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Abstract

Objective: To identify, in myometrial stem/progenitor cells, the presumptive cell of origin
for uterine fibroids, substrates of Mediator-associated CDK8/19 kinase, which is known to be
disrupted by uterine fibroid driver mutations in Mediator subunit MED12.

Design: Experimental study.
Setting: Academic research laboratory.
Patient(s): Women undergoing hysterectomy for uterine fibroids.

Intervention(s): Stable isotopic labeling of amino acids in myometrial stem/progenitor cell
culture (SILAC) coupled with chemical inhibition of CDK8/19 and downstream quantitative
phosphoproteomics and transcriptomic analyses.

Main Outcome Measure(s): High-confidence Mediator kinase substrates identified by SILAC-
based quantitative phosphoproteomics were determined using an empirical Bayes analysis and
validated orthogonally by in vitro kinase assay featuring reconstituted Mediator kinase modules
comprising wild-type or G44D mutant MED12 corresponding to the most frequent uterine fibroid
driver mutation in MED12. Mediator kinase-regulated transcripts identified by RNA sequencing
were linked to Mediator kinase substrates by computational analyses.

Reprint requests: Thomas G. Boyer, Ph.D., Department of Molecular Medicine, University of Texas Health Science Center San
Antonio, 8210 Floyd Curl Drive, Mail Code 8257, STRF, San Antonio, Texas 78229-3900 (boyer@uthscsa.edu).
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Result(s): A total of 296 unique phosphosites in 166 proteins were significantly decreased (=
twofold) upon CDK&8/19 inhibition, including 118 phosphosites in 71 nuclear proteins representing
high-confidence Mediator Kinase substrates linked to RNA polymerase Il transcription, RNA
processing and transport, chromatin modification, cytoskeletal architecture, and DNA replication
and repair. Orthogonal validation confirmed a subset of these proteins, including CUX1 and
FOXK1, to be direct targets of MED12-dependent CDK8 phosphorylation in a manner abrogated
by the most common uterine fibroid driver mutation (G44D) in MED12, implicating these
substrates in disease pathogenesis. Transcriptome-wide profiling of Mediator kinase-inhibited
myometrial stem/progenitor cells revealed alterations in cell cycle and myogenic gene expression
programs to which Mediator kinase substrates could be linked directly. Among these, CUX1 is an
established transcriptional regulator of the cell cycle whose corresponding gene on chromosome
7q is the locus for a recurrent breakpoint in uterine fibroids, linking MED12 and Mediator kinase
with CUX1 for the first time in uterine fibroid pathogenesis. FOXKZ1, a transcriptional regulator
of myogenic stem cell fate, was found to be coordinately enriched along with kinase, but not
core, Mediator subunits in myometrial stem/progenitor cells compared with differentiated uterine
smooth muscle cells.

Conclusion(s): These studies identify a new catalog of pathologically and biologically relevant
Mediator kinase substrates implicated in the pathogenesis of MED12 mutation-positive uterine
fibroids, and further uncover a biochemical basis to link Mediator kinase activity with CUX1 and
FOXK1 in the regulation of myometrial stem cell fate.

Keywords

MED12 mutations; mediator kinase; myometrial stem/progenitor cells; phosphoproteomics;
uterine fibroids

Uterine fibroids (UFs; leiomyomas) are benign monoclonal neoplasms of the myometrium
(MM) and are the most frequent reproductive tumors in women worldwide (1). Although
benign, these tumors are nonetheless associated with significant morbidity; they are the
primary indicator for hysterectomy and a major cause of gynecologic and reproductive
dysfunction, ranging from menorrhagia and pelvic pain to infertility, recurrent miscarriage,
and preterm labor (2, 3). The annual US health care costs associated with UFs have been
estimated at $5.9 to $34.9 billion (4), rendering UFs a significant public health and financial
burden.

Current treatment options for UFs rely on medical or surgical intervention strategies
designed, respectively, to manage clinical symptoms in the short-term or provide long-term
remedial benefit (5, 6). Recent efforts to improve the clinical utility of medical therapies,
including strategies to enhance efficacy and improve tolerability, such as the use of
gonadotropin-releasing hormone receptor antagonists to reduce heavy menstrual bleeding
and pain associated with UFs, have led to several promising results (7, 8). However, the use
of these and other agents that target the hypothalamic-pituitary-gonadal axis is constrained
by the negative collateral impact of induced hypoestrogenicity. Accordingly, no long-term,
noninvasive treatment option currently exists for UFs, and greater insight regarding tumor
etiology will be key to the development of more effective medical therapies.
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The prevailing model of UF pathogenesis involves the genetic transformation of a single
MM stem cell (SC) into a tumor-initiating stem cell (UF SC) that seeds and sustains
monoclonal tumor growth characterized by an increase in cell size and number, as well

as abundant extracellular matrix production, under the influence of endocrine, autocrine,
and paracrine growth factor and hormone receptor signaling (2, 9, 10). Most of the genetic
drivers thought to be dominantly responsible for cell transformation have been identified.
Among these, mutations in genes encoding the RNA polymerase Il (Pol 1) transcriptional
Mediator subunit MED12 are by far the most prevalent, accounting for approximately
70% of UFs (11). A proportionally smaller fraction of tumors are thought to arise from
genetic alterations leading to overexpression of HMGAZ (approximately 20%), disruption
of the COL4A5-COL4AG locus (approximately 3%), or biallelic loss of fumarate hydratase
(approximately 2%) (12-14).

All UF-linked mutations in MED12reside exclusively in exons 1 or 2 and feature
predominantly missense alterations and less frequently small in-frame deletions or
insertions. Among the former, the overwhelming majority are missense mutations that lead
to substitutions at three highly conserved MED12 amino acids: Leu-36, GIn-43, and Gly-44
(11, 15). Importantly, molecular genetic analyses in human tumors and gene-targeting
studies in mice strongly support the notion that UF-linked MED12 mutations are drivers

of tumorigenesis (14, 16, 17).

Mediator is a multiprotein signal processor through which regulatory information conveyed
by gene-specific transcription factors is transduced to RNA Pol 1l (16). MED12, along
with MED13, CCNC, and CDKS8 (or its close paralog CDK19), comprise a four-subunit
“‘kinase’” module that variably associates with a 26-subunit Mediator core (16, 18).
Notably, the kinase module is a major ingress of signal transduction through Mediator,

and CDK®8/19 kinase activity has been shown to be required for nuclear transduction of
signals instigated by multiple oncogenic pathways with which MED12 is biochemically
and genetically linked, suggesting a close functional relationship between MED12 and
CCNC-CDKS8 (16, 19). Confirming this prediction, we and others have previously reported
that MED12 activates CCNC-dependent CDK8/19 in Mediator (20-22). Mechanistically,
we showed that this occurs via direct stabilization of the CDKS8 activation (T)-loop by
MED12 residues recurrently mutated in UFs, suggesting that the UF driver mutations alter
T-loop conformation and disrupt CCNC-CDKS kinase activity (18). We confirmed this
and showed that pathogenic mutations in MED12 disrupt CDK®8/19 kinase activity both in
vitro and, more importantly, in clinically relevant patient fibroids (18, 21-23). Collectively,
these findings identify a common molecular defect associated with UF-linked mutations

in MED12 and implicate aberrant Mediator-associated CDK8/19 kinase activity in the
pathogenesis of UFs. Nonetheless, the identity of biologically relevant Mediator kinase
substrates and their pathogenic role in UF development have not been established.

In this study, we used quantitative phosphoproteomics coupled with a highly specific
chemical inhibitor of CDK8/19 to identify Mediator kinase substrates in MM stem/
progenitor cells, the presumptive cells of origin for UFs. We identified a catalog of high-
confidence Mediator kinase targets linked to RNA metabolism, transcription, chromatin
modification, and DNA replication and repair, including proteins previously implicated
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in UFs as well as those with no previously established disease associations. Orthogonal
validation revealed a subset of these high-confidence targets to be direct substrates of
Mediator kinase in vitro in a manner abrogated by the pre-dominant UF driver mutation

in MED12. Transcriptome-wide expression profiling revealed Mediator kinase-dependent
regulation of cell cycle and myogenic gene expression programs to which validated
Mediator kinase substrates could be linked directly. Among these, CUX1 is an established
transcriptional regulator of the cell cycle whose corresponding gene on chromosome 7q

is the locus for a recurrent breakpoint in UFs (24-28). FOXK1, with established links

to myogenic stem cell fate (29-32), is shown here to be coordinately enriched along

with kinase, but not core, Mediator subunits in MM stem/progenitor cells compared with
differentiated uterine smooth muscle cells. Together, these studies forge new links between
Mediator kinase, which is known to be disrupted by UF driver mutations in MED12, and
downstream targets in MM stem/progenitor cells and further impute a biochemical basis to
link Mediator kinase activity with CUX1 and FOXK1 in the regulation of myometrial stem
cell fate.

MATERIALS AND METHODS

Myometrial Side Population Isolation

Cell Culture

Myometrial samples were obtained from two women undergoing surgery for symptomatic
UFs at the University of Texas Health Science Center San Antonio after providing informed
consent. Patient 1 was a 43-year-old Hispanic woman who received norethindrone before
surgery. Patient 2 was a 45-year-old Hispanic woman who received medroxyprogester-one
acetate (Depo-Provera) 2 months before surgery. The University of Texas Health Science
Center San Antonio Institutional Review Board approved the protocol for recovery of
surgical specimens. Protocols for tissue dissociation and isolation of the MM side population
(SP) cell fraction have been described (33) and are detailed in the supplemental materials
and methods, available online.

Myometrial SP cells and myometrial non-SP cells were cultured in Mesenchymal Basal
Stem Cell Medium (Thermo Fisher Scientific) with 10% fetal bovine serum (FBS; Gibco) or
DMEM:F12 medium (Thermo Fisher Scientific) with 10% FBS (Gibco), respectively, under
hypoxic (2% O,, 5% CO») or normoxic (20% O,, 5% CO,) conditions as specified. All cell
cultures were supplemented with 0.1% antibiotic/antiMY Cotic (Thermo Fisher Scientific).

Stable Isotope Labeling and Inhibitor Treatment

Myometrial SP cells were cultured in SILAC medium (Thermo Fisher Scientific)
supplemented with 10% dialyzed FBS (Cambridge Isotopes), 0.1% antibiotic/antiMY Cotic
(Thermo Fisher Scientific), and either Arg8/Lys10 (heavy) or Arg0/Lys0 (light) isotopically
labeled amino acids. The cells were metabolically labeled for five passages in either

heavy or light medium before 45 minutes of treatment with 100 nM CCT251545 or
dimethyl sulfoxide (DMSQO) and subsequent cell extraction and sample preparation for
phosphoproteomics analysis. Three replicate samples were prepared; samples 1 and 2 had
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light cells treated with vehicle and heavy cells treated with inhibitor, and sample 3 had heavy
cells treated with vehicle and light cells treated with inhibitor.

Quantitative Phosphoproteomics and Data Analysis

Protocols were performed as described in detail (Supplemental materials, available online)
using a Nanoflow UPLC:Ultimate 3000 nano UHPLC system (Thermo Fisher Scientific)
and a Q Exactive HF Orbitrap LC-MS/MS system (Thermo Fisher Scientific). Raw MS files
were analyzed and searched against a human protein database using Maxquant (1.6.2.6).

Antibodies, Plasmids, and Protein Expression and Purification

Detailed descriptions of antibodies as well as plasmids and procedures used to generate

and purify recombinant Mediator kinase subunits and substrates are provided in the
supplemental materials. Human Flag-CDK8 wild-type (WT) and kinase-dead (D173A),
HIS-CYCLIN C, CBP-MED13, HA-MED12 WT, and G44D proteins were expressed in
High Five insect cells using the baculovirus expression system, as previously described (22,
34).

In Vitro Kinase Assay

Assays were performed as described previously (21, 22), with additional experimental
details outlined in the supplemental materials.

RNA Sequencing, Validation, and Computational Analyses

RNA from MM SP cells treated without (DMSO) or with 100 nM CCT251545 for 3

hours (three independent replicate experiments) was processed for library construction and
sequencing, as well as validation by reverse transcriptase quantitative polymerase chain
reaction (RT-qPCR), as described in detail in the supplemental materials. Data normalization
and differential expression were performed using R package DESeq?2, version 1.32. Gene set
enrichment, gene ontology, and transcription factor-binding site analyses were performed as
described in the supplemental materials.

RESULTS

Identification of High-Confidence Mediator Kinase Substrates in MM Stem/Progenitor Cells
Using SILAC-Based Quantitative Phosphoproteomics

To identify Mediator kinase substrates in MM stem/progenitor cells, dissociated single-cell
suspensions from MM of women undergoing hysterectomy for symptomatic UFs were
processed for stem/progenitor cell isolation using the *“side population (SP)’’ method (35).
This flow cytometric-based approach has been used successfully to identify and sort somatic
stem cells from multiple tissue types, including MM, based on their enhanced ability to
efflux intracellular Hoechst dye via the ATP-binding cassette (ABC) family of transporter
proteins (36). Previously, SP cells isolated from human MM using this approach were shown
to be undifferentiated, multipotent, and mesenchymal-derived, as expected for smooth
muscle stem cells/progenitors (33, 36, 37). Indeed, we confirmed that the MM SP cells
isolated in this study were mesenchymal-derived (CD90+) and undifferentiated (expressing
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low levels of nuclear hormone receptors and smooth muscle markers) (Supplemental Fig. 1,
available online). Hereafter, we refer to these cells as MM SP (myometrium side population
or stem/progenitor-enriched) cells.

We used SILAC (Stable Isotope Labeling of Amino Acids in Cell culture) coupled with
downstream phosphoproteomic analysis to identify Mediator kinase substrates in MM SPs
(Fig. S2A). To this end, patient-derived MM SPs were cultured in the presence of heavy
(Lys8/Arg10) or light (Lys0/Arg0) isotopically labeled amino acids before treatment without
(DMSO) or with the highly specific and professionally credentialed CDK8/19 chemical
inhibitor CCT251545 (38, 39). Mechanistically, this type | binding inhibitor was shown

to occupy the CDK8 ATP-binding site while concomitantly promoting reinsertion of the
CDKS8 C-terminus into the ligand-binding site; this unique binding mode is presumed to
underlie the high selectivity of CCT251545 for CDK8/19 (>100-fold selectivity over 291
other profiled kinases) (39, 40). The labeling experiments were performed in triplicate

and included a label swap in which the inhibitor treatment protocol in replicates 1 and 2
(light and heavy isotopically labeled cells treated with vehicle and inhibitor, respectively)
was reversed in replicate 3. To increase the probability of identifying direct Mediator
kinase targets, we used short-term (45-minute) treatment with CDK®8/19 inhibitor, which we
validated as sufficient to confer =290% suppression of Mediator kinase activity, as measured
by the level of y-interferon-stimulated STAT1 S727 phosphorylation (Supplemental Fig.
2B), a validated biomarker of cellular Mediator kinase function (39, 41). Cell lysates

from control (DMSO) and inhibitor-treated cells were mixed 1:1 (based on total protein
concentration) before phosphopeptide enrichment using iron immobilized metal affinity
chromatography and subsequent analysis by LC-MS/MS. Notably, a portion of the
unenriched protein lysate was also processed by LC-MS/MS to permit normalization of
samples for total protein levels, thus ensuring that inhibitor-dependent changes in measured
phosphorylation levels were not attributable to alterations in protein abundance.

In total, we identified 6,679, 7,273, and 7,939 phosphosites corresponding to 2,570,
2,707, and 2,832 different proteins, respectively, that were measurably altered in samples
1, 2, and 3 upon CDK8/19 inhibition (Supplemental Table 1 and Supplemental Fig.

3). To identify *“high-confidence’” Mediator kinase-dependent phosphosites, we filtered
these data using the following criteria for quantified inhibitor-dependent changes in

the normalized phosphorylation levels of each unique phosphosite: a quantified change
must occur in at least two of three replicate samples; a quantified change must exceed

a minimal threshold of = twofold; and a quantified change must meet a minimal
significance threshold of £<.05 as determined by an empirical Bayes statistical approach
(41, 42). Application of these criteria produced a circumscribed list of 420 Mediator
kinase-dependent phosphosites corresponding to 237 different proteins. Among these, the
vast majority (approximately 70%, or 296 phosphosites in 166 proteins) were decreased,
as expected from short-term inhibitor treatment designed to identify direct Mediator
kinase targets (Fig. 1A and Supplemental Table 2). Nonetheless, 124 phosphosites in 71
proteins were increased upon CDK8/19 inhibition (Fig. 1A and Supplemental Table 2),
revealing indirect, albeit Mediator kinase-dependent, targets indicative of rapid changes
in phosphorylation-dependent signaling following Mediator kinase inhibition. Of the 166
proteins showing decreased phosphorylation levels upon Mediator kinase inhibition, 71
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are reported to be nuclear in their cellular localization. We consider these 71 proteins,
encompassing 118 phosphosites (Supplemental Table 3), to be ““high-confidence’” targets
of direct phosphorylation by Mediator kinase that is itself restricted to the interphase
nucleus. The remaining 95 cytosolic proteins likely are indirect targets of Mediator kinase
and/or direct targets capable of transient localization to the interphase nucleus or targets
during mitosis, in which nuclear membrane dissolution could remove a barrier to their
otherwise restricted sequestration from Mediator. Notably, the cytosolic phosphoproteins
identified as Mediator kinase-dependent in this study showed significant enrichment

for microtubule-binding, actin cytoskeletal organization, and cadherin-mediated cell-cell
adhesion (Supplemental Fig. 4A), suggesting a possible and heretofore unappreciated role
for Mediator kinase in the regulation of contractile force production. Regarding Mediator
kinase-dependent nuclear phosphoproteins deemed high-confidence substrates, functional
categorization and gene ontology analysis revealed these 71 gene products to be significantly
enriched for biologic functions related to RNA polymerase Il transcription, RNA processing
and transport, cytoskeletal architecture, chromatin regulation and modification, and DNA
replication and repair (Figs. 1B and Supplemental Fig. 4B), suggesting roles for Mediator
kinase beyond its well-established function in transcription.

Among the 71 high-confidence Mediator kinase substrates, significantly enriched
phosphosite motifs were identified using iceLOGO, revealing a consensus Ser/Pro motif
and a preference for Pro and Asp residues at the —2 and -1 sites relative to the prime

Ser phosphorylation site (Supplemental Fig. 4C). This analysis confirms an apparent
CDK8/19 site-specific preference for PX(S/T) motifs within substrates identified in previous
studies (41, 43, 44). Furthermore, as reported previously for CDK8 (41), we observed no
overrepresentation of basic residues positioned C-terminal to the phosphosite, distinguishing
the CDK8/19 consensus motif from that of other cyclin-dependent kinases (45).

MED12-Dependent CDK8/19 Substrate Phosphorylation Is Compromised by UF Driver
Mutation G44D

To validate CDK8/19-dependent phosphoproteins as direct substrates of Mediator kinase, we
selected a subset of six mapped phosphosites in five different proteins for further analysis

in vitro. Among these, two proteins and their corresponding phosphosites, STAT1 S727

and TP53BP1 S265, were previously identified as Mediator kinase targets in other cellular
contexts (39, 41), substantiating our phosphoproteomics approach in MM SP cells and

also providing positive controls for site-specific Mediator kinase activity in our validation
assays. An additional three proteins carrying four phosphosites (CUX1 S1237, FOXK1
S416 and S420 [mouse equivalents S402 and S406], and NELFB S557), none of which
have previously been linked with Mediator kinase, were chosen for further analysis based
on their established associations with UFs (CUX1 [25, 46]), muscle stem cell biology
(FOXK1 [29, 32]), or RNA Pol Il transcriptional elongation (NELFB [47, 48]) with which
Mediator kinase itself has been implicated (16, 19). For each of the five candidate substrates
tested, purified recombinant WT or phosphomutant (Ser to Ala) derivatives were assessed
for their abilities to serve as direct Mediator kinase substrates in vitro. We also tested a
recombinant protein fragment corresponding to three tandem copies of the heptapeptide
repeat sequence present in the RNA Pol 11 C-terminal domain (CTD), a reported Mediator
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kinase substrate, providing an additional positive control for Mediator kinase activity in

our system (21-23). Finally, we included a negative control protein, SRSF2, which did not
meet the criteria for consideration as a statistically significant high-confidence Mediator
kinase substrate by SILAC analysis. We used two different sources of Mediator kinase for
substrate phosphorylation analyses. First, a three-subunit partial Mediator kinase module
was reconstituted from baculovirus-expressed and purified human CCNC-CDK8 and an
Escherichia coli-expressed recombinant MED12 protein fragment spanning amino acids 1 to
100 (Fig. 2A). Previously, we showed that MED12 (1-100) is sufficient to bind and activate
CCNC-CDKa8 through CDK T-loop stabilization (18, 22). Second, we used the intact four-
subunit kinase module reconstituted from purified baculovirus coexpressed human MED13,
MED12, CCNC, and CDKS8 subunits (Fig. 2A).

Consistent with our previous observations (18, 22), CCNC-CDKS8 alone exerted minimal
kinase activity toward the RNA Pol I CTD, which was otherwise greatly stimulated by

the addition of MED12 (1-100), confirming MED12 as a potent activator of CCNC-CDK8
(Fig. 2B, lanes 1 and 2). Notably, MED12 (1-100) also greatly stimulated CCNC-CDK8
kinase activity toward all five test substrates, confirming each to be a direct Mediator kinase
substrate in vitro (Fig. 2B, lanes 3—-12). As expected on the basis of the results of our
phosphoproteomics profiling, SRSF2 was not detectably phosphorylated by CCNC-CDKS,
either alone or in complex with MED12 (1-100) (Fig. 2B, lanes 13 and 14), thus revealing
substrate selectivity to be an important feature recapitulated in these in vitro Mediator
kinase assays. Notably, the ability of MED12 to stimulate CCNC-CDK8-dependent
phosphorylation of all five test substrates in these assays was effectively abrogated by a
debilitating substitution mutation (D173A) in the CDKS8 active site (22), confirming that
the stimulatory impact of MED12 in this setting is mediated exclusively through CDKS,

as opposed to an unrelated kinase possibly present at undetectable levels in our purified
reconstituted system (Fig. 2C). Importantly, phosphorylation of all five test substrates by
Mediator kinase in vitro was significantly diminished by Ala substitution mutations at

each of their corresponding Mediator kinase-dependent phosphosite Ser residues mapped in
MM SP cells (Fig. 2C). Together, these analyses confirm direct and site-specific substrate
phosphorylation by Mediator kinase in vitro and thus validate our phosphoproteomics
analysis in MM SP cells.

Previously, we showed that UF driver mutations in MED12 disrupt Mediator kinase

activity directed toward the RNA Pol Il CTD (18, 21-23). To determine if this pathogenic
impairment extends to biologically relevant substrates identified in this study, we compared
WT MED12 (1-100) and its G44D mutant derivative, corresponding to the most prevalent
MED12 UF driver mutation (11, 16), for their abilities to stimulate CCNC-CDK8-dependent
phosphorylation of the five substrates validated above. Compared with WT MED12,

mutant G44D was significantly impaired in its ability to stimulate CCNC-CDKB8-dependent
phosphorylation of all five substrates (Fig. 2C), confirming the deleterious impact of this
dominant UF driver mutation on Mediator kinase function across a range of its natural
substrates.

To confirm these observations in a more biologically relevant context, we purified intact
Mediator kinase modules from insect cells coexpressing all four kinase module subunits
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(MED13, CCNC, CDKS8, and either WT or G44D mutant MED12) and then compared WT
and mutant MED12-containing kinase modules for their abilities to directly phosphorylate
all five test substrates in vitro. Comparative analyses of WT and G44D mutant MED12-
containing Mediator kinase modules revealed the latter to be significantly impaired in its
ability to phosphorylate all five substrates tested (Fig. 2D). Together, these results newly
identify STAT1, TP53BP1, CUX1, FOXKZ1, and NELFB to be direct substrates of Mediator
kinase in a manner largely abrogated by pathogenic MED12 mutant G44D, thus revealing
Mediator kinase disruption to be a general defining feature of MED12 UF driver mutations,
with a potential broad impact on the Mediator kinase-dependent phosphoproteome.

Mediator Kinase Substrates Are Functionally Linked with Mediator Kinase-Regulated
Genes in MM SP Cells

To examine the impact of Mediator kinase inhibition on global gene expression, we
performed RNA sequencing in MM SP cells 3 hours after treatment with DMSO or
CCT251545, which permitted us to capture primarily direct, as opposed to indirect, gene
expression changes arising from short-term Mediator kinase inhibition. Using relatively
standard criteria (minimum 1.5-fold change; /£<.05), we identified 401 genes (123 up and
278 down) that were differentially expressed as a function of CCT254515 treatment (Fig.
3A, Supplemental Table 4, and Supplemental Fig. 5). Gene set enrichment analysis linked
Mediator kinase activity with Hallmark myogenesis, E2F, MYC, and cell cycle checkpoint
pathways, among others, suggesting a possible role for Mediator kinase in the regulation of
MM SP cell growth and differentiation (Fig. 3B and C).

Because a number of Mediator kinase substrates identified in this study are transcription
factors (Fig. 1B), we explored possible functional connections between CDK8/19 inhibitor-
dependent alterations in gene expression and transcription factor activity. To this end,

we searched promoter sequences (2 Kb from the transcription start site) of the 401

genes differentially expressed as a function of CCT251545 treatment for enriched (or
depleted) transcription factor-binding sites using CiiiDER (49). This analysis yielded
several intriguing links with Mediator kinase substrates. For example, the binding sites
for Mediator kinase substrates FOXK1 and CUX1 were found to be enriched or depleted
within the promoters of genes that were up- or down-regulated, respectively, by Mediator
kinase inhibition (Fig. 4A), implicating FOXK1 and CUX1 as downstream transcriptional
effectors of Mediator kinase in MM SP cells. Furthermore, FOXK1, through a mechanism
independent of its own DNA-binding activity, was previously shown to interact with

and regulate the function of the myogenic transcription factor MEF2C (32), whose
cognate binding site was enriched in Mediator kinase-regulated Hallmark myogenesis
genes (Fig. 4B). In addition, TRIM28/KAP1, identified in this study as a Mediator kinase
substrate, is an established transcriptional cofactor for MEF2, and, notably, TRIM28 S473,
identified in this study as a Mediator kinase-dependent phosphosite (Supplemental Table
3), was previously shown to function as a phosphorylation switch for muscle stem cell
differentiation (50). We also Observed enrichment of transcription factor-binding sites for
genes with altered expression in CCT251545-treated MM SCs, including EGR1, FOXO1,
and E2F2 (Supplemental Fig. 6). Notably, Mediator kinase substrates STAT1, YBX1,
Q27 and ILF3 are established co/regulators of EGR1 (51-53), whereas Mediator kinase
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substrates STAT1, ETV6, and TRIM28 are known to regulate FOXO1 (54-56). Finally,
Mediator kinase substrate CUX1, implicated in UF pathogenesis, is an established regulator
of E2F2 in regulation of cell cycle gene transcription (27). Together, these findings reveal
multiple functional connections between Mediator kinase substrates and Mediator kinase-
dependent gene expression programs in MM SP cells, indicative of transcriptional regulation
through Mediator kinase activity.

FOXK1 Is Enriched Along with Mediator Kinase Components in MM SCs

Among the Mediator kinase substrates validated in this study, FOXK1 is of particular
interest, given its established roles in myogenic stem cell fate and biologic processes
known to be regulated by Mediator kinase. Murine Foxki 1 has been shown to be

required for activation and proliferation of myogenic progenitors while repressing myogenic
differentiation (29, 30, 32). Furthermore, FOXK1 is known to regulate Wnt/g-catenin
signaling and aerobic glycolysis, two cellular programs also controlled by Mediator kinase
(57-62). These observations, coupled with our identification of FOXK1 as a direct target

of Mediator kinase, suggest a possible basis to link Mediator kinase activity directly with
FOXKZ1 in MM stem/progenitor cell biology. To begin to investigate this possibility, we
assessed the expression profile of FOXK1 and individual Mediator kinase subunits in SP
(stem/progenitor-enriched) and non-SP (differentiated) cells derived from patient MM. This
analysis revealed coordinate enrichment of FOXK1 and Mediator kinase module, but not
core Mediator, subunits in patient-derived MM SP cells compared with differentiated non-
SP cells (Fig. 4C). Because SP and non-SP cells are typically cultured under hypoxic

and normoxic conditions, respectively, we repeated these analyses using cells cultured
under identical conditions of hypoxia. We observed similar results (Supplemental Fig. 7),
indicating that enriched expression of FOX1 and Mediator kinase in SP vs. non-SP cells
likely reflects the distinct differentiation status of the cells as opposed to a differential
hypoxic response. This suggests an important function for Mediator kinase and FOXK1 in
MM stem/progenitor cell biology.

DISCUSSION

Our previous discovery that UF driver mutations in MED12 alter CDK8 T-loop
conformation and compromise CCNC-CDKS8 kinase activity suggests that disruption of
Mediator kinase function is a contributing factor in UF pathogenesis. In this study, we
sought to identify biologically relevant Mediator kinase substrates in MM stem/progenitor
cells to further explore this hypothesis. Using SILAC in conjunction with CDK8/19
chemical inhibition and quantitative phosphoproteomics, we identified the minimal Mediator
kinase-dependent phosphoproteome in MM stem/progenitor cells, including both direct

and indirect downstream targets. Application of stringent criteria regarding the magnitude
and significance of inhibitor-dependent changes in protein phosphorylation levels across
multiple experiments revealed 118 phosphosites in 71 nuclear proteins that we consider
high-confidence Mediator kinase substrates. Among these, we validated five as direct targets
of Mediator kinase in vitro in a manner abrogated by the most common UF driver mutation
in MED12, implicating these substrates in disease pathogenesis. Further, transcriptome-wide
expression profiling revealed Mediator kinase activity to be prominently linked with cell
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cycle and myogenic gene expression programs to which Mediator kinase targets, most
notably CUX1 and FOXK1, could be linked directly.

CUX1 is a homeodomain transcription factor whose corresponding gene is commonly
deleted in a UF subset characterized by recurrent structural aberrations affecting
chromosome 722 (25, 46, 63). Notably, loss of heterozygosity at 7922 has been observed
in UFs as well as breast and ovarian cancers (46, 64, 65). Furthermore, CUX1 has

been identified as a haploinsufficient tumor suppressor in acute myeloid leukemia, and
inactivating CUX1 mutations are found at low frequencies in multiple tumor types (66,
67). Together, these observations suggest that CUX1 may function as a tumor suppressor.
Biologically, CUX1 is implicated in a broad range of physiological processes, including
regulation of cell proliferation and death, cell differentiation, and tissue development (68).
Notably, previous studies have revealed that CUX1 is highly expressed in undifferentiated
cells and appears to play an important role in the regulation of stem cell fate. For example,
CUXL is highly expressed in long-term hematopoietic stem cells compared with short-term
hematopoietic stem cells and myeloid progenitors, and CUX1 depletion in vivo triggered
expansion of myeloid and short-term hematopoietic stem cells and myeloid progenitors
(69). Thus, CUX1 appears to control hematopoietic stem cell line-age specification and
differentiation by maintaining quiescence and suppressing proliferation and self-renewal of
hematopoietic stem cells. At the molecular level, CUX1 is known to regulate cell cycle
gene transcription through both E2F-dependent and E2F-independent mechanisms, thereby
ensuring proper temporal controls on key cell cycle phase transitions. For example, as

the DNA-binding component of the multiprotein HINF-D transcription complex, CUX1,
through an E2F-independent mechanism, represses histone gene transcription in midlate S
phase, thus restricting the timing of histone gene expression to early S phase, and also
activates mitotic regulators in late G1/S phase before their requirement for cytokinesis

in M phase (26, 28). On the other hand, CUX1 has also been shown to physically

interact and functionally cooperate with E2F in transcriptional activation of non-histone
cell-cycle-regulated genes (27). It is therefore notable that among Mediator kinase-regulated
genes identified in this study, replication-dependent histone genes and E2F-dependent
genes were prominently enriched, and CUXZ1-binding sites were found to be significantly
overrepresented in their respective promoter regions. Thus, Mediator kinase could represent
an important regulator of CUX1-dependent cell-cycle gene expression in MM SP cells.

FOXKZ1, a member of the Forkhead Box K transcription factor family, is implicated

in a variety of biologic processes relevant to UF pathogenesis. For example, FOXK1
promotes muscle progenitor cell proliferation and represses myogenic differentiation (31,
32), activates the Wnt/-catenin pathway to promote cell growth (62), regulates metabolism
to favor aerobic glycolysis (61), and interacts with TP53BP1 (identified in this study as a
Mediator kinase substrate) to dictate the choice of DNA repair pathway following DNA
double-strand breaks (70). The role of FOXK1 in the regulation of both Wnt/g-catenin
signaling and myogenic cell fate is particularly notable. For example, the Wnt/g-catenin
pathway has been shown to be crucial for the renewal of myometrial stem cells and their
differentiation into smooth muscle, and further, targeted overexpression of constitutively
active g-catenin in the uterine mesenchyme of mice promotes uterine fibroid tumors (2, 9,
71). Moreover, Wnt/B-catenin-stimulated TGF 3 induces cell proliferation and extracellular
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matrix deposition, hallmark features of UFs (9, 71). It is therefore notable that we and
others have previously implicated Mediator kinase in the regulation of canonical Wnt/s-
catenin signaling (16, 57, 60). Regarding FOXK1 and myogenesis, genetic studies revealed
an important role for FOXK1 in the regulation of myogenic progenitor cell fate. Thus,
Foxk1-deficient mice were shown to exhibit severely impaired skeletal muscle regeneration
accompanied by reduced muscle stem cell numbers, impaired stem cell activation, and
perturbed stem cell cycle kinetics (29). Cell biologic and biochemical analyses further
revealed that Foxk1 promotes muscle stem cell proliferation and inhibits myogenic
differentiation by repressing the transcriptional activities of Foxo4 and Mef2, respectively
(32). Together, these studies unequivocally implicate FOXK1 in the regulation of muscle
stem cell fate and skeletal muscle regeneration. Although the role of FOXKZ1 in the control
of myometrial stem cell fate is unknown, we nonetheless found FOXK1 to be coordinately
enriched along with kinase, but not core, Mediator subunits in myometrial stem/progenitor
cells relative to differentiated smooth muscle cells, suggesting a comparatively important
functional role for FOXK1 in the stem/progenitor cell pool. Furthermore, in MM SP cells,
the presence of FOXKZ1-binding sites in Mediator kinase-regulated genes was significantly
correlated with their higher expression, while binding sites for transcription factor MEF2,
with which FOXKZ1 functionally interacts, were enriched in the promoters of Mediator
kinase-dependent Hallmark myogenic genes. Accordingly, FOXK1 could function as a key
downstream effector of Mediator kinase in the regulation of myometrial stem cell fate, a
possibility consistent with an emerging role for Mediator kinase in stem cell biology.

In this regard, recent work has implicated Mediator kinase activity directly in the regulation
of stem cell plasticity and fate determination. For example, a developmentally programmed
reduction in CDKS8 expression is known to be associated with naive pluripotency during
animal development in vivo, and chemical inhibition of CDK8/19 kinase activity has been
shown sufficient to revert primed pluripotent stem cells to a naive pluripotent state in vitro
(72, 73). Furthermore, CDK8, through a mechanism dependent upon c-MYC, has been
shown to promote cancer stem cell self-renewal and tumorigenicity in colon and brain
cancers (74, 75). These findings are germane to the pathogenesis of UFs, since the vast
majority of these tumors are presumed to arise from genetic transformation of myometrial
stem/progenitor cells through somatic mutations in MED12 that disrupt CDK8/19 kinase
activity. We hypothesize that Mediator kinase disruption as a consequence of pathogenic
MED12 mutations alters myometrial stem cell fate through deregulation of key substrates,
including CUX1 and FOXKZ1, that control critical cell growth and myogenic gene expression
programs. Further studies will be required to confirm this hypothesis and clarify the role of
CUX1, FOXK1, and additional Mediator kinase substrates in the regulation of myometrial
stem cell fate and tumor formation.

Finally, we note that many Mediator kinase substrates identified in this study participate

in biologic processes other than transcription, including DNA replication and repair.

This finding indicates a broader function for Mediator beyond its well-established role

in transcription, and further identifies additional Mediator kinase-dependent pathways
susceptible to dysregulation as a consequence of UF driver mutations in MED12. Notably,
recent work has shown that MED12 mutation-positive UF stem cells accumulate high levels
of unrepaired DNA double-strand breaks accompanied by reduced expression of DNA
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damage response and repair genes (76). Conceivably, altered phosphorylation dynamics

of Mediator kinase substrates, including direct DNA repair effectors or transcriptional
regulators of DNA damage response genes, could contribute to the enhanced DNA damage
load observed in MED12 mutation-positive UF stem cells. Notably, we observed that
Mediator kinase-inhibited MM SPs showed significant enrichment of Hallmark ““G2/M
checkpoint’” and ‘‘p53 pathway’’ gene sets, consistent with elevated levels of DNA damage
in these cells. Future studies will seek to clarify whether and how Mediator kinase activity
contributes to the DNA damage response in myometrial stem cells and whether its disruption
by MED12 mutations contributes to genomic instability and UF formation.

CONCLUSION

In summary, we report a new catalog of Mediator kinase substrates in myometrial stem/
progenitor cells, including transcription factors CUX1 and FOXK1, that we identify

as candidate downstream effectors of Mediator kinase in the control of cell growth

and myogenic gene expression programs. Aberrant substrate phosphorylation and altered
downstream signaling as a consequence of MED12 mutations that impair CDK®8/19 kinase
activity could perturb myometrial stem cell fate, contributing to fibrotic transformation and
UF formation.
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Identification of high-confidence Mediator kinase substrates in myometrial (MM) side
population (SP) cells. (A) Volcano plot of statistically significant phosphosite changes
(empirical Bayes analysis) in MM SP cells after 45 minutes of treatment with

CCT251545. Mediator kinase-dependent phosphosites considered ““high-confidence’” are
those undergoing an inhibitor-dependent change in abundance of = twofold with A<.05 (red
dots). Putative direct Mediator kinase phosphosites (ypper left quadrant) are those reduced
in abundance upon Mediator kinase inhibition. Phosphopeptides in validated Mediator
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kinase substrates are indicated. NS = not significant. (B) Functional categorization of high-
confidence Mediator kinase substrates.
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Validation of select Mediator kinase substrates. (A) Purified three-subunit and four-

subunit CDK8 kinase modules (3S CKM and 4S CKM, respectively) analyzed by

sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie blue
staining. For 3S CKM, CDKS8 wild-type (WT) and kinase-dead (KD) (/anes 1 and 2), as well
as MED12 (1-100) WT and G44D mutant derivatives (/anes 3 and 4), are indicated. For 4S
CKM, MED12 WT and G44D mutant derivatives (/anes 5 and 6) are indicated. (B) In vitro
kinase assays were performed using CCNC-CDK8 WT without () or with (+) MED12 (1-
100) WT along with each of the indicated substrates (RNA Pol Il [polymerase 11] C-terminal
domain [CTD] [/anes 1 and 2], STAT1 [lanes 3 and 4], TP53BP1 [/anes 5 and 6], Foxkl
[/anes 7 and 8], NELFB [/anes 9 and 10], CUX1 [/anes 11 and 12], or SRSF2 [/anes 13

and 14)]). Kinase reactions were resolved by SDS-PAGE and subjected to Phosphoimager
analysis to detect phosphorylated (32P) substrates (Zgp panels) or Coomassie blue staining

to visualize input substrates (bottom panels). 32P-CDKS8 indicates autophosphorylation

of CDKS8, which is stimulated by MED12 (1-100). RNA Pol 1l CTD and SRSF2 are
positive and negative controls for Mediator kinase activity, respectively. (C and D) In
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vitro kinase assays were performed using 3S CKM (C) or 4S CKM (D) and either WT

or phosphomutant substrates bearing Ser to Ala substitution mutations at Mediator kinase-
dependent phosphosites mapped by SILAC analysis. Where indicated, kinase reactions were
performed using 3S CKM or 4S CKM reconstituted with CDK8 WT or CDK8 KD as well
as MED12 WT or G44D mutant derivatives. Kinase reactions were resolved by SDS-PAGE
and analyzed as described in (B).
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FIGURE 3.
Mediator kinase regulates myogenic and cell growth-related gene expression programs in

myometrial side population (MM SP) cells. (A) Heat maps of 401 genes differentially
expressed (FC=1.5-fold; A<.05) in MM SP cells upon 3 hours of CCT251545 treatment,
including both up-regulated (n = 123) and down-regulated (n=278) genes. Only a subset of
genes are labeled. (B and C) Hallmark gene sets enriched in Mediator kinase-inhibited MM
SP cells. GSEA =XX.
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ACTA2
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MED4
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Mediator kinase-regulated genes are linked functionally with Mediator kinase substrates in
myometrial side population (MM SP) cells. (A) Ciiider enrichment plots for 401 Mediator
kinase-regulated genes, including up-regulated and down-regulated gene sets. Plots show
the enrichment (proportional ratio of promoter regions bound by transcription factors
[indicated by dots]) and average log proportion bound. Dot size and color reflect the log,
Pvalue (significance score). Significance scores greater than or less than zero indicate
overrepresentation or underrepresentation of transcription factor-binding sites, respectively,
in promoter regions of queried genes. Note that binding sites for Mediator kinase substrates
FOXK1 and CUX1 (indicated) are overrepresented and underrepresented in up-regulated
and down-regulated gene sets, respectively. (B) Ciiider enrichment plot for Hallmark
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myogenesis gene set. Note that binding sites for MEF2, a Mediator kinase-regulated gene
that physically and functionally interacts with Mediator kinase substrates FOXK1 and
TRIMZ28, are enriched in the myogenic gene set. (C) Whole cell lysates of paired SP

and non-SP fractions from two different patient-derived myometria were processed by
sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot
analysis using antibodies specific for Mediator kinase substrates (FOX1, NELFB), Mediator
kinase module subunits (MED13, MED12, CDK8/CDK19, CCNC), Mediator core subunits
(MED4, MED30), a-smooth muscle actin (ACTA2), and S-ACTIN (loading control). Paired
SP and non-SP fractions were isolated from uteri bearing MED12 mutation-negative (patient
1) or MED12 mutation-positive (patient 2) uterine fibroids. Note that FOXK1, along

with kinase, but not core, Mediator subunits is enriched in undifferentiated MM SP cells
compared with differentiated non-SP (NSP) (ACTA2-expressing) cells. MED = Mediator.
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