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In the brain, de novo gene expression driven by learning-associated neuronal activities
is critical for the formation of long-term memories. However, the signaling machinery
mediating neuronal activity-induced gene expression, especially the rapid transcription
of immediate-early genes (IEGs) remains unclear. Cyclin-dependent kinases (Cdks) are a
family of serine/threonine kinases that have been firmly established as key regulators of
transcription processes underling coordinated cell cycle entry and sequential progression
in nearly all types of proliferative cells. Cdk7 is a subunit of transcriptional initiation
factor II-H (TFIIH) and the only known Cdk-activating kinase (CAK) in metazoans. Recent
studies using a novel Cdk7 specific covalent inhibitor, THZ1, revealed important roles
of Cdk7 in transcription regulation in cancer cells. However, whether Cdk7 plays a
role in the regulation of transcription in neurons remains unknown. In this study, we
present evidence demonstrating that, in post-mitotic neurons, Cdk7 activity is positively
correlated with neuronal activities in cultured primary neurons, acute hippocampal slices
and in the brain. Cdk7 inhibition by THZ1 significantly suppressed mRNA levels of IEGs,
selectively impaired long-lasting synaptic plasticity induced by 4 trains of high frequency
stimulation (HFS) and prevented the formation of long-term memories.

Keywords: Cdk7, immediate early gene, synpatic plasticity, long-term memory, THZ1

INTRODUCTION

Neuronal gene expression is subject to highly dynamic regulations driven by neuronal activities.
In particular, the rapid de novo expression of immediate-early genes (IEGs) such as Npas4, Egrl,
c-Fos, Nr4al and Arc, can be selectively triggered in subsets of neurons participating learning and
memory formation following behavioral tasks (Morgan and Curran, 1989; Kubik et al., 2007; Lin
et al., 2008; Korb and Finkbeiner, 2011; Ramamoorthi et al., 2011; Minatohara et al., 2016).

It is now widely accepted that action potentials generated during learning process are able to
initiate gene transcription in a short period of time by inducing influxes of calcium into the neuron
(Hardingham et al., 1997; Adams and Dudek, 2005). RNA polymerase IT (RNAPII) stalling within
the promoter-proximal region of genes refers to a state that after initiating RNA synthesis, RNAPII
stalls after transcribing 20-50 nucleotides (Gilmour and Lis, 1986; Rougvie and Lis, 1988). This
phenomenon has been proposed to be widespread and occurs across the genome (Muse et al., 2007).
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It is thought that RNAPII stalling is mediated by negative
elongation factor (NELF) and is critical for near-instantaneous
induction of IEGs in response to neuronal activity in mammalian
neurons (Saha et al., 2011), and such a mechanism was shown to
be critical to poise genes for rapid and synchronous induction
(Zeitlinger et al., 2007; Boettiger and Levine, 2009; Saha et al.,
2011), for the precise timing of IEG responses with their
respective nuclear and synaptic functions.

Cyclin-dependent kinases (Cdks) are serine/threonine kinases
that are critically involved in the regulation of transitions
between different cell cycle phases. They interact with cyclins, the
regulatory subunits providing domains essential for enzymatic
activity and substrate specificity of Cdks (Guo and Price, 2013;
Hydbring et al., 2016). Conceptually similar to the single Cdk in
yeast, mammalian cells utilize a complex combination of Cdks
and cyclins, such as Cdk4/cyclinD and Cdk2/cyclinE in the G1/S
transition, and Cdk2/cyclinA and Cdkl/cyclinB in the G2/M
transition, to regulate the cell division cycle (Larochelle et al.,
2012).

It has now been firmly established that Cdk-mediated
regulation of gene transcription underlies coordinated cell cycle
entry and sequential progression in nearly all tested types of
proliferative cells. In addition to such canonical role as key
regulators of the cell cycle, Cdks and cyclins play non-canonical
roles in DNA damage repair, proteolytic degradation, epigenetic
regulation and metabolism (Guo and Price, 2013; Hydbring et al.,
2016). Based on their functional correlations, mammalian Cdks
can be categorized into cell-cycle-related (Cdkl, Cdk4, Cdk5)
and transcriptional (Cdk7, Cdk8, Cdk9, Cdkll and Cdk20)
subfamilies. Cdk?7 is a subunit of transcriptional initiation factor
II-H (TFIIH), thus plays a major role in transcription initiation
by phosphorylating the Ser 5 residue of the RNAPII C-terminal
domain (CTD; Glover-Cutter et al.,, 2009; Sansé and Fisher,
2013). It also forms the Cdk-activating kinase (CAK) complex
by binding with cyclin H and Mat 1, then phosphorylates the
T-loops of all Cdks tested, thus activates Cdks (Sanso and Fisher,
2013; Harlen and Churchman, 2017).

However, despite extensive studies on the roles of Cdks in
cells undergone frequent cell cycles, such as cancer cells and stem
cells, the role of Cdk7 in the regulation of transcription remains
unknown in post-mitotic neurons. In this study, by taking
advantage of a recently developed novel Cdk7 specific covalent
inhibitor THZ1, which negatively impacts gene expression and
proliferation in cancer cells and animal models (Chipumuro
et al, 2014; Christensen et al, 2014; Kwiatkowski et al,
2014; Nilson et al., 2015), we provide evidence demonstrating
that Cdk7 activity is critical for neuronal activity-induced
transcription of IEGs, long-lasting synaptic plasticity and the
formation of long-term memories.

MATERIALS AND METHODS

Animals

C57BL/6 mice were housed under a standard 12-h light/12-h
dark cycle condition at the Experimental Animal Center at
Southeast University, China. All animal experiment procedures
were approved by Southeast University Animal Care and Use

Committee. All procedures strictly followed the animal protocol
(code: 20120926001) approved by the Southeast University
Animal Care and Use Committee.

Neuronal Culture and Drug Treatments
Cortical cultures were prepared from postnatal day 1 (P1) pups
as previously described (Liu et al, 2016; Xia et al., 2016).
Briefly, pups were sacrificed and cortical regions were dissected
in ice-cold PBS. Tissues were digested by papain at 37°C for
15 min, dissociated by trituration and plated onto poly-D-lysine
(50 pg/ml) coated glass coverslips (60,000 cells/ml). The cultures
were maintained by replacing half of the medium with fresh
medium every 4 days. The maintenance medium contained
Neurobasal A, 0.5 mM GlutaMax and B27. At 14-15 DIV,
cultured neurons were treated with THZI, tetrodotoxin (TTX;
2 uwM) or Bicucullin (25 pM) as indicated in each experiment.
For protein lysate preparation, neurons were quickly washed with
in PBS and lysed with ice-cold RIPA lysis buffer (Beyotime) with
protease inhibitor cocktail and phosphatase inhibitor (Roche)
and lysed for 20 min on ice.

Western Blot

Proteins were extracted from mice cortex using lysis buffer
containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium
pyrophosphate, 1 mM B-glycerophosphate, 1 mM NazVOy,
20 mM NaF, and 1% protease inhibitor cocktail and phosphatase
inhibitor (Roche). Debris was removed by centrifugation at
14,000 g (4°C) for 10 min. Protein samples were separated
on SDS-PAGE and electrotransfered to a PVDF membrane.
Membranes were blocked with 5% dry milk for 1 h and incubated
with primary antibodies in TBST overnight at 4°C. After washing
and incubation with secondary antibodies for 1 h, membranes
were visualized with the chemiluminescence substrate (Thermo
Fisher Scientific) and detected by ImageQuant™ LAS 4000
(GE Healtcare Life Sience). Primary antibodies were used
as follows: anti-CDK7 (TA323115S, rabbit, 1:1000; Origene),
anti-RNAPII CTD repeat YSPTSPS (phospho S2; ab193468,
rabbit, 1:5000; Abcam), anti-RNAPII CTD repeat YSPTSPS
(phospho S5; ab193467, rabbit, 1:2000; Abcam), anti-RNAPII
CTD repeat YSPTSPS (phospho S7; ab126537, rabbit, 1:2000;
Abcam), anti-tubulin (T9026, mouse, 1:5000; Sigma-Aldrich).
Secondary antibodies were used as follows: goat anti-rabbit
(A00098, 1:2000; Genscript), goat anti-mouse (A00160, 1:2000;
Genscript). Preparation of CA1 tissue punch lysates for SDS-
PAGE: hippocampi slices were isolated and were allowed for
recovery at 28°C for at least 2 h in a submersion chamber
perfused with 95% O,/5% CO, saturated artificial cerebrospinal
fluid (ACSF). Slices of hippocampi were pre-treated with
THZ1 for 4 h before stimulations. After early-phase long-term
potentiation (E-LTP) or late-phase LTP (L-LTP) stimulation,
CA1 areas were removed for preparing protein samples and
SDS-PAGE assay.

Real Time PCR

Total RNA was isolated from mice cortical sections or cultured
cortical neurons using Trizol reagent (Sangon Biotech) according
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to the manufacturer’s instructions. Total RNA (1 pg) of each
sample was reverse transcribed into cDNA by using the Hiscript
IT 1st Strand ¢cDNA Synthesis Kit (Vazyme Biotech). Then the
cDNA were amplified by using a SYBR Green Master Mix Kit
(Vazyme Biotech) in the CFX96 real-time PCR system (Bio-Rad).
The amplify cycle was used as follows: 50°C for 2 min, 95°C for
10 min, and 40 cycles of 95°C for 15 s, 59°C for 1 min. The target
genes expression levels were analyzed using the 2~42€t method
in which the target RN A was adjusted to that of Gapdh. Equations
were used as follows: ACt = Ct Target — Ct Gapdh, AACt= ACt
Treat — ACt Ctrl. mRNA levels of drug treatment groups
were normalized to the mRNA levels of control groups that
received equal duration of treatment with appropriate vehicles
(e.g., DMSO as the control group to THZ1 as the experimental
group).

The primers for target genes were used as follows: Npas4,
forward: CTGCATCTACACTCGCAAGG, reverse: GCCACAA
TGTCTTCAAGCTCT; cFos, forward: ATGGGCTCTCCTGTC
AACACAC, reverse: ATGGCTGTCACCGTGGGGATAAAG;
Arc, forward: TACCGTTAGCCCCTATGCCATG, reverse: TGA
TATTGCTGAGCCTCAACTG; Nrdal, forward: AGCCCAG
GACCGCGTGACC, reverse: GGCAGCTGGTAGAGGAAG
GTG; Egrl, forward: GGGAGCCGAGCGAACAA, reverse:
CATTATTCAGAGCGATGTCAGAA; c¢-Jun, forward: TCCA
CGGCCAACATGCT, reverse: CCACTGTTAACGTGGTTCA
TGAC; Homerla, forward: GAAGTCGCAGGAGAAGATG,
reverse:  TGATTGCTGAATTGAATGTGTACC;  Gapdh,
forward: AGGTCGGTGTGAACGGATTTG, reverse: TGTAGA
CCATGTAGTTGAGGTCA.

Electrophysiology

Standard procedures for brain slices were described as previous
study (Zhou et al, 2011). Briefly, the mouse brains were
quickly dissected and transferred to ice-cold ACSF saturated
with 95% 0,/5% CO,. All slices were sagittaled to 360 pm.
ACSF contained (in mM): 120.0 NaCl, 3.0 KCI, 1.0 NaH,POy,
26.0 NaHCOs3, 11.0 D-glucose, 1.2 MgSOy4 and 2.0 CaCl,. The
slices were recovered at 28°C for at least 2 h before a single
slice was transferred to a submersion chamber perfused with
95% 02/5% CO, saturated ACSF. Synaptic transmission was
evoked by stimulation at 0.067 Hz (for field recordings) of
Schaffer collaterals and recorded with glass pipettes (3-5 M)
filled with ACSF. For field recording: E-LTP was induced by
two trains of high-frequency stimulation (HFS; 1 s, 100 Hz)
stimulation, the interval between each train was 10 s. L-LTP was
induced by four trains of HFS (1 s, 100 Hz) stimulation, the
interval between each train was 5 min. All data acquisition and
analysis were done using pCLAMP 10.2 (Axon Instruments). In
all electrophysiological experiments, n represents the number of
neurons or slices, and normally only one or two slices per animal
were used.

Behavioral Experiments

C57BL/6 male mice were housed up to five mice per cage in
a 12-h light/12-h dark cycle. One injection cannula connected
via a catheter to a Hamilton syringe (10 pl capacity) was aimed
at the left lateral ventricle using the following coordinates:

anteroposterior (AP) relative to Bregma, —0.5 mm; lateral (L) to
midline, 1.0 mm; ventral (V) from the skull surface, —2.0 mm.
Prior to tests, mice were recovered for a week and handled for
5 min a day for last 3 days. For the novel object recognition task,
the mice were individually placed and accustomed to a square
open field (50 cm x 50 cm x 50 cm) for 10 min for 4 days.
THZ1-hydrochloride (20 g per mouse, dissolved in DMSO at
the concentration of 40 mM) and equal volume of DMSO (1 pl)
were injected with 0.5 l/min flow via the cannula controlled by
a pump (KD Scientific, Legato 130) and the mice were awake.
Three hours later, mice were exposed to two identical objects
(object 1 and object 2) for 10 min, mice were returned to the field
that now contained, the familiar object (object 2) and a novel
object which was different in the size and color 2 h (for short
term memory (STM)) or 24 h (for long term memory (LTM))
later. The mice were independent cohorts for STM and LTM.
Time spent interacting with each object was manually analyzed
in a blind manner. Discrimination index was calculated as % time
with object 1/(time interaction with object 1 + time interaction
with object 2) and novel object/(time interaction with novel
object + time interaction with object 2). THZ1-hydrochloride
(20 pg per mouse dissolved in DMSO at the concentration of
40 mM) and equal volume of DMSO (1 pl) were injected with
0.5 pl/min flow via the cannula controlled by a pump to allow
the mice awake. Three hours later, each mouse was placed in a
fear conditioning chamber and allowed to explore it for 3 min
before the delivery of a 40 s tone (80 dB) which was immediately
accompanied with a 2 s foot shock (0.7 mA) in the last 2 s of
the tone, 40 s and 120 s later the second and third pairs of
tone and foot shock stimulation were given. Mice were removed
from the testing chambers 10 s after the third shock. During the
cued test, the mouse was placed in a new chamber with different
contextual cues for 2 h (for STM) or 24 h (for LTM) later.
The mice were independent cohorts for STM and LTM. After a
3-min acclimation, the same tone used for training was presented
without shocks, and freezing behavior was monitored for 4 min.
Freezing behavior was analyzed for the percent of freezing time
during the cued fear conditioning test. Percentage of freezing
time was quantified using automated motion detection software
Superfcs (Xinruan, China).

Statistics

All the averaged data were stated as mean = SEM. Statistical
significance was assessed by one-way ANOVA with Bonferroni
post hoc tests or by Student’s t-test, wherever applicable. All data
analyzed were normally distributed. Results with P values of less
than 0.05 were regarded as statistically significant, and * indicates
p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001 in the
graphs.

RESULTS

Expression of Cdk7 in the Mouse Cortex

First, we examined the expression pattern of Cdk7 in the brain
at different ages in mice. Quantitative RT-PCR results showed
similar levels of Cdk7 mRNA at embryonic day 14.5 (E14.5)

Frontiers in Molecular Neuroscience | www.frontiersin.org

November 2017 | Volume 10 | Article 365


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

He et al.

Cdk7 Regulates Neuronal Gene Expression

A
*ok ok
I 1
*3k %
- 1.5 1
g’ *kok
© f
S T
o 1.0 —b
L
]
>
2 05
<
z
£
0.0
E145 PO P7 P30 P60

FIGURE 1 | Expression of Cyclin-dependent kinase 7 (Cdk7) in the mouse cortex. (A) Quantitative RT-PCR results of Cdk7 mRNA levels in the mouse cortex at ages
of E14.5, PO, P7, P30 and P60. mRNA level fold changes were normalized to that of E14.5. n = 4 mice per group. (B) Representative Western blot (WB) images and
statistical results of Cdk7 protein levels in the cortex lysates prepared from mice at indicated ages. Data were normalized to that of P60. n = 3 mice per group. Data
show means + SEM. Statistical significance was assessed by one-way ANOVA with Bonferroni post hoc tests. **p < 0.001.
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and postnatal day 0 (P0), which gradually decreased to about
40% at the adult ages (P30 and P60; Figure 1A). However, in
contrast to the gradual reduction at mRNA level, Cdk7 protein
level significantly increased at adult ages in mice (Figure 1B),
suggesting upregulated expression of Cdk?7 at translational level
when the mice mature.

Irreversible Inhibition of Neuronal Cdk7 by
THZ1

Cdk7 kinase activity has been implicated in the regulation of
transcription by phosphorylating the CTD of RNAPII (Akhtar
et al., 2009; Glover-Cutter et al., 2009). Therefore, we examined
whether this process is conserved in neurons. We prepared
primary mouse cortical neuronal cultures and examined the
Cdk7 protein levels at days in vitro 1 (DIV 1), DIV 5, DIV 9 and
DIV 15 by Western blot (WB; Supplementary Figure S1), we
found gradual increase of Cdk7 amount as the cultured neurons
mature. Then, we performed the following experiments at DIV
14-16. First, using WB, we probed phosphorylation levels of
residues Ser 2, Ser 5 and Ser 7 on RNAPII CTD after 4-h
incubation of THZ1 at final concentrations of 10, 50, 250,
500 and 1000 nM. The sample blots in Figure 2A showed
that the phosphorylation status of residues Ser 2, Ser 5 and
Ser 7 were most significantly reduced by THZ1 incubation at
500 and 1000 nM, and the inhibitory effects were comparable
at these two concentrations (Figure 2B). Therefore, we chose
500 nM to delineate the time course of THZ1-induced inhibition
of phosphorylation on the three Ser residues. As shown
in Figure 2C, 500 nM of THZ1 significantly reduced the
phosphorylation of RNAPII CTD 2 h after the onset of
THZ1 incubation. This inhibition reached the maximal level at
4-8 h after the addition of THZ1 (Figure 2D). Thus, in primary
cultured neurons, we have determined the time course and

effective concentrations of THZ1 on neuronal Cdk7-mediated
phosphorylation of residues Ser 2, Ser 5 and Ser 7 on RNAPII
CTD.

Next, we performed washout experiments to test the
irreversible inhibition of THZ1 to Cdk7 by covalent binding
(Kwiatkowski et al., 2014) in neurons. The WB results show
that the phosphorylation levels did not recover at least 8 h
after the washout of THZ1 by conditioned media from sister
cultures (Figures 2E,F). Together, these data demonstrate that:
(1) Cdk7 is essential for the phosphorylation thus activation of
RNAPII in neurons; (2) consistent with the results obtained in
cancer cells and stem cells (Chipumuro et al., 2014; Christensen
et al., 2014; Kwiatkowski et al., 2014; Nilson et al., 2015), in
post-mitotic neurons, THZ1 effectively and irreversibly inhibits
RNAPII CTD phosphorylation with similar potency via covalent
binding to Cdk7.

Cdk7 Activity Is Required to Maintain Gene

Expression at Basal Level
At basal level, the synthesis of new mRNAs is important to
maintain mRNA turnover for diverse physiological cellular
events. Upon stimulation, synthesis of specific sets of new
mRNAs, such as IEGs (Npas4, Egrl, c-Fos, Nr4al and Arc etc.),
are essential to consolidate newly acquired memory (Morgan
and Curran, 1989; Kubik et al., 2007; Lin et al.,, 2008; Korb
and Finkbeiner, 2011; Ramamoorthi et al., 2011). After the
demonstration of Cdk7 expression in the brain (Figure 1), and
the delineation of the temporal patterns of THZI1-mediated
inhibition of Cdk7 and RNAPII in cultured neurons (Figure 2),
we examined whether Cdk7 plays a role in neuronal gene
expression at basal level and/or upon neuronal activity.

First, we probed the alterations of phosphorylation levels
of RNAPII CTD after activity-deprivation by blocking voltage-

Frontiers in Molecular Neuroscience | www.frontiersin.org

November 2017 | Volume 10 | Article 365


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

He et al.

Cdk7 Regulates Neuronal Gene Expression

CTD p-Ser2
CTD p-Ser5
CTD p-Ser7

RNAPII

Tubulin

CTD p-Ser2
CTD p-Ser5
CTD p-Ser7

RNAPII

Tubulin

CTD p-Ser2
CTD p-Ser5
CTD p-Ser7

RNAPII

Tubulin

THZ1 (4 hr)

250 nM
500 nM
1000 nM

THZ1 (500 nM)

S
l-'c S S —_ e
£ v £ £ £ <£
o O @« N < ©
— —— .-

o o= == -

'¢~c—0-|—4¢J

THZ1 washout after
4 hr incubation

]

n . . - - -
S £© £ £ £ <
0 © v &N <« ©©
e .
—_

[N ‘.

FIGURE 2 | Irreversible inhibition of neuronal Cdk7 by THZ1. (A) Representative WB images and (B) statistical results of phosphorylation levels of residues Ser 2,
Ser 5 and Ser 7 on RNA polymerase Il (RNAPII)-C-terminal domain (CTD) after 4 h of THZ1 incubation at final concentrations of 10, 50, 250, 500 and 1000 nM in
primary cultured neurons. n = 5 independent experiments per group. Phosphorylation levels were normalized to that of DMSO treatment group. (C,D) Representative
WB images and statistical results showing the time course of THZ1 (500 nM)-induced reduction of phosphorylation levels of RNAPII-CTD from 0.5 to 8 h.

n = 6 independent experiments per group. Phosphorylation levels were normalized to that of O h treatment group. (E,F) Representative WB images and statistical
results showing the phosphorylation levels of RNAPII-CTD remained decreased for at least 8 h after 4 h of THZ1 (500 nM) incubation. n = 3 independent experiments
per group. Data show means + SEM. Phosphorylation levels were normalized to that of DMSO treatment group. Statistical significance in all panels was assessed by
one-way ANOVA with Bonferroni post hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001.
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gated sodium channels with 2 pM TTX in cultured primary
neurons. Figures 3A,B show that 2 h of TTX incubation
induced moderate reduction in the phosphorylation levels of
Ser 2, Ser 5 and Ser 7 on the RNAPII CTD, indicating

reduced gene transcription. RT-PCR data show significantly
decreased levels of Npas4, Egr-1, c-Fos, Nrdal, Arc and
c-Jun at 2 h after TTX addition (Figure 3C). Similarly,
in the presence of THZI, which induced drastic decrease
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RNAPII-CTD. n = 5 independent experiments per group. Phosphorylation levels were normalized to that of O h treatment group. (C) TTX (2 uM, 2 h) treatment
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group (i.e., the sister culture group treated with equal amount of the vehicle distilled Hy O to that of TTX for 2 h). (D) THZ1 (500 nM) treatment for 2 or 4 h significantly
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of phosphorylation levels of Ser 2, Ser 5 and Ser 7 on
the RNAPII CTD (Figures 2C,D), also drastically reduced
IEG mRNA levels, especially Npas4, c-Fos, Nr4al and Egrl
(Figure 3D). Together, these data show that the decreased
phosphorylation level of Cdk7 of RNAPII CTD, induced by
either activity-deprivation or the inhibitor THZ1, significantly
reduced the transcription of IEGs, suggesting an important role
of Cdk7 activity in maintaining neuronal gene expression at basal
level.

Cdk7 Is Critical for Activity-Driven

Expression of the Neuronal IEGs

Experience or pharmacological stimuli-induced neuronal activity
can trigger Ca?t influx, serving as the second messenger
to initiate the IEG-dominated first wave of robust gene

transcription, which leads to a global gene transcription cascade.
Having examined the involvement of Cdk7 in gene expression at
basal level, we next treated cultured primary neurons with 20 pM
bicuculline, a specific GABA, receptor antagonist (Figure 4A).
After eliminating GABAergic inhibitory transmission, excitatory
neurotransmission dominates in the neural network. This
approach has been widely used to reliably induce neuronal
activation in cell cultures. As shown in Figures 4A,B,
bicuculline significantly increased the phosphorylation of Ser
2, Ser 5 and Ser 7 on the RNAPII CTD, indicating enhanced
Cdk7-regulated gene expression. Next, we performed RT-PCR to
test IEG mRNA levels (Figure 4C). The results show drastically
unregulated IEG mRNA levels, up to ~60 fold. Importantly,
bicuculline failed to increase RNAPII CTD phosphorylation
in cultured primary neurons that had been pre-incubated
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FIGURE 4 | Neuronal activation-induced expression of IEGs requires Cdk7 activity. (A) Representative WB images and (B) statistical results showing that bicuculline
(20 nM) treatment significantly increased phosphorylation levels of residues Ser 2, Ser 5 and Ser 7 on RNAPII-CTD in primary cultured neurons, and this increase can
be prevented by pretreatment with Cdk7 inhibitor THZ1 (500 nM). n = 6 independent experiments per group. Phosphorylation levels were normalized to that of O h
treatment group. (C) Bicuculline treatment drastically increased mRNA levels of I[EGs, that were largely prevented by THZ1 (500 nM) pretreatment. n = 6 independent
experiments per group. mMRNA levels were normalized to that of control group (i.e., the sister culture group only treated with equal amount of the vehicle DMSO to
that of THZ1 for 2 h). Data show means + SEM. Statistical significance in (B) was assessed by one-way ANOVA with Bonferroni post hoc tests. Statistical
significance in (C) was determined by Two-tailed Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

with THZ1 (500 nM) for 4 h (Figures 4A,B). Bicuculine-
induced drastic upregulation of IEG mRNA levels were largely
prevented by THZI1 pre-incubation (Figure 4C). Thus, we
conclude that Cdk7 activity is positively correlated to neuronal
activities, and is critical for activity-induced neuronal gene
expression.

Cdk7 Activity Is Essential to Long-Lasting
Synaptic Plasticity

Synaptic plasticity, an experimental phenomena observed at
electrophysiological level, is widely believed to be the cellular
and molecular mechanism underlying learning and memory.
Based on different patterns of plasticity expression and key
signaling molecules, it can be categorized to diverse forms,
such as NMDAR-dependent LTP and long-term depression
(LTD). So far, we have demonstrated the critical role of
Cdk7 in activity-driven gene expression of IEGs. Next, to
address the question whether Cdk7-regulated transcription
underlies the forms of synaptic plasticity that require gene

expression, we performed electrophysiological recordings in the
CA1 region of the hippocampal Schaffer collateral pathway.
In this pathway, two distinct phases of LTP, namely E-LTP
and L-LTP, exist and are thought to be important for STM
and LTM, respectively (Nguyen et al, 1994; Nayak et al,
1998; Bannerman et al.,, 2014). Importantly, transcription has
been demonstrated to be critical for L-LTP, but not E-LTP
(Nguyen et al, 1994; Nayak et al, 1998; Bannerman et al.,
2014).

To examine the involvement of Cdk7 in E-LTP and L-LTP,
we pre-incubated acute hippocampal slices in the perfusate
containing 500 nM THZ1 or equivalent volume of DMSO for
2 h before fEPSP recordings. Figure 5A shows that two trains
of HFS (100 Hz lasting 1 s) delivered to the Schaffer collateral
pathway, a protocol typically used to induce hippocampal
E-LTP, successfully induced potentiation of fEPSP with similar
magnitude in both DMSO and THZ1 groups at the last 10 min
of recordings. However, four trains of HFS with 5 min inter-
train intervals (4xHES), a protocol typically used to induce
L-LTP, induced robust potentiation of the evoked fEPSP slope
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FIGURE 5 | THZ1 selectively inhibited transcription-dependent late-phase LTP (L-LTP). (A) Early-phase LTP (E-LTP) induced by two trains of high-frequency
stimulation (HFS) was not altered by pre-incubation of Cdk7 inhibitor THZ1 (500 nM, 4 h). n = 6 slices per group. (B) L-LTP induced by four trains of HFS 100 Hz
lasting 1 s each delivered at 5-min intertrain intervals was significantly reduced by THZ1 pre-incubation. n = 7 slices per group. (C) Representative WB images and
(D) statistical results showing that 4xHFS stimulation significantly increased the phosphorylation levels of residues Ser 2, Ser 5 and Ser 7 on RNAPII-CTD in acute
hippocampal slices, and this increase was prevented by pretreatment with Cdk7 inhibitor THZ1 (500 nM). n = 5 independent experiments per group. Data show
means + SEM. Phosphorylation levels were normalized to that of DMSO group. Statistical significance was determined by Two-tailed Student’s ¢-test. **p < 0.001.
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lasting at least 3 h after the stimulation in the DMSO group,
but the magnitude of potentiation was significantly reduced
throughout the recordings after tetanus stimulation in slices
pre-incubated in 500 nM THZ1 (Figure 5B). This is noteworthy
that the first 1-2 h of L-LTP induced by 4xHFS does not require
transcription (Nguyen et al., 1994). The above results suggest
that THZ1-mediated Cdk7 inhibition may affect signaling
pathways that play a role in the induction of L-LTP, other than
transcription.

To confirm that the observed reduction of LTP induced by
4xHFS was caused by inhibition of Cdk7 by THZ1, we performed
WB on tissue punch lysates of the hippocampal CAl region.
As Figure 5C shows, while two trains of HFS only moderately
increased phosphorylation level of Ser 2 on RNAPII CTD,
four trains of HFS drastically increased phosphorylation levels of
residues Ser 2, Ser 5 and Ser 7. Moreover, in slices pre-incubated
in 500 nM THZI, the increased phosphorylation was largely
prevented (Figures 5C,D).

Cdk?7 Activity Is Necessary for the

Formation of Long-Term Memory

Behavioral tasks are known to trigger robust
near-instantaneous IEG expression in specific
ensembles that presumably encode specific memories. Results
of the above experiments have established an important role of
Cdk7 in controlling the expression of IEGs driven by neuronal
activities, and that THZ1 can effectively inhibit such gene
expression and prevent L-LTP by inhibiting Cdk7 activity.
Next, we turned to behavioral analysis to determine whether
THZ1-mediated Cdk7 inhibition affects the forms of memory
that requires gene expression. Before performing behavioral
tests, we examined the inhibitory effects of Cdk7 by THZ1 in
the brain of live mice. Six hours after injection of 20 pg of
THZ1 or equal volume of DMSO through implanted cannula
connected via a catheter, we prepared whole brain lysates and
probed the phosphorylation levels of RNAPII CTD. As shown
in Figures 6A,B, THZ1 injection significantly reduced Ser 2,

and
neuronal
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FIGURE 6 | THZ1 treatment affects the formation of long-term memory (LTM). (A) Representative WB images and (B) statistical results showing that injection of
20 pg of THZ1 per brain significantly inhibited phosphorylation levels of residues Ser 2, Ser 5 and Ser 7 on RNAPII-CTD. Brain lysates were prepared 6 h after the
injection, the time point corresponding to the training session. n = 6 independent experiments per group. Phosphorylation levels were normalized to that of DMSO
group. (C) THZ1 injection did not affect traveled distance and (D) travel speed of mice. (E) Paradigm of novel object-recognition task. (F) Mice received
THZ1 injection did not show difference in interaction time between object 1 and object 2. (G) In short-term novel object-recognition tests performed 2 h after training,
both DMSO and THZ1 groups showed significant preference to the novel object. (H) Both groups showed similar discrimination index in training and 2 h test
sessions. (I) DMSO and THZ1 groups showed similar interaction time in training session, but only DMSO group showed preference to novel object in long-term novel
object recognition tests performed 24 h after training (J), resulting in higher discrimination index (K) when compared to the THZ1 group. (L) Paradigm of fear
conditioning test. (M) Mice received THZ1 showed similar amount of freezing response when compared to DMSO group in short-term test (2 h post training), but
showed significantly reduced freezing time in (N) LTM test (24 h post training). n = 10 mice per group in all behavioral tests. Data show means + SEM. Statistical
significance was determined by Two-tailed Student’s t-test. *p < 0.05, **p < 0.01, **p < 0.001.
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Ser 5 and Ser 7 phosphorylation on RNAPII CTD at this time
point corresponding to the training session.

For behavioral tests, after habituation for 4 days, 10 min
each day, different cohorts of mice were injected with THZ1 or
DMSO through implanted cannula at 3 h prior to training.
When compared to DMSO, THZ1 did not affect traveled distance
and speed (Figures 6C,D), suggesting that THZ1 does not alter
general mobility of the mice. We next carried out a novel object-
recognition task, in which mice were briefly exposed to two
identical objects during the training session, followed by object-
recognition tests 2 h (short-term) or 24 h (long-term) later,
respectively (Figure 6E). In the test, trained mice were exposed
to one novel and one familiar object. The rationale is that if mice
remember the familiar object, they should spend less time with
it and more time with the novel object. The results in Figure 6F
show that DMSO and THZ1 groups spent similar time to explore
the two identical objects. When mice were tested 2 h after the
initial exposure, the group received THZ1 injection exhibited
preference to the novel object similar to control group received
DMSO injection, as measured by interaction time (Figure 6G)
and discrimination index (Figure 6H). Similarly, in independent
cohorts of mice, DMSO and THZ1 group did not show difference
at the training session (Figure 6I), but only the DMSO group
exhibited significantly more interaction time on the novel object
tested 24 h later (Figure 6]), resulting in higher discrimination
index when compared to THZ1 group (Figure 6K). These data
suggest that THZ1 does not disrupt learning process or STM as
evidenced by the tests 2 h after exposure, but specifically affected
LTM, which requires gene transcription.

To further assess THZ1-induced impairments in cognitive
performance, we used fear conditioning paradigm (Figure 6L)
to examine long-term fear memory in mice. In the tests
performed 2 h (Figure 6M) after the training, a paradigm
generally considered as STM, mice received THZ1 showed
similar amount of freezing response when compared to DMSO
group (Figure 6M), suggesting that these two groups of mice
learned equally well during training session and were comparable
in STM. However, when cued fear conditioning tests were
performed 24 h after training, a paradigm generally considered
as LTM that requires transcription, mice received THZ1 froze
significantly less than mice received DMSO (Figure 6N),
indicating selective impairment in LTM. These behavioral data
provide in vivo evidence supporting an important role of Cdk7 in
the regulation of transcription-dependent neuronal functions.

DISCUSSION

Our results demonstrate that Cdk7 is differentially expressed
in the mammalian brain at different development stages. The
phosphorylation levels of Ser 2, Ser 5 and Ser 7 on RNAPII
CTD positively correlate with neuronal activities, which can
be drastically reduced by THZ1, a recently developed covalent
inhibitor specific to Cdk7. It largely and irreversibly inhibited
Cdk7 activity in cultured primary neurons, in a temporal
pattern and at a concentration similar to that in stems cells
and cancer cells (Kwiatkowski et al., 2014). As a result,

THZ1 significantly inhibited activity-driven IEG transcription
in cultured primary neurons, long-lasting synaptic plasticity in
acute hippocampal slices and LTM in live mice. Together, we
demonstrate that Cdk7 activity is critical for activity-driven
transcription and neuronal functions. To our knowledge, up
to present, the only study regarding Cdk7 in the brain is an
earlier report showing increased CDK7 immunoreactivity in
susceptible hippocampal neurons of Alzheimer’s disease patients
(Zhu etal., 2000). Therefore, this study provides the first evidence
that demonstrates a conserved role of Cdk7-regulated gene
expression in post-mitotic neurons.

External stimuli, such as behavioral tasks, can initiate
IEG-dominated first wave of gene transcription in subsets of
neurons responsive to the stimuli. Since many IEGs encode
transcription factors, they may directly regulate transcription of
the second wave of effector genes. Newly synthesized proteins are
required for synaptic plasticity, eventually memory formation.
The highly synchronized IEG transcription is thought to be
mediated by RNAPII stalling within the promoter-proximal
region of genes (Zeitlinger et al.,, 2007; Boettiger and Levine,
2009; Saha et al, 2011). Saha et al., demonstrated that, in
neurons, RNAPII stalling is mediated by NELF and is critical for
near-instantaneous induction of IEGs in response to neuronal
activity (Saha et al., 2011). However, THZ1-induced inhibition of
IEG transcription in this study may not be solely attributable to
defects in RNAPII stalling. Using an in vitro transcription system
with Hela nuclear extract (Nilson et al., 2015) demonstrated that
THZ1 not only causes defects in RNAPII CTD phosphorylation
and promoter proximal stalling, but also in co-transcriptional
capping and productive elongation, meanwhile with minimal
effects on transcription initiation, thus revealed unexpected
function of Cdk7 in RNAPII stalling and mRNA capping
(Coin and Egly, 2015). It is interesting to examine whether
the above regulatory machinery is conserved in post-mitotic
neurons.

Transcription of IEGs in neurons is known to be highly
sensitive to neuronal activity and is critical for LTM formation.
Long-lasting forms of synaptic plasticity such as LTP are
thought to be fundamental cellular mechanisms underlying
learning and memory. Induction of LTP has been shown to
occur concomitantly with learning in the hippocampi of live
mice, and learning-induced synaptic potentiation can preclude
subsequent electrically-induced LTP (Whitlock et al., 2006),
indicating an important role of synaptic plasticity in memory
formation. Importantly, transcription has been demonstrated
to be critical for L-LTP, but not E-LTP (Nguyen et al,
1994; Nayak et al, 1998; Bannerman et al, 2014). Our
electrophysiological recordings show that THZ1 pre-incubation
did not alter E-LTP, but largely impaired fEPSP potentiation
at both the induction and maintenance stages of L-LTP.
In consistency, we found that THZ1 administration did not
affect short-term object memory or cued fear memory, but
impaired long-term object memory and cued fear memory.
Thus, this study is the first report demonstrating a pivotal
role of Cdk7 in the expression of long-lasting form of
synaptic plasticity and LTM. However, please note that
because THZ1 requires several hours to inhibit RNAPII
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activity (Figure 2C) and the binding of THZ1 to Cdk7 is
covalent and irreversible, therefore, we could not selectively
inhibit Cdk7 at different stages of L-LTP by applying timed
perfusion of THZI. The development of new Cdk7 inhibitor
may be necessary to address this question. Moreover, the
observation that Cdk7 inhibition did not affect E-LTP induced
by 2xHES, but significantly suppressed fEPSP potentiation at
both the induction and maintenance stages of long-lasting LTP
induced by 4xHFS, suggests that, other than transcriptional
regulation, Cdk7 may regulate certain signaling molecules that
are required for the first 1-2 h of LTP expression induced by
4xHFS.

Our results show that Cdk7 activity is positively correlated
with neuronal activities in cultured primary neurons, acute
hippocampal slices and in the brain. However the signaling
pathway linking neuronal activities to Cdk7 activity remain
elusive. Given the fact that experience or pharmacological
stimuli-induced neuronal activity can trigger Ca®" influx, serving
as the second messenger to initiate the IEG-dominated first wave
of robust gene transcription, we believe that Ca?* influx plays
an indispensable role in this pathway. In addition, mammalian
cells are known to utilize a complex combination of Cdks
and cyclins to regulate cell cycle (Larochelle et al, 2012).
Cdk7 can form the CAK complex by binding with cyclinH and
Matl, then phosphorylates the T-loops of all Cdks tested, thus
activates Cdks (Sanso and Fisher, 2013; Harlen and Churchman,
2017). It is interesting to examine whether the formation of
Cdk7/cyclinH/Mat1 complex is subject to the regulation of Ca®*
influx driven by neuronal activities in future studies.

Brd4, a member of bromo domain and extra-terminal
domain (BET) protein family, binds acetylated histones and
regulates general transcription in many cell types. Similar
to the effects of THZ1-mediated Cdk7 inhibition examined
in this study, Brd4 inhibitor Jql significantly prevented
IEG transcription, synaptic modifications and LTM in mice
(Korb et al., 2015). Moreover, it is very interesting that
its inhibition by Jql has been demonstrated to decrease
seizure susceptibility (Korb et al, 2015), potentially by
decreasing levels of the GluAl subunit of AMPARs, the
major mediators of fast excitatory synaptic transmission.
Indeed, most current epilepsy treatments directly target existing
synaptic proteins and receptors, but transcription inhibitors
can reduce overall synaptic protein level and may provide a
more robust method of dampening the heightened synaptic
activity that leads to seizures (Korb et al., 2015). Hypothetically,
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