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Abstract

The positive transcription elongation factor b (P-TEFDb) is a critical co-activator for
transcription of most cellular and viral genes, including those of HIV. While P-TEFb is
regulated by 7SK snRNA in proliferating cells, it is absent in quiescent and terminally
differentiated cells, which has remained unexplored. In these cells, we found that CycT1
not bound to CDKO is rapidly degraded. Moreover, productive CycT1:CDK9 interactions
require phosphorylation of two threonine residues (Thr143 and Thr149) in CycT1 by
PKC. Conversely, PP1 dephosphorylates these sites. Thus, PKC inhibitors or removal of
PKC by chronic activation results in P-TEFb disassembly and CycT1 degradation. This
finding not only recapitulates P-TEFb depletion in resting CD4+ T cells but also in
anergic T cells. Importantly, our studies reveal mechanisms of P-TEFb inactivation
underlying T cell quiescence, anergy, and exhaustion as well as proviral latency and

terminal differentiation of cells.

Introduction

In eukaryotic cells, coding gene expression starts with transcription of DNA to RNA by
RNA polymerase Il (RNAPII) in the nucleus. This process consists of initiation, promoter
clearance, capping, elongation and termination, upon which the transcribed single
strand RNA is cleaved and poly-adenylated before transport to the cytoplasm (Lis, 2019;
Peterlin & Price, 2006; Proudfoot, 2016; Zhou, Li, & Price, 2012). Of interest, promoters
of most inactive and inducible genes are already engaged by stalled RNAP Il, which
pauses after transcribing 20-100 nucleotides long transcripts (Rahl et al., 2010). The

pause of RNAP Il is caused by two factors, the negative elongation factor (NELF)
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(Yamaguchi et al., 1999) and DRB sensitivity inducing factor (DSIF) (Wada, Takagi,
Yamaguchi, Ferdous, et al., 1998). Clearance of RNAP Il from promoters requires the
phosphorylation of its C-terminal domain (CTD) at position 5 (Ser5) in the tandemly
repeated heptapeptide (52 repeats of Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7) by cyclin-
dependent kinase 7 (CDK7) from the transcription factor-Il H (TFIIH) (Chapman,
Heidemann, Hintermair, & Eick, 2008). The release of RNAP Il for productive elongation
requires the positive transcription factor b (P-TEFb), which is composed of cyclin-
dependent kinase 9 (CDK9) and C-type cyclins T1 or T2 (CycT1 or CycT2) (Zhou et al.,
2012). Compared to the largely restricted expression of CycT2, CycT1 is expressed
ubiquitously (Peng, Zhu, Milton, & Price, 1998). N-terminus of CycT1 contains two
highly conserved cyclin boxes for CDK9 binding, followed by the Tat-TAR recognition
motif (TRM), a coil-coiled motif, the histidine (His) rich motif that binds to the CTD and a
C-terminal PEST motif (Taube, Lin, Irwin, Fujinaga, & Peterlin, 2002; Wei, Garber, Fang,
Fischer, & Jones, 1998). CDK9 is a Ser/Thr proline-directed kinase (i.e. PITALRE)
(Grana et al., 1994) that phosphorylates Spt5 in DRB and NELF-E, that relieve the
pausing of RNAPII (Fujinaga et al., 2004; lvanov, Kwak, Guo, & Gaynor, 2000). After
phosphorylation, NELF is released and DSIF is converted to an elongation factor
(Wada, Takagi, Yamaguchi, Watanabe, & Handa, 1998). Serine at position 2 (Ser2) in
the CTD is also phosphorylated by CDK9 before RNAPII’s transition to productive
elongation (Peterlin & Price, 2006). Thus, P-TEFb is a critical factor for transcriptional
elongation and co-transcriptional processing by RNAPII.

In the organism, the kinase activity of P-TEFb is kept under a tight control to maintain

the appropriate state of growth and proliferation of cells. To ensure this balance, a large
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complex, known as the 7SK small nuclear ribonucleoprotein (7SK snRNP) sequesters a
large amount of P-TEFb (from 50% to 90% in different cells) in an inactive state
(Peterlin, Brogie, & Price, 2012). 7SK snRNP consists of the abundant 7SK small
nuclear RNA (7SK snRNA), hexamethylene bisacetamide (HMBA)-inducible mRNAs 1
and 2 (HEXIM1/2) proteins, La-related protein 7 (LARP7) and methyl phosphate
capping enzyme (MePCE) (Michels & Bensaude, 2008; Zhou et al., 2012). Proper levels
and activities of P-TEFb ensure appropriate responses to external stimuli. They also
maintain states of differentiation, growth and proliferation of cells (AJ, Bugai, & Barboric,
2016; Fujinaga, 2020). Dys-regulation of the P-TEFb equilibrium contributes to various
diseases such as solid tumors (mutation in LARP7) leukemias and lymphomas (DNA
translocations leading to aberrant recruitment of P-TEFb), and cardiac hypertrophy
(inactivation of HEXIM1) (Franco, Morales, Boffo, & Giordano, 2018). Cellular stresses
such as ultraviolet (UV) irradiation and heat, as well as various small compound such as
histone deacetylase inhibitors (HDACi), HMBA and bromodomain extra-terminal domain
(BET) inhibitors (JQ1), also promote the release of P-TEFb from the 7SK snRNP in a
reversible manner (Zhou et al., 2012). Despite these important cellular responses,
different viruses, such as HIV, HTLV, EBV, HSV, HCMV and others, have evolved
different strategies to utilize P-TEFb for their own replication (Zaborowska, Isa, &
Murphy, 2016). For example, the HIV transactivator of transcription (Tat) not only binds
to free P-TEFb but also promotes the release of P-TEFb from 7SK snRNP. Tat:P-TEFb
then binds to the trans-activation response (TAR) RNA stem-loop to activate the
transcription of viral genes (Selby & Peterlin, 1990; Wei et al., 1998). Additionally, the

establishment of viral latency in quiescent cells parallels the disappearance of P-TEFDb,
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which can be reversed by cell activation (Rice, 2019).

In activated and proliferating cells, high levels of P-TEFb are found. In contrast, they are
vanishingly low in resting cells, especially monocytes and memory T cells. While levels
of CDK®9 persist, those of CycT1 are greatly reduced. At the same time, transcripts for
CycT1 and CDK9 remain high in all these cells (Garriga et al., 1998; Ghose, Liou,
Herrmann, & Rice, 2001). Based on existing studies, one can conclude that P-TEFb
falls apart when cells become quiescent. In these cells, CDK9 is stabilized by
chaperone proteins HSP70 and HSP90 (O'Keeffe, Fong, Chen, Zhou, & Zhou, 2000).
For CycT1, it was thought that its translation is inhibited by RNAi (Chiang & Rice, 2012;
Sung & Rice, 2009). In contrast, we find that CycT1 is rapidly degraded in these cells.
We also identified post-translational modifications that lead to the assembly and
disassembly of P-TEFb, which involves specific kinases and phosphatases. Importantly,
the unbound CycT1 protein can be stabilized by proteasomal inhibitors. This situation
appears uncannily reminiscent of cell cycle CDKs that are also regulated by similar

post-translational mechanisms.

Results

Critical residues in CycT1 (Thr143 and Thr149) are required for its binding to
CDK9

Previously, residues in the N-terminal region of CycT1 (positions 1-280, CycT1(280),
including cyclin boxes, positions 30-248) (Fig. 1A) were found to be required for
interactions between CycT1 and CDK9 (Garber et al., 1998). In particular, a substitution

of the leucine to proline at position 203 (L203P) or four substitutions from a glutamic to
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aspartic acid at position 137 and threonine to alanine at positions 143, 149 and 155
(4MUT) completely abolished this binding (Kuzmina et al., 2014) (Fig. 1A). We created a
similar set of mutant CycT1 proteins in the context of the full length CycT1 and
truncated CycT1(280) proteins (Fig. 1A). Next, we defined further critical residues
involved in CycT1:CDKO interactions, especially the three adjacent threonine residues
in the cyclin box (CycT1T3A, Fig. 1A). First, these mutant CycT1 proteins were
expressed in 293T cells. Next, interactions between mutant CycT1 proteins and the
endogenous CDK9 protein were analyzed by co-immunoprecipitation (co-IP) (Figs.
1B-1D).

Mutant CycT1 proteins were poorly expressed in 293T cells (Fig. 1B, 1st panel, lanes 3,
5 and 7). Expression levels of these proteins were restored by incubating these cells
with the potent and clinically approved proteasomal inhibitor bortezomib (Fig.1B, 1st
panel, compare lanes 4, 6 and 8 to lanes 3, 5 and 7), indicating that these mutant
CycT1 proteins are highly unstable in cells. To confirm this finding, the half life of the
mutant CycT1 proteins was measured by cycloheximide (CHX) pulse-chase
experiments (Fig. 1C). Whereas levels of the wild type CycT1 protein remained
unchanged after cycloheximide treatment (Fig. 1C, 1st panel, lanes 1 to 4), those of
three mutant CycT1 proteins (CycT1L203P, CycT14MUT and CycT1T3A) decreased
rapidly with the half life of ~3 h, ~2.5 h, and ~6 h, respectively (Fig. 1C, 1st panel, lanes
5 to 8; lanes 9 to 12; lanes 13 to 16). Moreover, levels of endogenous CDKS9 protein
were not changed under bortezomib or cycloheximide treatment (Fig. 1A and 1B, 2nd
panels). When protein levels were restored by bortezomib, mutant CycT1 proteins

(CycT1L203P and CycT14MUT) did not interact with CDK9 (Fig. 1D, 1st panel, compare
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lanes 4 and 5 to lane 3). Similarly, interactions between the mutant CycT1T3A protein
and CDK9 were significantly decreased (Fig. 1D, 1st panel, compare lane 6 to lane 3,
~7.8-fold reduction). We further examined whether all these threonine residues are
important for binding to CDK9 (Fig. 1E). Thus, mutant CycT1 proteins with single
threonine substitution were created and examined for CycT1:CDK®9 interactions. As
presented in Fig. 1E, whereas mutant CycT1T143A and CycT1T149A proteins exhibited
significantly impaired binding to CDK9, the mutant CycT1T155A protein did not (1st
panel, compare lanes 4 and 5 to lanes 2 and 6, ~5.2-fold and ~3.7-fold reduction).
These results indicate that Thr143 and Thr149, but not Thr155, are critical residues in
CycT1 for binding to CDKO. Finally, the mutant CycT1(280) protein with double
threonine substitution to alanine (CycT1(280)TT143,149AA) demonstrated reduced
binding to CDK9 to a similar extent as the mutant CycT1(280)T3A protein (Fig.1F, 1st
panel, compare lanes 4 and 5 to lane 2, ~7.2-fold vs ~8.1-fold reduction). Taken
together, we conclude that two threonine residues (Thr143 and Thr149) in CycT1 are
critical for its binding to CDK9 to form P-TEFb, and that mutant CycT1 proteins that do

not interact or poorly interact with CDK9 are rapidly degraded by the proteasome.

Phosphorylation of Thr143 and Thr149 in CycT1 contributes to its binding to
CDK9

Since threonine residues are potential phosphorylation sites, we examined whether
phosphorylation of Thr143 and/or Thr149 in CycT1 contributes to P-TEFb assembly.
293T cells ectopically expressing CycT1 (Fig. 2A) or CycT1(280) (Fig. 2B) were treated
with the potent protein phosphatase inhibitor okadaic acid for 1.5 h prior to cell lysis.

Following the co-IP of CDK9, its phosphorylation was analyzed with anti-phospho-
7
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threonine (pThr) antibodies by western blotting (WB). Phospho-threonine signals were
increased in both CycT1 and CycT1(280) proteins in the presence of a high
concentration of okadaic acid, which inhibits serine/threonine protein phosphatases 1
(PP1) (Fig. 2A and 2B, 3rd panels, lanes 3), but not by a low concentration of okadaic
acid (data not presented), which inhibits PP2A. Confirming these inhibitory effects by
okadaic acid, CycT1 and CDK9 bands shifted upwards by this treatment, and only these
upper bands were detected with anti-pThr antibodies (Fig. 2). Furthermore, interactions
between CycT1 and CDK9 were increased by the high concentration of okadaic acid
treatment (Fig. 2A, 1st panel, compare lane 3 to lane 2, ~5.1-fold increase). In addition,
CycT1 co-IPed with CDK9 was heavily phosphorylated at threonine residues (Fig. 2A,
3rd panel, compare lane 3 to lane 2, ~19-fold increase). Under the same conditions,
CDK®9 was also heavily phosphorylated (Fig. 2A, 4th panel, compare lane 3 to lane 2,
~8.9-fold increase). Similarly, interactions between CycT1(280) and CDK9 were also
increased by okadaic acid (Fig. 2B, 1st panel, compare lane 3 to lane 2, ~4.5-fold
increase). Threonine phosphorylation of CDK9-associated CycT1(280) was also
increased (Fig. 2B, 3rd panel, compare lane 3 to lane 2, ~21-fold increase). Increased
phosphorylated CDK9 was also detected (Fig. 2B, 4th panel, compare lane 3 to lane 2,
~9.4-fold increase).

An online database for phosphorylation site prediction (NetPhos 3.1, developed by
Technical University of Denmark) scores Thr143 and Thr149 above the threshold value
(default 0.5), indicating that these threonines are potential phosphorylation sites (Fig.
S1).To verify that Thr143 and Thr149 are the main phosphorylation sites in CycT1,

levels of total threonine phosphorylation were compared between CycT1(280) and
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mutant CycT1(280)TT143,149AA proteins in the presence of high concentration of
okadaic acid. As presented in Fig. 2C, levels of threonine phosphorylation were
significantly reduced in the mutant CycT1(280)TT143,149AA protein compared to
CycT1(280) (1st panel, compare lane 4 to lane 3, ~5.2-fold reduction), indicating that
Thr143 and Thr149 are major threonine phosphorylation sites. Taken together, we
conclude that the phosphorylation of Thr143 and Thr149 in CycT1 is essential for its

binding to CDK9, and that PP1 is involved in the dephosphorylation of CycT1.

Residues in CycT1 and CDK9 that regulate the assembly of P-TEFb

These two threonine residues (Thr143 and Thr149) are located in cyclin boxes that are
required for CDK9 binding. To understand further the exact roles of these two sites in
the interface between CycT1 and CDK9, we analyzed molecular interactions between
specific side chain residues in these proteins based on the crystal structure of the
human P-TEFb complex (PDB access code 3MI9) (Baumli et al., 2008; Tahirov et al.,
2010). Further, we modeled phosphorylated Thr143 and Thr149 using this crystal
structure. Phosphates were added to Thr143 and Thr149 of the 3MI9 crystal structure,
followed by energy minimization using the UCSF Chimera program (Pettersen et al.,
2004). The three dimensional representation was created using Pymol (PyMOL
Molecular Graphics System, Version 2.0, Schrodinger, LLC.) (Fig. 3A).

As presented in Fig. 3A, the structure of the unphosphorylated form can readily
accommodate the phosphorylation of Thr143 and Thr149 in CycT1, potentially
stabilizing intramolecular interactions with GIn73 in CycT1 and intermolecular

interactions with Lys68 in CDK9, respectively. The role of these predicted sites was
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confirmed experimentally by co-IPs using mutant proteins. CDK9 or the mutant
CDKO9KG68A protein were co-expressed with CycT1(280) or the mutant CycT1(280)Q73A
proteins in the presence of bortezomib for 12 h before co-IP. As presented in Fig. 3B,
compared to CycT1(280), the mutant CycT1(280)Q73A protein exhibited a lower affinity
for CDK9 (1st panel, compare lane 3 to lane 2, ~4.5-fold reduction). Similarly, compared
to CDK9, the mutant CDK9KG8A protein exhibited a lower affinity for CycT1(280) (Fig.
3C, 1st panel, compare lane 3 to lane 2, ~5.9-fold reduction). Finally, interactions
between the mutant CycT1(280)Q73A and CDK9K68A proteins were reduced to a
similar extent to those between the mutant CycT1(280)TT143,149AA and CDK9
proteins, compared to the positive control with CDK9 and CycT1(280) (Fig. 3D, 1st
panel, compare lanes 3 and 4 to lane 2, ~7.5-fold vs ~8-fold reduction, respectively).
Taken together, phosphates on Thr143 and Thr149 in CycT1 are essential for the

assembly and stability of P-TEFb.

PKC inhibitors impair interactions between CycT1 and CDK9 and promote CycT1
degradation

In resting and memory T cells, levels of CycT1 are vanishingly low. In previous sections,
we discovered that Thr143 and Thr149 are phosphorylated in the stable P-TEFb
complex. These residues can be dephosphorylated by PP1. Kinases that cause this
phosphorylation remained unknown. Nevertheless, using kinase prediction programs
(NetPhos 3.1), these residues lie in separate PKC consensus sites. While Thr143
received the highest score, Thr149 could also be a target for PKC or other kinases.

These findings implied that PKC family members are kinases that phosphorylate Thr143

10
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and/or Thr149. To confirm that PKC promotes the phosphorylation and the stability of
CycT1, several PKC inhibitors were introduced to different cells (Fig. 4). Of these,
staurosporine exhibited the most significant inhibition in 293T cells. As presented in Fig.
1B and 1C, the exogenous CycT1 protein is very stable in cells. Next, increasing
amount of staurosporine were added to cells 12 h prior to cell lysis. Staurosporine
reduced levels of CycT1 in these cells in a dose dependent manner (Fig. S2A, 1st
panel, compare lanes 2 and 3 to lane 1, ~4-fold and ~16-fold reduction, respectively).
Additionally, co-IPs were performed in cells expressing the exogenous CycT1 or
CycT1(280) proteins in the presence of bortezomib (12 h) and staurosporine (6 h) or
bortezomib alone. As presented in Figs. 4A and 4B, interactions between exogenous
CycT1 or CycT1(280) proteins and the endogenous CDK9 protein were significantly
inhibited by staurosporine (1st panels, compare lanes 3 to lanes 2, ~8.1-fold and ~7.8-
fold reduction, respectively). To confirm further that this PKC inhibitor could antagonize
the phosphorylation of CycT1(280) by a high concentration of okadaic acid (Fig. 2C),
cells expressing the exogenous CycT1(280) protein were treated with staurosporine for
6 h before adding okadaic acid for another 1.5 h, in the presence of bortezomib (12 h).
Levels of threonine phosphorylation of CycT1(280) were compared by IPs with anti-HA
antibodies. As presented in Fig. 4C, staurosporine antagonized completely the
threonine phosphorylation of CycT1(280) (top two panels, compare lane 4 to lane 3).
Thus, PKC inhibitors, especially staurosporine, inhibit the phosphorylation of CycT1 and
its interactions with CDK®9, followed by the degradation of CycT1 in 293T cells.

To validate further the specificity of such negative regulation by PKC inhibitors, Jurkat

and activated primary CD4+ T cells were also treated with different PKC inhibitors at
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increasing amounts for 12 h. As presented in Fig. 4D and compared to untreated cells,
levels of endogenous CycT1 protein in Jurkat cells were significantly decreased by
staurosporine in a dose dependent manner (1st panel, compare lanes 2, 3 and 4 to lane
1: 1.5uM, ~2-fold; 3uM, ~11-fold; 6uM, ~20-fold reduction). Levels of CDK9 were largely
unaffected (2nd panel in Fig. 4D). Similar to staurosporine, two additional PKC
inhibitors, bisindolylmaleinide IX (Fig. 4E) and H-7 (Fig. S2B) also decreased levels of
the endogenous CycT1 protein in a dose dependent manner. As presented in Fig. 4E,
levels of CycT1 were decreased by bisindolylmaleinide 1X ~4-fold at 6uM and ~10-fold
at 12uM (1st panel, compare lanes 3 and 4 to lane 1). PKC inhibitor H-7 also decreased
levels of CycT1 ~6-fold at 70uM and ~13-fold at 100uM (Fig. S2B, 1st panel, compare
lanes 3 and 4 to lane 1). Levels of CDK9 were also largely unaffected by these
inhibitors (Figs. 4D and S2B, 2nd panels).

Staurosporine and bisindolylmaleinide IX were also used in activated primary CD4+ T
cells to confirm further our findings (Fig. 4F). In these cells, staurosporine depleted
CycT1 up to 30-fold at 1.5, 3 and 6uM (donor 1, Fig. 4F, 1st panel, compare lanes 2, 3
and 4 to lane 1). Bisindolylmaleinide IX decreased them up to 20-fold at 3, 6 and 12uM
(Fig. 4F, 1st panel, compare lanes 5, 6 and 7 to lane 1). In cells from donor 2, these
compounds had similar effects on levels of CycT1 (Fig. S2C, 1st panel). Levels of CDK9
were largely unaffected by these inhibitors (Figs. 4F and S2C, 2nd panels). Activated
primary CD4+ T cells were also treated with three additional PKC inhibitors
(sotrastaurin, H-7, and HBDDE) for 12 h. As presented in Fig. S2D, all these PKC
inhibitors decreased levels of CycT1 in a dose dependent manner (1st panel) without

affecting those of CDK9 (2nd panel). Taken together, PKC inhibitors antagonize the
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phosphorylation of critical threonines in CycT1, which leads to the disassembly of P-

TEFb and further degradation of CycT1.

PKCa and PKCp bind to CycT1, promote interactions between CycT1 and CDK9,
and increase the stability of CycT1

Analysis of target specificities of our PKC inhibitors indicated that PKCa, PKCf, PKCe
represent candidate PKC isoforms responsible for the phosphorylation of CycT1. To
validate that these PKC isoforms can target CycT1 for phosphorylation and promote P-
TEFb assembly, their Flag-epitope-marked versions were expressed in 293T cells.
Different dominant (kinase) negative mutant PKC isoforms were also co-expressed with
CycT1(280) or the mutant CycT1(280)TT143,149AA proteins in the presence of
bortezomib for 12 h. Co-IPs were performed with anti-Flag antibodies. As presented in
Fig. 5A, the mutant PKCaK368R (Soh & Weinstein, 2003) protein interacted with the
mutant CycT1(280)TT143,149AA protein more potently than with CycT1(280) (1st
panel, compare lanes 4 to 3, ~3-fold increase), while no interactions with CDK9 were
detected (Fig. 5A, 2nd panel, lanes 3 and 4). Since the catalytic domains of PKC31 and
PKCPR2 are identical, and they differ only in their C-terminal 50 residues (Kubo, Ohno, &
Suzuki, 1987). The dominant negative mutant PKCB2K371R protein (Soh & Weinstein,
2003) was co-expressed with CycT1(280) or the mutant CycT1(280)TT143,149AA
protein. Co-IPs were performed with anti-Flag antibodies. As presented in Fig. 5B,
interactions between the mutant PKCB2K371R protein and CycT1(280) or the mutant
CycT1(280)TT143,149AA protein were detected (1st panel, compare lanes 4 to 3, ~4.1-

fold increase). Again, CDK9 did not interact with the mutant PKCB2K371R protein (Fig.
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5B, 2nd panel, lanes 3 and 4). In contrast, significantly reduced interactions were
detected between CycT1(280) or the mutant CycT1(280)TT143,149AA proteins and
PKCeg, PKC®, PKCy and PKCB8 (1st panels in Fig. S3A, S3B and S3C; data with PKCB
are not presented). We conclude that PKCa and PKCp not only bind to but
phosphorylate Thr143 and Thr149 in CycT1.

To confirm further that PKCa and PKC[ contribute to the assembly and stability of P-
TEFb, PKCa or the mutant PKCaK386R protein were co-expressed with CycT1(280)
and CDK®9 in the presence of bortezomib (12 h) in 293 T cells. Interactions between
these proteins were analyzed by co-IPs with anti-HA antibodies. As presented in Fig.
5C, while PKCa slightly increased CycT1:CDK9 interactions (Fig. 5C, 1st panel,
compare lane 3 to lane 2), the mutant PKCaK386R protein inhibited them (1st panel,
compare lane 4 to lanes 2 and 3, ~7.9-fold reduction). To confirm that decreased
interactions between CycT1(280) and CDK9 by the mutant PKCaK386R protein were
caused by the inhibition of PKC-dependent phosphorylation of CycT1(280), it was co-
expressed with the mutant PKCaK386R protein in the presence of bortezomib (12 h)
and okadaic acid (1.5 h). IPs were conducted with anti-HA antibodies. As presented in
Fig. 5D, the expression of the mutant PKCaK386R protein decreased levels of
threonine phosphorylation in CycT1(280) by ~5.2-fold as detected with anti-pThr
antibodies (1st panel, compare lanes 4 to 3). To demonstrate if the mutant PKCaK386R
protein also decreased levels of CycT1 protein, PKCa or the mutant PKCaK386R
protein were co-expressed with the CycT1 protein in the presence or absence of
bortezomib (12 h). As presented in Fig. 5E, CycT1 co-expressed with PKCa had similar

levels of expression as CycT1 without PKCa co-expression, which was not affected by

14


https://doi.org/10.1101/2021.05.25.445695
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.25.445695; this version posted June 2, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

bortezomib (1st panel, compare lanes 3 to 1; compare lanes 3 to 4; compare lanes 1 to
2). In sharp contract, co-expression of the mutant PKCaK386R protein decreased
greatly levels of CycT1 protein in these cells (Fig. S5E, 1st panel, compare lane 5 to
lanes 1 and 3, ~9.1-fold reduction), which was reversed by bortezomib (Fig. 5E, 1st
panel, compare lane 6 to lane 5). Similar to PKCaK386R, co-expressed PKCB2K371R
also significantly diminished levels of CycT1 protein (Fig. 5F, 1st panel, compare lane 5
to lanes 1 and 3, ~10.4-fold reduction), which was reversed by bortezomib (Fig. 5F, 1st
panel, compare lane 6 to lane 5). Levels of PKCa, PKCaK386R, PKCB2, and
PKCB2K371R were increased by bortezomib, which is consistent with the demonstrated
instability of PKC (Lu et al., 1998) (Fig. 5E and 5F, 2nd panels, compare lanes 3 and 5
to lanes 4 and 6). Also, levels of the endogenous CDKS9 protein were unaffected in
these cells (Fig. 5E and 5F, 3rd panels). Taken together, CycT1 is targeted mainly by
PKCa and PKC@, which not only promote interactions between CycT1 and CDKO via

the phosphorylation of CycT1, but also stabilize CycT1 in cells.

Depletion of PKC leads to decreased levels of CycT1 in cells

Previous papers demonstrated that isoforms of PKC are inactive or absent in resting
cells (Heissmeyer et al., 2004; Pfeifhofer-Obermair, Thuille, & Baier, 2012). Moreover,
phorbol esters (PMA) deplete PKC in most cells (Manger, Weiss, Imboden, Laing, &
Stobo, 1987). In addition, HIV Tat, whose proteome first identified and whose co-
activator is P-TEFb, no longer works in these cells (Jakobovits, Rosenthal, & Capon,
1990). Together with our data, it appears that PKC influences dynamic changes of P-

TEFb in different cell types and under varying conditions. To examine this situation
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further, 100ng/ml PMA was administered to Jurkat cells or activated primary CD4+ T
cells for several days. As presented in Fig. 6A, endogenous CycT1 protein levels were
decreased up to ~6-fold at 72 h and ~11-fold at 96 h after the addition of PMA (1st
panel, compare lanes 2 and 3 to lane 1). Levels of CDK9 protein were largely
unaffected (Fig.6A, 2nd panel, lanes 1 to 3). Furthermore, the same PMA treatment was
performed in activated primary CD4+ T cells from two different donors. Similar to Jurkat
cells, activated primary CD4+ T cells from donor 1 lost CycT1 expression up to ~7-fold
at 72 h and ~16-fold at 96 h after PMA treatment (Fig. 6B, 1st panel, compare lanes 2
and 3 to lane 1). Again, levels of CDK9 were largely unaffected (Fig.6B, 2nd panel,
lanes 1 to 3). Levels of PKCa were equivalently decreased at 72 and 96 h after the
addition of PMA (Fig. 6B, 3rd panel, compare lanes 2 and 3 to lane 2). Other PKC
isoforms, PKCB1 and PKCB2 were also depleted at these time points (Fig. 6B, 4th and
5th panels, compare lanes 2 and 3 to lane 2). These cells do not express PKCe (Fig.
6B, 6th panel, lanes 1 to 3). Same changes were also observed in activated primary
CD4+ T cells from donor 2 (Fig. S4A). We also found that the addition of bortezomib for
another 24 h after 72 h PMA incubation rescued most of these decreased levels of
CycT1 in activated primary CD4+ T cells (Fig. 6C, 3rd panel, compare lane 3 to lane 2).
Co-IPs were also conducted in cells treated with bortezomib alone or PMA and
bortezomib with anti-CDK9 antibodies. As presented in Fig. 6C, interactions between
CycT1 and CDK9 were significantly decreased in PMA-treated cells (up to ~7.6-fold),
compared to controls (Fig. 6C, 1st panel, compare lane 3 to lane 2). These data
demonstrate that the depletion of PKC in Jurkat cells and activated primary CD4+ T

cells by PMA treatment causes the dissociation of P-TEFb and depletion of CycT1. This
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finding explains the hereto puzzling observation that Tat does not work in cells treated
with PMA (Jakobovits et al., 1990).

We observed previously that levels of CycT1 increase significantly in resting CD4+ T
cells with the addition of bortezomib (Cary & Peterlin, 2020). Nevertheless, interactions
between CycT1 and CDK9 remain lower than in activated primary CD4+ T cells. To
extend these findings to anergic T cells that lose the ability to respond to agonist antigen
or stimulation of the T cell antigen receptor, we examined W131AOTII T cells from mice
where the endogenous ZAP70 protein was substituted by a constitutively active mutant
ZAP70-W131A protein. Introduction of the W131A mutant into the OTII transgenic
background (W131AQTII) results in high numbers of anergic and CD4 regulatory T cells
(Palacios & Weiss, 2007). As presented in Fig. 6D, levels of CycT1 protein were

significantly lower in W131AOTII than in control OTII T cells (1st panel, compare lane 2

to lane 1, ~7.8-fold decrease). Levels of the CDK9 were largely unchanged in these

cells (Fig. 6D, 2nd panel, compare lane 2 to lane 1). Meanwhile, levels of CycT1 and

CDKO transcripts in W131AOTII and OTII cells remained unchanged (Fig. 6E), which is

consistent with previous observations that mRNA levels of CycT1 and CDK9 do not vary
between resting and activated CD4+ T cells (Cary & Peterlin, 2020; Sung & Rice, 2006).
Moreover, since these W131AQOTII T cells exhibit impaired T cell receptor signaling,
activating these cells with anti-CD3 and anti-CD28 antibodies did not increase levels of
CycT1 (data not presented). It was demonstrated that treatment of T cells with calcium
ionophores such as ionomycin also depletes PKC and induces anergy (Heissmeyer et
al., 2004). Therefore, we examined whether sustained ionomycin treatment of primary

activated CD4+ T cells causes depletion of CycT1. As presented in Fig. 6F, CycT1
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expression in activated primary T cells from a donor began to decrease at 24 h (1st
panel, compare lanes 2 to 1, ~1.8-fold reduction) after the addition of ionomycin (1uM),
and continued at 48 h (1st panel, compare lanes 3 to 1, ~4.5-fold reduction) and 72 h
(1st panel, compare lanes 4 to 1, ~9.1-fold reduction). Levels of CDK9 were largely
unaffected (Fig. 6F, 2nd panel, lanes 1 to 3). Similar changes were also observed with
donor 2 treated with ionomycin (Fig. S4B). Taken together, the absence of active PKC
correlates with significant decreases of CycT1, which prevents the assembly of the

functional P-TEFb complex.

Discussion

In this study, we found that mutations of two critical residues in CycT1 (Thr143 and
Thr149 to alanine) impair its binding to CDK9. Phosphorylation of these residues is
required to promote CycT1:CDK9 interactions. Structural analyses revealed that
phosphates on Thr143 and Thr149 in CycT1 increase intramolecular and intermolecular
binding to specific residues in CycT1 and CDK®9, respectively, which potentiates P-TEFb
assembly and stabilizes CycT1. This prediction was confirmed experimentally. Thr143
and Thr149 are located in PKC consensus sequences. Indeed, PKC inhibitors inhibit
CycT1 phosphorylation. PP1 then dephosphorylates CycT1. As a consequence,
interactions between CycT1 and CDK9 are attenuated, CycT1 is rapidly degraded and
P-TEFb disappears. Of PKC isoforms, PKCa and PKCf not only bind to CycT1 but
promote CycT1:CDK9 interactions and stabilize CycT1. Finally, depleting PKC or its
inactivity leads to CycT1 dissociation from CDK9 and its degradation in transformed cell

lines as well as primary activated and anergic T cells. We conclude that the assembly
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and stability of P-TEFb require the phosphorylation of CycT1, which is regulated by
PKCa/PKCR and PP1.

Ours is the first study that addresses the reversible phosphorylation of CycT1. Based on
previous mutageneses of CycT1, three threonine residues (Thr143, 149 and 155) could
affect CycT1 stability and P-TEFb assembly. They are conserved in over 142
mammalian species and in CycT2 (sequences are picked out from NCBI and aligned).
Moreover, previous reports indicated that these residues play critical roles in P-TEFb
function (Jadlowsky, Nojima, Okamoto, & Fujinaga, 2008; Kuzmina et al., 2014). Of
these, we identified Thr143 and Thr149 to be responsible for P-TEFb assembly and
CycT1 stability. Their dephosphorylation was blocked by high dose okadaic acid, which
inhibits PP1. PP1 contains three catalytic and over fifty regulatory subunits, whose
genetic inactivation is lethal to cells (Cohen, 2002; Ferreira, Beullens, Bollen, & Van
Eynde, 2019). Thus, phosphatase inhibitor okadaic acid (low dose PP2A, high dose
PP1) is used to distinguish between PP1 or PP2. In other studies, they defined
phosphatases that regulate cell cycle cyclins, such as CycB, CycD1 and AIB1 (Edelson
& Brautigan, 2011; Ferrero et al., 2011; Vorlaufer & Peters, 1998). As to kinases, PKCa
and PKCp isoforms phosphorylate these two threonine residues in CycT1 for P-TEFb
assembly. This finding was confirmed by PKC inhibitors, direct binding studies and the
use of dominant kinase negative mutant PKC proteins. Since its degradation and
assembly have to occur in most if not all cells of the organism, the involvement of
ubiquitously expressed and reductant kinases and phosphatases in this post-
translational regulation of P-TEFb is not unexpected. Importantly, our study also reveals

that the depletion of PKC, as occurs after chronic activation or phorbol ester treatment,
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results in P-TEFb disassembly and CycT1 degradation, which explains cells becoming
unresponsive to external stimuli. It also explains why Tat, whose co-activator is P-TEFD,
no longer functions in such cells (Jakobovits et al., 1990). Anergic cells also lack P-
TEFb (Fig. 6D), which contributes to their unresponsive phenotype. From our and other
studies, we also know that resting and memory T cells lack P-TEFb (Garriga et al.,
1998; Ghose et al., 2001). Thus, proviral latency is maintained in these cells (Fujinaga &
Cary, 2020). This situation most likely pertains to other DNA viruses, such as herpes
simplex virus and HTLV1/2 in yet other resting or terminally differentiated cells (Kulkarni

& Bangham, 2018; Nicoll, Proenca, & Efstathiou, 2012).

Elegant studies revealed that T-loop phosphorylation (Thr186) and of Ser175 in CDK9,
are important for the activity of P-TEFb (Zhou et al., 2012). Global analyses also
revealed two phosphorylation sites in the C-terminal half of CycT1 (Mbonye et al.,
2013). However Thr143 and Thr149 were missed, possibly due to the metabolic state of
examined cells or lack of adequate phosphatase inhibition. Unphosphorylated CycT1
dissociates from P-TEFb and is degraded. CDK9 remains and is stabilized by HSP70
and HSP90 (O'Keeffe et al., 2000). This observation presents uncanny similarities with
the regulation of cell cycle CDKs, whose levels are also regulated by reversible
phosphorylation, disassembly and degradation. For example, the phosphorylation of
CycE determines its stability. Only upon its dephosphorylation, dissociation and
degradation can the cell cycle proceed (Clurman, Sheaff, Thress, Groudine, & Roberts,
1996). Thus, the transcriptional CDKs display and mimic regulatory paradigms of cell

cycle CDKs. This regulation is also very different from the P-TEFb equilibrium in
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growing, proliferating cells, where 7SK snRNP plays the major role. There, P-TEFb
partitions between the active free state, bound to activators and/or the super-elongation
complex, and the inactive state, where 7SK snRNA coordinates its sequestration with
HEXIM1/2, LaRP7, MePCE in the 7SK snRNP. In this RNP, HEXIM1 or HEXIM2 inhibit
CDKO9 by binding to its ATP pocket, a situation that is reminiscent of CDK2 inhibition by
p21 (Russo, Jeffrey, Patten, Massague, & Pavletich, 1996). Thus, our study has
revealed an additional important aspect of the regulation of transcriptional elongation in
cells.

Global mRNA sequencing studies examine changes in levels of specific transcripts
between and in different states, i.e. activation, proliferation and differentiation of cells
(Sung & Rice, 2009). However, levels of CycT1 and CDK9 mRNAs do not vary between
resting and activated T cells (Marshall, Salerno, Garriga, & Grana, 2005), between
responsive and anergic T cells or exhausted T cells. This finding is important, as these
global studies do not look at levels of resulting proteins. Thus, they underestimate
contributions of P-TEFb and/or other transcriptional CDKs in their evaluations of target
genes. Additionally, P-TEFb must be recruited by transcription factors to the paused
RNAPII at promoters. Indeed, P-TEFb can mediate short and long long-distance
interactions between enhancers and promoters to promote transcription elongation and
co-transcriptional processing of individual and clusters of genes (Taube et al., 2002). In
this scenario, the C-terminal His-rich region of CycT1 interacts directly with the CTD of
RNAPII (Taube et al., 2002). Thus, these post-translational modifications of P-TEFb play
critical roles in activated transcription and for growth and proliferation of cells. In

quiescent cells, only basal transcription is detected (Cheung & Rando, 2013; Roche,
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Arcangioli, & Martienssen, 2017). Importantly, external stimuli can reverse this
phenotype via this reversible phosphorylation of P-TEFb. As a result, effects of potent
activators, such as cMyc, NF-kB, steroid hormones, CIITA, etc are translated to the
productive transcription of their target genes (Fujinaga, 2020).

Finally, since our study revealed families of kinases and phosphatases that affect P-
TEFbD, it is possible that the use of more targeted phosphatase inhibitors could block this
transition to quiescence and terminal differentiation of cells. Their use might even
prevent the establishment of proviral latency. Although the substitution of
phosphomimetic residues for serine/threonine/tyrosine residues is not always
successful, it is possible that such modifications in CycT1 could create a constitutively
active P-TEFb complex. Additionally, target residues on CycT1 and CDK9 could be
changed to stabilize this structure. If successful, modified P-TEFb complexes could be
studied for effects on immune responses as well as latency induction and reversal in
many different scenarios. The other approach would be to identify the E3 ligase that is
responsible for the degradation of the unphosphorylated CycT1 protein. To this end,
bortezomib and other proteasomal inhibitors have been examined already for the
reversal of HIV latency in resting CD4+ T cells (Cary & Peterlin, 2020; Li et al., 2019).
Taking all these findings into account, the understanding of complex post-translational
regulation of P-TEFb promises to reveal additional approaches not only to proviral

latency, but to host immune responses, cellular regeneration and dedifferentiation.

Materials and Methods

Plasmids, Reagents and Antibodies
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HA-CycT1 (h:CycT1), CDK9-Flag (CDK9:f) and plasmids containing mutated CycT1 or
CDKB9 sequences were constructed by cloning PCR fragments containing the coding
sequences of CycT1 and CDK9 into pcDNA3.1 vector with indicated epitope tags. PKC
plasmids (PKCa, B3, v, 8, € and 0) were obtained from Addgene, and their coding
sequences were subcloned into the pcDNA3.1 vector containing the Flag epitope tag.

All the reagents and antibodies are listed in the table within the supplementary data.

Cell culture

Human Embryonic Kidney (HEK) 293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Corning) with 10% fetal bovine serum (FBS) (Sigma Aldrich),
Jurkat cells and Peripheral Blood Mononuclear Cells (PBMCs) were cultured in Roswell
Park Memorial Institute (RPMI) 1640 (Corning) with 10% FBS at 37 °C and 5% CO2.
Resting CD4+ T cells were purified from bulk PBMCs by using Dynabeads™
Untouched™ Human CD4 T Cells Kit (ThermoFisher Scientific). Selected CD4+ T cells
were activated by Dynabeads™ Human T-Activator CD3/CD28 kit (ThermoFisher

Scientific) and were maintained in RPMI 1640 with 10% FBS, containing 30U/ml IL-2.

Cell manipulation

Transfection of plasmid DNA was conducted in 293T cells using Lipofectamine 3000
(Life Technology) and X-tremeGENE™ HP DNA Transfection Reagent (Roche)
according to the manufacturer’s instructions.

293T cells were treated with 2.5uM bortezomib for 12 h, Jurkat cells were treated with

100nM bortezomib for 12 h, and activated CD4+ T cells were treated with 50nM
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bortezomib for 12 h before the cell lysis. 293T cells were treated with 5nM or 1uM
okadaic Acid for 1.5 h before the cell lysis. 293T cells, Jurkat cells and activated CD4+ T
cells were treated with different PKC inhibitors (sotrastaurin, H-7, staurosporine, Go

6976 and bisindolylmaleinide IX) for 6 h or 12 h before the cell lysis.

Co-immunoprecipitation (Co-IP) and protein Densitometry

293T, Jurkat or CD4+ T cells were lysed on ice using RIPA buffer (50mM Tris-HCI, pH
8.0, 5 mM EDTA, 0.1% SDS, 1.0% Nonidet P-40, 0.5% sodium deoxycholate, 150 mM
NaCl) supplemented with the protease and phosphatase inhibitors, then for one time
sonication (level 4, 2 s), followed by a 10 min centrifugation (21,000xg). The
supernatant was precleared, and incubated with indicated primary antibodies or control
IgG overnight. Mixtures were then incubated with protein G-Sepharose beads for
additional 2h, followed by 5 times’ wash with RIPA buffer (500mM NaCl). Co-IP samples
and input (1% of whole cell lysates) were subjected to western blotting (WB) as
described previously (Huang, Shao, Fujinaga, & Peterlin, 2018).

Protein densitometry was obtained using Image Studio software (LI-COR). Relative
protein expression in whole cell lysates was calculated by normalizing the indicated
proteins with loading control B-actin. Quantification data were presented as fold change

over values obtained with control samples.

W131AOTIl and control OTII cells preparation
W131AOTII mice were described previously (Hsu, Cheng, Chen, Liang, & Weiss, 2017).

Control OTII TCR transgenic mice were purchased from The Jackson Laboratory.
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Peripheral naive (CD44lowCD62L+*) CD25-Va2+CD4+* T cells were sorted from combined
lymphoid organs (spleens and lymph nodes) of OTIl or W131AOTII mice (8—12 weeks
of age). The cells (108 cells) were washed with PBS, the supernatant was aspirated,

and the pelleted cells were lysed as described above, then subjecting into WB assay.
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Fig. 1. Critical residues in CycT1 (Thr143 and Thr149) are required for its binding to

CDKaO.

A.

C.

Diagram of CycT1 and indicated mutant CycT1 proteins.

The full length human CycT1 protein contains 726 residues. Two cyclin boxes are
found between positions 30 and 248. Critical residues for CDK9 binding include
Thr143, Thr149 and Thr155. Glu137 and Leu203 flank these sites. Presented are

critical mutations in CycT1 that form the basis of this study.

. Mutant CycT1 proteins are unstable.

CycT1 and three indicated mutant CycT1 proteins were expressed in 293T cells,
which were untreated (lances 1, 3, 5 and 7) or treated with 2uM bortezomib for 12 h
(lanes 2, 4, 6 and 8) before cell lysis. Levels of CycT1 (1st panel), CDK9 (2nd panel),
and the loading control actin (3rd panel) proteins were detected with anti-HA, anti-
CDK®9, and anti-B-actin antibodies, respectively, by WB. Gels are marked as follows:
IP, IPed proteins, above the panels; next, presence and absence of co-IPed proteins
is denoted by (+) and (-) signs; same for the inclusion and concentration of
bortezomib; WB, western blot of co-IPed proteins; Input, western blot of input
proteins.

Mutant CycT1 proteins are unstable.

CycT1 and three indicated mutant CycT1 proteins were expressed in 293T cells,
which were untreated (lanes 1, 5, 9 and 13) or treated with 100 pg/ml cycloheximide
(CHX) for 3-9 h (lanes 2 to 4; 6 to 8; 10 to 12; 14 to 16) before cell lysis. Levels of
CycT1 (1st panel), CDK9 (2nd panel), and the loading control actin (3rd panel)

proteins were detected with anti-HA, anti-CDK9, and anti-B-actin antibodies,
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respectively, by WB.

D. Interactions between CDK9 and mutant CycT1 proteins are impaired.
In 293T cells treated with 2uM bortezomib, co-IPs with CDK9 are presented in top
two panels. 3rd and 4th panels contain input levels of CycT1 and CDK9 proteins.

E. Interactions between CDK9 and point mutant CycT1 proteins are impaired.
In 293T cells treated with 2uM bortezomib, co-IPs with CDK9 are presented in top
two panels. 3rd and 4th panels contain input levels of CycT1 and CDK9 proteins.

F. Interactions between CDK9 and truncated mutant CycT1(280) proteins are impaired.
In 293T cells treated with 2uM bortezomib, co-IPs with CDK9 are presented in top

two panels. 3rd and 4th panels contain input levels of CycT1(280) and CDKO.
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Fig. 2. Phosphorylation of Thr143 and Thr149 in CycT1 contributes to its binding to

CDKaO.

A. Threonine phosphorylation is detected in the full length CycT1 protein.
CycT1 and CDKO proteins were co-expressed in the presence and absence of 1uM
okadaic acid (+/- signs on top) in 293T cells. Co-IPs with CDK9 were then probed
with anti-phospho-threonine (pThr) antibodies in the middle two panels. 5th and 6th
panels contain input levels of CycT1 and CDK9 proteins.

B. Threonine phosphorylation is detected in CycT1(280).
CycT1(280) and CDK9 were co-expressed in the presence and absence of 1uM
okadaic acid (+/- signs on top) in 293T cells. Co-IPs with CDK9 were then probed
with anti-pThr antibodies in the middle two panels. 5th and 6th panels contain input
levels of CycT1 and CDKO proteins.

C. Thr143 and Thr149 are major phospho-threonine residues in CycT1.
CycT1(280) or the mutant CycT1(280)TT143,149AA protein was expressed in the
presence of 2uM bortezomib as well as in the presence or absence of 1uM okadaic
acid (+/- signs on top) in 293T cells. IPs with CycT1 were then probed with anti-pThr
antibodies in the top panel. 4th and 5th panels contain input levels of CycT1 and

CDKO.
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Fig.3. Phosphorylation of Thr143 and Thr149 stabilizes the interface between CycT1

and CDKO.

A. Model of the complex phosphorylated at Thr143 and Thr149 in CycT1. Residues
interacting with Thr143 and Thr149 are GIn73 in CycT1 and Lys68 in CDK®9,
respectively. Dashed lines represent interactions with water molecules. The model
was obtained by adding phosphates to Thr143 and Thr149 in the crystal structure
(PDB ID 3M19), followed by energy minimization to resolve steric clashes.

B. GIn73 is targeted by phosphorylated Thr143 in CycT1.

CycT1(280) or the mutant CycT1(280)Q73A protein and CDK9 were co-expressed in
the presence of 2uM bortezomib (+/- signs on top) in 293T cells. Co-IPs with CDK9
are presented in top panels (WB). 3rd and 4th panels contain input levels of CycT1
and CDK®9 (input).

C. Lys68 in CDKQ9 is targeted by phosphorylated Thr149 in CycT1.

CDKS9 or mutant CDK9K68A protein and CycT1(280) were co-expressed in the
presence of 2uM bortezomib (+/- signs on top) in 293T cells. Co-IPs with CDK9 are
presented in top panels (WB). 3rd and 4th panels contain input levels of CycT1 and
CDKaO (input).

D. Mutations of K68A in CDK9 and Q73A in CycT1 attenuate cooperatively the binding
between CycT1 and CDK9, equivalently to the mutant CycT1TT143,149AA protein.
CycT1(280) or the mutant CycT1(280)Q73A protein and CDK9 or the mutant
CDKO9KG68A protein were co-expressed in the presence of 2uM bortezomib (+/- signs
on top) in 293T cells. Co-IPs with CDK9 are presented in top panels (WB). 3rd and

4th panels contain input levels of CycT1 and CDK9 (input).
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Fig. 4. PKC inhibitors impair interactions between CycT1 and CDK9, and promote

CycT1 degradation.

A. PKC inhibitors impair interactions between CycT1 and CDKO.
CycT1 and CDK9 were co-expressed in the presence or absence of 3uM
staurosporine and 2uM bortezomib (+/- signs on top) in 293T cells. Co-IPs with CDK9
are presented in the top panels (WB). 3rd and 4th panels contain input levels of
CycT1 and CDK9 (input).

B. PKC inhibitors impair interactions between CycT1(1-280) and CDKO.
CycT1(280) and CDK9 were co-expressed in the presence or absence of 3uM
staurosporine and 2uM bortezomib (+/- signs on top) in 293T cells. Co-IPs with CDK9
are presented in the top panels (WB). 3rd and 4th panels contain input levels of
CycT1(280) and CDK9 (input).

C. PKC inhibitor staurosporine inhibits threonine phosphorylation of CycT1.
CycT1(280) was expressed in the presence or absence of 3uM staurosporine, 1uM
okadaic acid and 2uM bortezomib (+/- signs on top) in 293T cells. IPs with CycT1 are
presented in the top panels (WB). Phosphorylated proteins were visualized with anti-
pThr antibodies (top panel). 3rd panel contains input levels of CycT1(280) (Input).

D. Staurosporine decreases CycT1 levels in a dose dependent manner.
Jurkat cells were untreated (lane 1) or treated with increasing doses of staurosporine
(1.5uM, 3uM and 6uM) (lanes 2 to 4) for 12 h before cell lysis. Levels of CycT1 (1st
panel), CDK9 (2nd panel) and the loading control actin (3rd panel) proteins were
detected with anti-CycT1, anti-CDK9 and anti-B-actin antibodies, respectively, by WB.

E. PKC inhibitor bisindolylmaleinide 1X decreases CycT1 levels in a dose dependent
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manner.
Jurkat cells were untreated (lane 1) or treated with increasing doses of
bisindolylmaleinide IX (3uM, 6uM and 12uM) (lanes 2 to 4) for 12 h before cell lysis.
Levels of CycT1 (1st panel), CDK9 (2nd panel) and the loading control actin (3rd
panel) proteins were detected with anti-CycT1, anti-CDK9 and anti-B-actin
antibodies, respectively, by WB.

F. CycT1 levels in activated primary CD4+T cells are decreased by PKC inhibitors in a
dose dependent manner.
Activated primary CD4+T cells cells were untreated (lane 1) or treated with
increasing amount of staurosporine (1.5uM, 3uM and 6uM) (lanes 2 to 4),
bisindolylmaleinide IX (3uM, 6uM and 12uM) (lanes 5 to 7) for 12 h before cell lysis.
Levels of CycT1 (1st panel), CDK9 (2nd panel) and the loading control actin (3rd
panel) were detected with anti-CycT1, anti-CDK9 and anti-B-actin antibodies,

respectively, by WB.
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Fig. 5. PKCa and PKCf bind to CycT1 for its phosphorylation, also promote interactions

between CycT1 and CDK9, and increase the stability of CycT1.

A. PKCa binds to the truncated CycT1(280).
Dominant negative mutant PKCaK368R protein and CycT1(280) or the mutant
CycT1(280)TT143,149AA protein were co-expressed in the presence of 2uM
bortezomib (+/- signs on top) in 293T cells. Co-IPs with PKCa are presented in the
top three panels. 4th and 5th panels contain input levels of CycT1(280) and PKCa
(input).

B. PKCp binds to CycT1(280).
Dominant negative mutant PKCB2K371R protein and CycT1(280) or the mutant
CycT1(280)TT143,149AA protein were co-expressed in the presence of 2uM
bortezomib (+/- signs on top) in 293T cells. Co-IPs with PKC are presented in the
top three panels. 4th and 5th panels contain input levels of CycT1(280) and PKC
(input).

C. Dominant negative mutant PKCaK368R protein inhibits interactions between CDK9
and CycT1.
PKCa or PKCaK368R, CycT1 and CDK9 were co-expressed in the presence of 2uM
bortezomib (+/- signs on top) in 293T cells. Co-IPs with CycT1 are presented in top
two panels. 3rd to 5th panels contain input levels of PKCa, CDK9 and CycT1 (input).

D. PKCaK368R inhibits threonine phosphorylation of CycT1(280).
CycT1(280) was expressed with or without PKCaK368R in the presence or absence

of 1uM okadaic acid and 2uM bortezomib (+/- signs on top) in 293T cells. IPs with
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CycT1 were then probed with anti-pThr antibodies in the top panel. 3rd and 4th
panels contain input levels of PKCa and CycT1(280) (input).

E. PKCaK368R decreases levels of CycT1 in cells.
PKCa or PKCaK368R, and CycT1 were co-expressed in the presence or absence of
2uM bortezomib (+/- signs on top) in 293T cells. Levels of CycT1 (1st panel), PKCa
(2nd panel), CDKS9 (3rd panel), and the loading control actin (4th panel) were
detected with anti-HA, anti-Flag, anti-CDK9, and anti-B-actin antibodies, respectively,
by WB.

F. PKCB2K371R decreases levels of CycT1.
PKCB2 or PKCB2K371R, and CycT1 were co-expressed in the presence or absence
of 2uM bortezomib (+/- signs on top) in 293T cells. Levels of CycT1 (1st panel),
PKCB2 (2nd panel), CDK9 (3rd panel), and the loading control actin (4th panel) were
detected with anti-HA, anti-Flag, anti-CDK9, and anti-B-actin antibodies, respectively,

by WB.
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Fig. 6. Depletion of PKCs leads to decreased levels of CycT1 in cell lines and primary

cells.

A. Prolonged PMA treatment decreases levels of CycT1 in Jurkat cells.
Jurkat cells were untreated (lane 1) or treated with 100 ng/ml PMA for 72 and 96 h
(lane 2 and 3) before cell lysis. Top panels contain levels of endogenous CycT1 and
CDKO proteins, the bottom panel contains the loading control actin protein.

B. Prolonged PMA treatment decreases levels of CycT1 and PKC in activated primary
CD4+ T cells.
Activated primary CD4+ T cells were untreated (lane 1) or treated with 100 ng/ml
PMA for 72 and 96 h (lanes 2 and 3) before cell lysis. Upper panels contain levels of
endogenous CycT1, CDK9, PKCa, PKCB1, PKCB2, and PKCe proteins. The bottom
panel contains the loading control actin protein.

C. Depletion of PKC impairs interactions between CycT1 and CDK9 in activated primary
CD4+ T cells.
Activated primary CD4+ T cells were treated with or without 100 ng/ml PMA (+/- signs
on top) for 96 h. At 72 h, 50nM bortezomib was added for additional 24 h before cell
lysis. Co-IPs with CDK9 are presented in top two panels. Panels 3 and 4 contain
input CycT1 and CDK®9 proteins (input).

D. CycT1 levels are decreased in mouse anergic T cells.
T cells were selected from WT OTII (WT ZAP70) or mutant W131AOTII
(ZAP70W131A) mice and lysed. Upper panels contain levels of endogenous CycT1
and CDK9 proteins. Lanes are: lane 1, WT OTII mice; lane 2, mutant W131AOTII

mice. Bottom panel contains the loading control actin protein.
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E. mRNA levels of CycT1 and CDK9 are equal in mouse anergic and WT T cells.
Relative mRNA levels of CycT1 (Left 2 bar graphs) and CDK9 (right 2 bar graphs) are
presented as -fold change in W131AOTII T cells (black bars) above levels of WT OTII
T cells (white bars). Error bars represent S.E., n = 3.

F. Prolonged ionomycin treatment decreases levels of CycT1 in activated primary CD4+
T cells.

Activated primary CD4+ T cells were untreated (lane 1) or treated with 1uM
ionomycin for 24, 48 and 72 h (lanes 2 to 4) before cell lysis. Upper 2 panels contain

levels of endogenous CycT1 and CDK9 proteins. The bottom panel contains the

loading control actin protein.
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Supplementary data

Reagents and Antibodies

REAGENT

MANUFACTURER IDENTIFIER

ANTIBODIES

mouse monoclonal anti-CycT1

Santa Cruz Biotechnology |E-3, sc-271348

mouse monoclonal anti-CDK9

Santa Cruz Biotechnology |F-6, sc-376646

mouse monoclonal anti-PKCa Santa Cruz Biotechnology [|H-7, sc-8393
mouse monoclonal anti-PKC[31 Santa Cruz Biotechnology |E-3, sc-8049
mouse monoclonal anti-PKCB2 Santa Cruz Biotechnology |F-7, sc-13149
mouse monoclonal anti-PKCg Santa Cruz Biotechnology |E-5, sc-1681
rabbit polyclonal anti-CDK9 Abcam 552%29%%26'37’
mouse monoclonal anti-HA Sigma-Aldrich H3663

mouse monoclonal anti-Flag Sigma-Aldrich F1804

rabbit monoclonal anti-HA Sigma-Aldrich H6908

rabbit monoclonal anti-Flag Sigma-Aldrich F7425

rabbit monoclonal anti-CycT1

Cell Signaling Technology |D1B6G, #81464S

rabbit monoclonal anti-B-Actin

Cell Signaling Technology |13E5, #4970S

mouse monoclonal anti-Phospho-Threonine

Cell Signaling Technology |42H4, #9386S

normal rabbit control 1I9G Santa Cruz Biotechnology |sc-2027
normal mouse control IgG Santa Cruz Biotechnology |sc-2050
ECL mouse IgG HRP-linked whole Ab GE Healthcare NA9310
ECL rabbit IgG HRP-linked whole Ab GE Healthcare NA9340
CHEMICALS

MG132 Sigma-Aldrich M7449
bortezomib Calbiochem 179324-69-7
okadaic acid Cell Signaling Technology |#5934S
staurosporine Selleckchem S1421
sotrastaurin Selleckchem S2791

Go 6976 Selleckchem S7119
bisindolylmaleinide 1X Selleckchem S7207
HBDDE Selleckchem ab141573
H-7 Abcam ab142308
cycloheximide (CHX) Sigma-Aldrich C4859
interleukin-2 (IL-2) Sigma-Aldrich 17908
phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich P8139
ionomycin Sigma-Aldrich 19657
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Fig. S1. Thr143 and T149 are the phosphorylated residues in CycT1.
Potential phosphorylation sites between 124 aa. to 166 aa. In CycT1 were predicted
by the NetPhos 3.1 program. Threshold was set to 0.5 (default value), indicated by

the pink line. Thr143 and Thr149 scored highest for potential phosphorylation sites.
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Fig. S2. PKC inhibitors promote CycT1 degradation in different cells.

A. Staurosporine decreases exogenous CycT1 levels in a dose dependent manner.
293T cells expressing CycT1 were untreated (lane 1) or treated with increasing
doses of staurosporine (3uM and 6uM) (lanes 2 and 3) for 12 h before cell lysis.
Levels of CycT1 (1st panel) and the loading control actin (2nd panel) protein were
detected with anti-HA and anti-B-actin antibodies, respectively, by WB.

B. PKC inhibitor H-7 decreases CycT1 levels in a dose dependent manner.

Jurkat cells were untreated (lane 1) or treated with increasing doses of
bisindolylmaleinide IX (40uM, 70uM and 100uM) (lanes 2 to 4) for 12 h before cell
lysis. Levels of CycT1 (1st panel), CDK9 (2nd panel) and the loading control actin
(3rd panel) protein were detected with anti-CycT1, anti-CDK9 and anti-B-actin
antibodies, respectively, by WB.

C. CycT1 levels in activated primary CD4+T cells (donor 2) are decreased by PKC
inhibitors in a dose dependent manner.

Activated primary CD4+T cells cells were untreated (lane 1) or treated with
increasing amount of staurosporine (1.5uM, 3uM and 6uM) (lanes 2 to 4),
bisindolylmaleinide IX (3uM, 6uM and 12uM) (lanes 5 to 7) for 12 h before cell lysis.
Levels of CycT1 (1st panel), CDK9 (2nd panel) and the loading control actin (3rd
panel) protein were detected with anti-CycT1, anti-CDK9 and anti-B-actin antibodies,
respectively, by WB.

D. Five different PKC inhibitors decrease levels of CycT1 in activated primary CD4+T
cells in a dose dependent manner.

Activated primary CD4+T cells cells were untreated (lane 1) or treated with
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increasing amounts of sotrastaurin (40uM and 80uM) (lanes 2 and 3), staurosporine
(1.5uM and 3uM) (lanes 4 and 5), H-7 (50uM and 100uM) (lanes 6 and 7),
bisindolylmaleinide IX (5uM and 10uM) (lane 8 and lane 9) and HBDDE (40uM and
80uM) (lanes 10 and 11) for 12 h before cell lysis. Levels of CycT1 (1st panel), CDK9
(2nd panel) and the loading control actin (3rd panel) protein were detected with anti-

CycT1, anti-CDK9 and anti-B-actin antibodies, respectively, by WB.
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Fig. S3. PKCd, PKCy, and PKCe bind weakly to CycT1.

A. PKC? binds weakly to CycT1(280).
Dominant negative mutant PKCOK376R proteins and CycT1(280) or the mutant
CycT1(280)TT143,149AA protein were co-expressed in the presence of 2uM
bortezomib in 293T cells. Co-IPs with PKCd are presented in the top two panels.
Lanes are: lane 1, IgG control; lane 2, CycT1(280); lane 3 CycT1(280) and the
mutant PKCOK376R protein; lane 4, mutant CycT1(280)TT143,149AA and
PKCAK376R proteins. 3th and 4th panels contain input levels of CycT1(280) and
PKC5S (input).

B. PKCy binds weakly to CycT1(280).
Dominant negative mutant PKCyK380R protein and CycT1(280) or the mutant
CycT1(280)TT143,149AA protein were co-expressed in the presence of 2uM
bortezomib in 293T cells. Co-IPs with PKCy are presented in the top two panels.
Lanes are: lane 1, IgG control; lane 2, CycT1(280); lane 3 CycT1(280) and the
mutant PKCyK380R protein; lane 4, mutant CycT1(280)TT143,149AA and
PKCyK380R proteins. 3th and 4th panels contain input levels of CycT1(280) and
PKCy (input).

C. PKCe binds weakly to CycT1(280).
Dominant negative mutant PKCeK437W protein and CycT1(280) or the mutant
CycT1(280)TT143,149AA protein were co-expressed in the presence of 2uM
bortezomib in 293T cells. Co-IPs with PKCe are presented in the top two panels.
Lanes are: lane 1, IgG control; lane 2, CycT1(280); lane 3 CycT1(280) and the

mutant PKCeK437W protein; lane 4, mutant CycT1(280)TT143,149AA and
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PKCeK437W proteins. 3rd and 4th panels contain input levels of CycT1(280) and

PKCze proteins (input).
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Fig. S4. Chronic activation in primary cells decreases levels of endogenous CycT1

protein.

A. Prolonged PMA treatment decreases levels of CycT1 and PKC in activated primary
CD4+ T cells (donor 2).
Activated primary CD4+ T cells were untreated (lane 1) or treated with 100 ng/ml
PMA for 72 and 96 h (lanes 2 and 3) before cell lysis. Upper panels contain levels of
endogenous CycT1, CDK9, PKCa, PKCB1, PKCB2, and PKCe proteins. The bottom
panel contains the loading control actin protein.
B. Prolonged ionomycin treatment decreases levels of CycT1 in activated primary CD4+
T cells (donor 2).
Activated primary CD4+ T cells were untreated (lane 1) or treated with 1uM ionomycin
for 24, 48 and 72 h (lanes 2 to 4) before cell lysis. Upper 2 panels contain levels of

endogenous CycT1 and CDK9 proteins. The bottom panel contains the loading

control actin protein.

57


https://doi.org/10.1101/2021.05.25.445695
http://creativecommons.org/licenses/by-nc-nd/4.0/

