peptides (0.5 mg/ml) dissolved in

this buffer. The eluted materials were analyzed by Western blotting

or primer extension. For anti-CDK9 IP, NE were incubated with anti-

CDK9 antibodies or total rabbit IgG overnight and then with protein

A beads (Invitrogen) for 1 h. After extensive wash in buffer D, one-

third of the beads were saved for RNA extraction by TRIzol reagent

and then subjected to analyses by primer extension as described

[36]. The remaining beads were eluted by a low pH solution

(200 mM glycine, pH 2.5). The neutralized eluate (with 1/20 volume

of 2 M Tris–HCl, pH 8.8) was subjected to analysis by Western blot-

ting. The primer extension results were quantified with

GelQuant.NET software provided by biochemlabsolutions.com.

Glycerol gradient analysis

The assay was performed essentially as described [22] with minor

modifications. Briefly, glycerol gradients (10–30%) were established

in buffer D in 13.5-ml Beckman centrifugation tubes. The nuclear

pellets prepared from inducible DKC1 KD clone 1 before (�) and

after (+) the DOX-induced shDKC1 expression for 5 days were lysed

in 0.5 ml of buffer D for 30 min at 4°C. The lysates were carefully

loaded over the top of the glycerol gradients after centrifugation at

17,900 g for 10 min. NE were fractioned by centrifugation in an

SW 41 Ti rotor (Beckman) at 38,000 rpm for 21 h. Fractions were

analyzed by immunoblotting with the appropriate antibodies after

precipitation with trichloroacetic acid.

Pseudouridylation assays

The in vitro assay was performed as previously described [37] with

some modifications. Briefly, one T75 flask (80–100% confluent) of

HeLa cells was collected through microfugation. Nuclear fractiona-

tion was performed using the REAP method as described previously

[38], except that the nuclear pellets were re-suspended in 200 ll of
extraction buffer containing 20 mM HEPES at pH 7.9, 0.42 M NaCl,

1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, and

25% glycerol. Following incubation at 4°C, extracts were micro-

fuged for 10 min at 14,000 g, the supernatant was recovered, and

used for the pseudouridylation assay. About 1,000 cpm 32P-labeled

substrate was mixed with 5 ll of nuclear extract, in a final volume

of 10 ll containing 100 mM Tris–HCl at pH 8.0, 100 mM ammo-

nium acetate, 5 mM MgCl2, 2 mM DTT, 0.1 mM EDTA. Reactions

were conducted at 37°C for < 1 h. RNA was then recovered through

phenol–chloroform extraction and ethanol precipitation and

subjected to nuclease P1 digestion and TLC analysis as described

previously [39]. For 2D-TLC, 7SK RNA isolated from CDK9-Flag

immunoprecipitates or in vitro transcribed was digested to comple-

tion with 0.5–1 U of RNase T2 (Worthington) in 50 mM ammonium

acetate, 0.05% SDS, and 1 mM EDTA. The samples were then 50
32P-labeled with T4 polynucleotide kinase and resolved by 2D-TLC

as previously described [40].

The validation of Ψ sites by SCARLET was performed as previ-

ously described [15], with a few modifications. Briefly, 7SK RNA

was cleaved immediately 50 of the nucleotides of interest using

10 pM of 10–23 DNAzymes in T4 PNK buffer as previously

described [15]. DNAzyme cleavage generates a 50-OH, which was

directly 32P-labeled with T4 PNK. The mixture was then annealed

with 10 pmol corresponding splint oligos and 10 pmol desthiol-

biotinylated DNA oligos by heating at 75°C for 5 min followed by

addition of 2.5 ll ligation buffer (1.4× PNK buffer, 0.3 mM ATP,

57% DMSO, 5 U/ll T4 DNA ligase) and incubation for 4 h at 37°C

and overnight at room temperature. The reaction was brought up to

500 ll with 150 mM NaCl, 10 mM Tris, pH 7.5, captured by Strepta-

vidin-magnetic C1 beads (Invitrogen), and digested for 1D-TLC as

described above.

DKC1 knockdown (KD)

To generate the HeLa- or Jurkat 2D10-based inducible DKC1 KD

cells, a specific shRNA (shDKC1) sequence 50-CCGGGGACAGGTTT
CATTAATCTTTCAAGAGAAGATTAATGAAACCTGTCCTTTTTTG-30

was inserted into the Tet-on-pLKO lentiviral vector [41,42]. shRNA

targeting GFP was used as a non-targeting control. Lentivirus

production and infection were conducted as described [43]. The KD

was induced by DOX for 5 days. To reduce DKC1 expression in the

HeLa-based NH1 cells [44], siDKC1 SMARTpool (L-013639-00-0005,

Dharmacon) or the non-targeting pool (D-001810-10, Dharmacon)

was transfected using INTERFERin siRNA transfection reagents

(Polyplus-transfection, Cat. 409-10).

ChIP–qPCR

The assay was performed as described [44] with some modifi-

cations. Briefly, NH1 cells containing the integrated HIV-1 LTR-

luciferase reporter construct and transfected with the Tat expression

constructs were cross-linked with 1% formaldehyde for 10 min and

then quenched by 0.125 M glycine for 5 min. Fixed cells were

collected and lysed in SDS lysis buffer (1% SDS, 10 mM EDTA,

50 mM Tris, pH 8.1). Chromatin DNA was fragmented to
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~200–1,000 bp in length with the Covaris-S2 sonicator (Covaris).

One-tenth of the sonicated lysates were incubated overnight with

3 lg of the indicated antibodies per reaction and then with Protein

A Dynabeads (Life Technologies) for 1 h. After extensively wash,

immunoprecipitated DNA was purified by PCR Purification kit

(QIAGEN) and analyzed by qPCR. All qPCR signals were normalized

to the input, and signals generated by immunoprecipitations with

rabbit total IgG were subtracted from the signals obtained by the

specific antibodies. The sequences of the PCR primers used for

amplification of the HIV-1 LTR are: Forward, 50-GTTAGACCA
GATCTGAGCCCT-30; Reverse, 50-GTGGGTTCCCTAGTTAGCCA-30.

Expanded View for this article is available online.
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