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TO THE EDITOR

The first step of messenger RNA synthesis begins with the recruitment and stabilization of
RNA Polymerase 11 (Pol I1) and other components of the transcription apparatus to the
promoter and formation of a pre-initiation complex. This step of transcription initiation has
been considered the rate-limiting step and controls expression of a significant number of
genes. Recent evidence has also demonstrated that transcriptional control at the post-
initiation steps, including promoter proximal pausing and elongation are central for
regulating gene expression(Adelman and Lis, 2012). Shortly after transcription initiation,
Pol 1l is paused at the promoter-proximal region by negative elongation factors NELF and
DSIF. Positive elongation factor b (P-TEFb) formed by CDK9 and cyclin T comes and
phosphorylates the negative elongation factors to overcome the pausing of Pol Il and initiate
early elongation. P-TEFb also phosphorylates the C-terminal domain of Pol 1l and enables
elongation-coupled mRNA processing. To prevent Pol 1l pervasive pausing and
backtracking, the formation of super elongation complexes (SECSs) is required which
enhances processivity of Pol Il and promotes elongation(Smith et al., 2011).
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The eleven-ninteen lysine-rich leukaemia (ELL) protein was identified as part of the SEC
which promotes transcription elongation with other SEC components such as AFF1, P-
TEFb, ENL, AF9, and AFF4(Chen et al., 2018). It was found in rat liver nuclear extracts and
purified by its ability to stimulate the elongation rate by reducing Pol Il stalling during active
transcription(Shilatifard et al., 1996). More recently, ELL was shown to be important for
transcription initiation by promoting the stabilization of RNA Pol Il recruitment. This
function was shown to be independent of the SEC in order to turn on rapidly induced genes
in HEK293 cells(Byun et al., 2012). In mammals, ELL knockout mice resulted in an
embryonic lethal phenotype, indicating that ELL is required for early embryogenesis(Mitani
et al., 2000). However, it is unknown whether ELL plays any role in the context of adult
stem and progenitor cells, let alone human epidermis. It is also unclear whether ELL acts
through stabilization of Pol Il recruitment to the pre-initiation complex or with the SEC to
promote elongation in primary cells.

For the past decade, our lab has been focused on characterizing critical players in the
maintenance of self-renewal and prevention of premature differentiation of human epidermal
stem and progenitor cells, including transcription factors (ZNF750, SNAI2, TEAD1/3,
KLF3) (Jones et al., 2020b, Li et al., 2020, Mistry et al., 2014, Sen et al., 2012) and
epigenetic factors (DNMT1, JMJD3,cohesin complex, BRD4)(Jones et al., 2020a, Noutsou
etal., 2017, Sen et al., 2010, Sen et al., 2008). Mutations or dysfunction of these regulators
of epidermal homeostasis could result in various disorders of the skin, such as psoriasis,
cancer, eczema, and ichthyosis(Lopez-Pajares et al., 2013). Thus, the elucidation of
transcriptional regulatory mechanisms in human epidermis would provide more insights into
potential therapeutics of skin diseases.

To determine whether ELL plays a role in human epidermal function, we first transfected
human keratinocytes with control siRNA (CTLi) as well as two individual ELL siRNAs
(ELL-A/BI) targeting different regions of the ELL gene and observed consistent loss of cell
number due to depletion of ELL (Figure 1a,1e). Part of the decreased cell number was due to
apoptosis as ELL knockdown cells had higher levels of apoptotic cells (Figure 1b). To
recapitulate the in vivo physiological conditions of human epidermis, we used our three-
dimensional organotypic culture system(Li et al., 2019, Li and Sen, 2015), which
regenerates human skin by seeding primary human keratinocytes on devitalized human
dermis. This allows the cells to establish cell-cell and cell-basement membrane contact to
allow proper growth, differentiation, and stratification all in a 3D context. CTLi or ELL
knockdown cells (ELL-A/BI) were seeded onto the dermis to regenerate human skin. The
proliferative capacity of ELL knockdown basal layer cells were abolished 4 days after
seeding on dermis, which can be seen from the dramatic decrease in Ki67 staining (Figure
1c and 1d). This correlated with decreased gene expressions of MK/67and cell cycle gene
CDK1, in the ELL knockdown tissue (Figure 1e). However, depletion of ELL did not impact
levels of early differentiation markers such as K1 and K10 (Figure 1c,1e,1f). Late
differentiation factors (/VL, SPRR1A, ZNF750) were mostly unchanged except for FLG
which was diminished in ELL knockdown epidermis (Figure 1e—1f). Epidermis regenerated
by ELL knockdown cells still formed a stratum corneum but were hypoplastic, with its
thickness less than half of control tissue (p < 0.05) (Figure 1g and h). These results suggest
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that ELL is required for maintaining the proliferative capacity of the basal layer of the
epidermis.

To determine the gene expression program changes upon ELL loss, we performed RNA
sequencing (RNA-Seq) on CTLi and ELL knockdown cells. 661 genes were downregulated
in ELLi cells, which were enriched in gene ontology (GO) terms including DNA replication,
DNA metabolic process, mitotic cell cycle phase transition, mitotic sister chromatid
segregation, and G1/S transition of mitotic cell cycle (Figure 2a and 2b, Supplementary
Table 1), confirming that ELL is necessary for the proliferative capacity of epidermal cells.
1280 genes were upregulated with GO terms including extracellular matrix organization,
positive regulation of endothelial cell migration, and regulation of smooth muscle cell
migration (Figure 2a and 2c, Supplementary Table 1).

To gain insight into ELL’s genomic binding in primary human keratinocytes, we performed
chromatin immunoprecipitation followed by high-throughput sequencing (ChlP-Seq) with
an ELL specific antibody. We identified a total of 6,184 peaks enriched with ELL binding
using the encode ChIP-Seq pipeline based on MACS2 (Figure 2d). High reproducibility was
observed between the duplicates with a Pearson Correlation coefficient of 0.99
(Supplementary Figure 1a). The vast majority (~68%) of ELL peaks were mapped to genic
regions which included promoter, exon, intron, 5’UTR, 3’UTR, and transcription
termination site (TTS) (Figure 2d). A de novo motif analysis of ELL bound peaks showed
enrichment for HINFP, ETV2, RUNX2, Ahr:Arnt, NFIC, ZNF652, Gfil, E2F, E-box(bHLH)
and ZNF263 (Supplementary Figure 1b). Among these, HINFP, RUNX2 and E2F are critical
transcription factors involved in cell cycle regulation(Glotzer et al., 2008, Xie et al., 2009,
Zheng et al., 1999), suggesting ELL may regulate epidermal self-renewal downstream of
these transcription factors. The 6,184 ELL bound regions were mapped back to 4,135 genes,
which were enriched in GO terms including positive regulation of cell proliferation, negative
regulation of cell differentiation, positive regulation of transcription from RNA Polymerase
I promoter, hemidesmosome assembly, and regulation of cell migration (Figure 2e,
Supplementary Table 2). Since ELL can promote Pol Il mediated transcriptional elongation
and/or facilitate stabilization of Pol 11 recruitment, we performed Pol 11 ChIP-Seq to
compare it to the ELL binding profile (Supplementary Table 3). Pol Il and ELL had similar
binding at ELL bound genes (Figure 2f, Supplementary Figure 1c). However, slight
differences were observed where ELL binding peaked at the transcription start site (TSS)
and waned at the gene body and transcription end site (TES) (Supplementary Figure 1c). Pol
Il also peaked at the TSS but had a second peak near the TES (Supplementary Figure 1c).
This suggests that ELL may function with Pol 11 in transcription initiation rather than
elongation in epidermal stem and progenitor cells.

To identify genes that are directly regulated by ELL binding, we intersected the
differentially expressed genes due to ELL loss (RNA-Seq) with genes bound by ELL (Figure
29). Interestingly, 220 of the 1,280 genes upregulated upon ELL depletion were also bound
by ELL and were enriched in GO terms such as positive regulation of apoptotic process and
regulation of cell migration (Figure 2g-h). The increase in expression of positive regulators
of apoptosis such as BTG1, GADD45A, GADD45B, RHOB, and PMA/IPI may cause the
increased apoptosis seen in ELL depleted cells (Figure 2h,1b, Supplementary Table 1).
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These results suggest that ELL may be acting as a transcriptional repressor on a subset of
genes that it binds. 120 of the 661 downregulated genes were bound by ELL and were
enriched for genes involved in CENP-A containing nucleosome assembly, centromere
complex assembly, positive regulation of cell cycle G2/M phase transition, DNA replication-
independent nucleosome assembly and mitotic sister chromatid segregation (Figure 2g,2i).
Among these 120 genes, we confirmed the bindings of ELL to the TSS of a group of
proliferation related genes (PBK, SMC4, CDK1, FGFBPI, IGFL3) by ChIP-QPCR as
demonstrated by the significant enrichment of ELL pulldown over the IgG control pulldown
(Figure 2j—k, Supplementary Figure 1d—1g). Next, we wanted to determine how ELL loss
impacts Pol Il localization. If ELL is promoting transcription elongation as part of the SEC,
then its knockdown should result in accumulation/stalling of Pol |1 at the TSS since it can’t
properly elongate. However, if ELL is necessary for Pol Il stabilization at the TSS in the pre-
initiation complex, then its loss should result in decreased Pol 1l localization to the TSS.
Importantly, depletion of ELL caused a dramatic reduction of Pol Il from the TSS of
proliferation genes (PBK, SMC4, CDK1, FGFBP1, IGFL3) that ELL binds (Figure 2I). Loss
of Pol Il from the TSS of these genes in turn led to the downregulation of these proliferation
genes on the mMRNA level (Figure 2m,1e). Interestingly, loss of CDK1 expression may not
only lead to decreased proliferation but also an increase in apoptosis as others have
previously shown(Castedo et al., 2002). Our data suggests that ELL is necessary for Pol Il
stabilization at its bound proliferation genes. ELL may also act as a transcriptional repressor
on genes involved in promoting apoptosis, however it is unclear the mechanism of how ELL
does this as previous studies have focused on its role in promoting transcription(Byun et al.,
2012).

Through profiling ELL’s gene expression program and genomic binding, we characterized
the regulatory role of ELL on the transcription of proliferation genes in the context of
primary human keratinocytes. Our findings suggest that ELL plays an essential role in
human epidermal proliferation by binding to proliferation genes and facilitating the
stabilization of RNA Polymerase 1l at the TSS to sustain their gene expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ELL is required for epidermal proliferation.
(a) Primary human epidermal keratinocytes were transfected using control (CTLi) and two

distinct ELL siRNAs (ELL-Ai and ELL-BI). The next day, CTLi and ELL-A/Bi cells were
seeded at 300,000 and counted 4 days later, (b) Annexin V staining was used to determine
the percentage of apoptotic cells in CTLi and ELL-A/BI cells after 4 days of culture, (c)
Regenerated human skin using three-dimensional organotypic cultures made from CTLi or
ELL-A/Bi cells were harvested after 4 days of culture. Expression of K10 (red) and
proliferation marker Ki67 (green) were characterized by immunostaining. Nuclei was
stained using Hoechst (blue), (d) Quantification of the percentage of Ki67-positive cells in
the basal layer, () RT-QPCR for epidermal differentiation and proliferation genes in CTLi
and ELL-A/Bi tissue, (f) Expression of K1 (green) and FLG (red) were characterized by
immunostaining in the regenerated human skin after culture for 4 days. Nuclei was stained
using Hoechst (blue), (g) H&E staining of regenerated human epidermis at day 4. Bar = 20
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pum. (h) Quantification of the tissue thickness of CTLi and ELL-A/Bi regenerated epidermis.
Mean values are shown with error bars = SD, n = 3 for all panels. *P <0.05, **P <0.01,
***p <(0.001, ****P< 0.0001 using one-way ANOVA with post-hoc Tukey. CTL.i, control
small interfering RNA; ELL-AI, ELL small interfering RNA A; ELL-BIi, ELL small
interfering RNA B; K, keratin; NS, not significant; siRNA, small interfering RNA.
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Figure 2. ELL binds to epidermal proliferation genes and promotes Pol 11 stabilization at their
transcriptional start site.

(a) RNA-seq analysis of CTLi and ELL. cells harvested 4 days after transfection. A total of
1,280 genes were upregulated (red) and 661 genes were downregulated (blue). Heatmaps are
presented in Log, scale, n = 2. (b) GO terms for the 661 downregulated genes on ELL.i
knockdown, (c) GO terms for the 1,280 genes upregulated in ELL. cells, (d) Genomic
localization of the 6,184 ELL-bound peaks, () GO terms of the 4,135 genes to which the
6,184 ELL-bound peaks mapped back, (f) Heatmap of ELL ChlIP-seq and Pol 1l ChlIP-seq at
ELL binding regions. X-axis shows genic regions =5 kb to +5 kb of the TSS. (g) Venn
diagram of the overlap between ELL.i differentially regulated genes and ELL-bound genes,
(h) GO terms for the 220 overlapped genes from ELLi upregulated and ELL-bound genes,
(i) GO terms for the 120 overlapped genes from ELLi downregulated and ELL-bound genes,
() Gene track of FGFBP1. ELL ChIP-seq (green) and Pol Il ChlP-seq (blue) tracks are
shown in proliferation conditions. Green or blue bars over peaks represent significant peaks.
Y-axis denotes signal strength, which is shown as reads per million, (k) ChIP-QPCR of
proliferation genes in primary human keratinocytes with ELL pulldown. 1gG pulldowns
were used as a negative control. All primers were targeted toward the TSS of each
proliferation gene. Significant binding was determined using #test. (I) ChIP-QPCR of Pol 1l
pulldown in both CTLi and ELLi cells. Each pulldown was normalized to its respective
input and enrichment shown as a percent of input. All primers were targeted toward the TSS
of each proliferation gene. Significant differences were determined using #test. (m) RT-
QPCR of epidermal proliferation genes in CTLi and ELL.i cells. Kruskal-Wallis (Dunn post-
hoc) for SMC4, CCNBZ, and CCNAZ and one-way ANOVA (Tukey post-hoc) were used to
determine significant differences for the rest of the genes, n = 3. Mean values are shown
with error bars = SD. *P <0.05, **P <0.01, ***P < 0.001, ****P< 0.0001. ChIP-QPCR,
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chromatin immunoprecipitation and QPCR; ChlP-seq, chromatin immunoprecipitation
followed by high-throughput sequencing; CTLi, control small interfering RNA; ELLIi, ELL
small interfering RNA; GO, Gene Ontology; kb, kilobase; Pol 11, RNA polymerase 11; RNA-
seqg, RNA sequencing; TSS, transcription start site.
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