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The study is important to show the role of MED26 in red cell formation. Linking
transcription pausing with erythropoiesis is a key discovery. The data are solid although
there are still spaces to improve. The in vivo data are limited by specificity concerns on
their Cre model. Having RNA-seq, using more erythroid markers such as band3 and a4-
integrin, and orthogonal validation with iPSC-erythropoiesis model will improve the study.
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Abstract
The Mediator complex regulates various aspects of hematopoietic development, but whether
composition of the Mediator complex undergoes dynamic changes for diversifying transcription
and functional outputs is unknown. Here, we found that MED26, a subunit in the core Mediator
complex, played a distinctive role in facilitating transcription pausing essential for erythroid
development. While most Mediator subunits drastically decreased during this process, MED26
remained relatively abundant. Intriguingly, in the early stages, more than half of MED26
occupancy sites did not co-localize with MED1, a representative Mediator subunit, suggesting these
subunits exert context-dependent gene regulation. We revealed that MED26-enriched loci were
associated with RNA polymerase � pausing. MED26 manifested a markedly preferential
recruitment of pausing-related factors, leading to an increase in Pol � pausing critical for genome-
wide transcription repression during erythropoiesis. Moreover, MED26 exhibited pronounced
condensate-forming capability, which was necessary for its function in promoting erythropoiesis
and recruiting pausing-related factors. Collectively, this study provides mechanistic insights into
the functional coordination of distinct Mediator subunits during development and highlights the
switch of transcription condensates towards a MED26 enriched form, which modulates
transcription pausing to facilitate transcription repression and erythroid development.

Introduction
During mammalian erythroid development, erythroblasts undergo chromatin reorganization that
involves drastic nuclear condensation and global transcription repression before enucleation1–3.
Terminal erythropoiesis has been associated with declines in histone marks involved in
transcription elongation, including H3K36me2, H3K36me3, and H3K79me24,5, along with an
increase in H4K20me, a modification associated with Pol � pausing and erythroblast chromatin
condensation6,7. The positive transcription elongation factor (P-TEFb), which contains the catalytic
subunit cyclin-dependent kinase 9 (CDK9), cooperates with the master erythroid transcription
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factor GATA1 to enhance transcription elongation8. HEXIM1, a regulator that promotes Pol �
pausing, is highly expressed during terminal erythropoiesis and is associated with accelerated
erythroid differentiation9. Collectively, these findings suggest transcription pausing and elongation
play regulatory roles in erythropoiesis, yet the mechanisms governing their upstream regulation
remain largely unknown.

Transcription pausing is a prevalent regulatory mechanism when RNA polymerase � (Pol �)
initiates transcription but stalls at 20∼60 bp downstream of the transcription start site10,11. Pol �
pausing exerts a pivotal influence on cell fate determination and development by intricately
regulating gene expression dynamics, with paused Pol � near critical genes acting as molecular
sensors, awaiting external cues to swiftly trigger or inhibit transcription and thereby orchestrating
precise gene expression patterns pivotal for differentiation12–14. The importance of transcription
pausing has been demonstrated in drosophila mid-blastula transition and cell specification in
mouse embryonic stem cells15. Nonetheless, many mechanistic questions regarding Pol � pausing
in mammalian development remain unanswered, particularly beyond cell specification. For
instance, how does pausing impact upon the subsequent differentiation progression?

The Mediator complex is a large multi-subunit complex composed of head, middle, tail, and CDK8
kinase modules and is conserved from yeasts to metazoans16,17. The Mediator complex forms a
functional bridge between gene promoters and enhancers, linking tissue-specific transcription
factors (TFs) with general transcription factors (GTFs) and Pol �, thereby serving as an integrative
hub for pre-initiation complex assembly, transcription elongation, and termination16,18. Several
Mediator subunits was shown to be important for erythropoiesis, including MED1 and MED2519–

21. Previous studies on Mediator-regulated developmental processes have often focused on the
function of a single subunit and its cooperation with a TF; however, it remains unclear how
individual Mediator subunits functionally cooperate across developmental stages, thereby
contributing to the establishment of a context-dependent transcriptional program22.

Here, we used erythropoiesis as a paradigm to address the mechasims of global transcription
repression and how individual Mediator subunits cooperatively diversify the function of the
Mediator complex in a developmental scenario. Our study reveals that while MED1 and MED26 co-
occupy a plethora of genes important for cell survival and proliferation at the HSPC stage, MED26
preferentially marks erythroid genes and recruits pausing-related factors for cell fate
specification. Gradually, MED26 becomes the dominant factor in shaping the composition of
transcription condensates and transforms the chromatin towards a repressive yet permissive
state, achieving global transcription repression in erythropoiesis. This study not only unveils the
mechanism of Mediator regulating transcription pausing but also how the increasing dominance
of a single subunit drives the transformation of transcription states and progression of a
developmental process.

Results
The levels of most Mediator subunits decreased, while MED26
remained relatively abundant, during erythropoiesis
During terminal erythropoiesis, global transcription repression occurs concurrently with
erythroid differentiation, but it remains unclear how global genes are repressed, while few
selective genes remain actively transcribed. As the Mediator complex is crucial in the regulation of
various transcription steps, we detected its expression in primary human erythroblasts derived
from CD34+ hematopoietic stem and progenitor cells23. We found that the protein levels of most
Mediator subunits decreased substantially in the terminal erythroid differentiation; in contrast,
unexpectedly, that of MED26 remained detectable throughout (Figure 1A     -1C     ). Consistently,
immunofluorescence imaging of primary erythroblasts isolated from E14.5 mouse fetal livers
revealed that the MED1 level declines while MED26 remains detectable from early to late
erythropoiesis (Figure 1D     ). Given the relative abundance of MED26 in terminal erythropoiesis
and the critical function of the Mediator complex in transcription regulation, we reason that
MED26 may serve a unique function in late erythropoiesis24.
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Figure 1. Differential stoichiometry changes of Mediator complex subunits during erythropoiesis.
(A) Western blot showing the relative abundance of Mediator subunits over time (Days 0-20) in primary human CD34+

erythroid culture. β-actin was used as a loading control, and NCOA4, which is highly expressed in terminal erythropoiesis,
served as a positive control. (B) FACS sorting strategy for isolating indicated cell populations and corresponding micrographs
by benzidine-Giemsa staining. (C) Western blot showing the relative abundance of Mediator subunits in FACS-sorted cell
populations representing different developmental stages (HSPC: CD71-CD235a-; early erythroblasts, EEB: CD71+CD235a+; late
erythroblasts, LEB: CD71-CD235a+) in human CD34+ erythroid culture with β-actin as a loading control, and NCOA4 as a
positive control. (D) Immunofluorescence imaging of MED1 (left) or MED26 (right) in mouse fetal liver erythroblasts.
CD71+Ter119- cells are early erythroblasts (shown by dotted arrows), and CD71+Ter119+ cells are late erythroblasts (shown by
white solid arrows). Hoechst 33342 staining was used to indicate the nuclear area.
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MED26 plays a crucial role in erythropoiesis
To investigate the regulatory role of Med26 in erythropoiesis in vivo, we constructed Med26
conditional knockout mice with Cre recombinase expression driven by the erythropoietin receptor
(EpoR) promoter (Med26flox/flox; EpoR-Cre/+). The results show that Med26-erythroid-specific
knockout mice exhibit pale embryos and severe anemia at E14.5 (Figure 2A     ), demonstrating the
direct regulatory role of Med26 in fetal erythropoiesis.

Next, to examine the role of Med26 in adult erythropoiesis, we generated inducible conditional
knockout mice (Med26flox/flox; Mx1-Cre/+). Using this system, pIpC injection induces Med26
genomic loci recombination at the specified developmental timepoint (Fig. S1A-B), leading to
substantial downregulation of Med26 protein expression (Figure 2B     ). Giemsa staining of the
peripheral blood smear showed the presence of irregularly shaped RBCs and scarce reticulocytes
(Figure 2C     ). We further assessed the erythroid recovery capacity differences of Med26 knockout
under stress conditions by irradiation protection and phenylhydrazine induced acute hemolytic
anemia models. First, we harvested 10 million bone marrow cells from either control or cKO
CD45.2+ mice and transplanted them into irradiated myeloablative CD45.1+ recipient mice.
Following a 2-week period for hematopoietic reconstitution, Med26 was knocked out via pIpC
induction, and CBC analyses were performed weekly (Figure 2D     ). The results showed that prior
to Med26 knockout through pIpC induction, red blood cells in both the control and Med26 cKO
groups were reconstructed to similar levels. However, following the Med26 knockout, there was a
worse survival rate (Figure 2E     ) and a marked decline in erythroid parameters and the
chimerism percentage of red blood cells (Figure 2F-I      and Fig. S2). Additionally, under
phenylhydrazine (PHZ)-induced acute hemolytic anemia conditions, cKO mice were unable to
recover after PHZ treatment (Fig. S3). These results demonstrate that Med26 is essential for
erythrocyte reconstitution. Collectively, these findings show that Med26 is crucial for
erythropoiesis under both normal and stress conditions.

Furthermore, we conducted a gain-of-function assay in the primary human erythroid culture
system23, which showed that MED26 overexpression accelerated erythroid differentiation (Figure
2J     -2L     ). To determine whether the acceleration is stage-specific, we isolated cells at different
stages—HSPCs (CD71-CD235a-), erythroid progenitors (CD71+CD235a-) and erythroid precursors
(CD71+CD235a+)—from human CD34+ erythroid cultures by FACS sorting and induced MED26
overexpression. Our findings demonstrate that MED26 can accelerate erythropoiesis across all
examined stages (Fig. S4). In summary, we demonstrate that MED26 is essential for erythropoiesis
and that MED26 overexpression can accelerate the process.

MED26-enriched chromatin sites are associated with RNA
polymerase II pausing
To further dissect the molecular basis underlying MED26 function, we analyzed the CUT&Tag
signals of MED26 and compared them to those of MED1, which is often regarded as a
representative subunit of Mediator, in human CD34+ erythroid culture cells on Day 4.
Unexpectedly, we found that ∼60% of chromatin sites with MED1 or MED26 occupancy did not
colocalize (Figure 3A      and Fig. S5A). Notably, MED26 colocalizes with GATA1 and GATA2 better
than MED1, indicating a potential functional association between MED26 and GATA factors that
could play a pivotal role in the regulation of erythroid transcriptome (Figure 3A     ). The presence
of MED1-or MED26-enriched puncta were observed in primary human erythroblasts as well as
other cell types (Fig. S5B-5C). We then calculated the signal ratio of MED26 to MED1 at the
transcription start sites (TSSs) of their occupancy loci. While a large fraction of MED1- and/or
MED26-occupied genes have a relatively constant MED26/MED1 signal ratio, a considerable
number of genes have differential MED26/MED1 ratios, indicating that the chromatin occupancy
of MED26 and MED1 does not always correlate. We defined the maximum 10% ratio as an
indicator of MED26-enriched chromatin sites and the minimum 10% ratio as an indicator of
MED26-poor chromatin sites (Figures 3B     -3C     ). To elucidate how the enrichment of MED26
impacts transcription, we conducted a CUT&Tag assay of Pol II and precision nuclear run-on
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Figure 2. MED26 regulates all stages of erythropoiesis.
(A) Representative images of mouse embryos of Med26flox/flox;wt/wt and Med26flox/flox;EpoR-Cre/wt at E14.5. Scale bar=5
mm. (B-I) Analyses conducted in Med26flox/flox;Mx1-Cre/wt mice. In these panels, “cKO” refers to Med26flox/flox;Mx1-Cre/wt
mice. (B) Western blot demonstrating Med26 knockout efficiency in mouse spleen cells with GAPDH as a loading control. (C)
Giemsa staining of peripheral blood smears from control and cKO mice. The arrow indicates reticulocytes. For panels (B and
C), tests and phenotypes were analyzed 3 days after administering 10 µg/g pIpC. (D) Timeline of the mice bone marrow
transplantation procedure. Bone marrow cells were collected from CD45.2+ control or cKO mice. Subsequently, 10 million
cells were injected into 10Gy (5Gy+5Gy) irradiated myeloablative CD45.1+ recipient mice. After a two-week period of
hematopoietic reconstitution, the mice received two injections of 100 µg pIpC (totaling 200 µg) to induce Med26 knockout.
Peripheral blood samples were collected weekly from weeks 2-4 for CBC analysis and chimera percentage assessment. (E)
Survival rate of recipient mice after Med26 knockout. The p value was calculated by Kaplan-Meier log rank test, *, p < 0.05. (C)
Giemsa staining of peripheral blood smears from control and cKO mice. Scale bar=10 µm. (F-I) The graphs depict the
dynamics of erythroid reconstitution before and after Med26 knockout. Data are represented as the mean ± SD (Control
group: n=6; cKO group: n=9). Statistical significance is denoted as n.s., not significant, *, p < 0.05, **, p < 0.01, ***, p < 0.001,
****, p < 0.0001 as determined by Student’s t-test. (J) Western blot demonstrating MED26 overexpression efficiency in the ex
vivo human CD34+ erythroid differentiation system on Day 8 with GAPDH as a loading control. (K) Pictures of CD34+ cell
pellets upon MED26 overexpression on Day 10 and Day 12. The dotted circles indicate the cell pellet positions. (L) FACS
analysis to detect two erythroid markers (CD71 and CD235a) upon MED26 overexpression. Data are represented as the mean
± SD (n=3).
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sequencing (PRO-seq) in human CD34+ erythroid culture cells on Day 4. We found that Pol II has
more signals spanning through the gene body at MED26-poor chromatin sites, whereas Pol II often
has distinct enrichment at the TSS region, transcribing a higher percentage of short RNAs at
MED26-enriched chromatin sites and indicating Pol II pausing (Figures 3D     -3E     ). To better
characterize this observation, we calculated the pausing index (PI), which is defined by the ratio of
the read count at the TSS region to the read count at the gene body region after normalizing both
read counts by the length of the genomic region (Fig. S5D)25. Our analysis revealed that the
MED26-enriched loci had a significantly higher PI (p < 2.2 × 10-16), longer gene length (p = 4.092 ×
10-10), and similar exon numbers (p = 0.09774) than the MED26-poor loci (Figures 3F      and Fig.
S5E). Based on the overall quantification, we found that Pol II in MED26-enriched chromatin sites
transcribes genes with a higher PI, lower elongation efficiency and a higher percentage of short
RNAs (Fig. 3G     ).

MED26 recruits pausing-related factors to mediate transcription
pausing
To examine how MED26 might mediate transcription pausing, we performed immunoprecipitation
coupled with mass spectrometry (IP-MS) to identify interacting proteins of MED1 and MED26 and
then analyzed the relative protein interaction using normalized spectral abundance factors
(NSAFs)26. While MED26 and MED1 similarly coimmunoprecipitated with the majority of other
Mediator subunits (the head, middle, and tail modules) and the elongation complex, MED26
interacted much less with the CDK8 kinase module than MED1, consistent with a previous study27.
Remarkably, MED26 exhibited a substantially higher interaction with transcription pausing
related factors (NELF, DSIF, and PAF complexes) compared to MED1, which supports our notion
that MED26 associates with pausing (Figures 4A     -4B      and Table S1). Knocking out MED26
significantly impairs the recruitment of PAF1 to MED26 occupancy sites, indicating the presence of
MED26 facilitates the recruitment of PAF1 (Figure 4C     ). Promoter-proximal pausing of Pol II after
initiation represents a poised stage which requires additional activation for productive
transcription elongation14,28. Our findings, demonstrating the comparable interactions of MED26
with elongation factors and its markedly stronger interactions with pausing-related factors
compared to MED1, may explain their differences in regulating Pol II behavior.

MED26-mediated transcription pausing serves as a critical mode of
gene regulation in terminal erythropoiesis
To address how the enrichment of MED26 impacts transcription during erythropoiesis, we used
CUT&Tag assays to analyze the ratio of MED26 to MED1 chromatin occupancy on Day 4 and Day 16
of primary human CD34+-derived erythroblasts. Our results revealed that the ratio of MED26 to
MED1 increased at both erythroid and nonerythroid genes during differentiation, and the ratio at
erythroid genes on Day 16 had a more marked increase relative to that at nonerythroid genes
(Figure 4D     ). We then performed PRO-seq on Day 4 or Day 16 ex vivo-cultured human
erythroblasts. Our results revealed that the PI increased at both nonerythroid genes (p < 2.2 × 10-

16) and erythroid genes (p < 2.2 × 10-16), along with an increase in the MED26 to MED1 ratio during
erythroid development (Figure 4E     ). Non-erythroid gene RPS9 showed decreased occupancy of
MED1 and MED26 from Day 4 to Day 16, with a more pronounced decrease of MED1 signal;
erythroid gene HBB showed increased occupancy of MED1 and MED26 from Day 4 to Day 16, with
a more profound increase of MED26 signal (Figure 4F     ). Meanwhile, a higher percentage of
nascent short RNAs were transcribed and accumulated at both non-erythroid and erythroid genes,
resulting from transcription with a higher pausing index and lower elongation efficiency in
terminal erythropoiesis (Figure 4F     ). To test whether the increase of transcription pausing
accelerates erythropoiesis, we added 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB), which
represses transcription elongation by inhibiting CDK929, to Day 6 ex vivo-cultured human
erythroblasts. The addition of DRB increased the number of CD71+CD235a+ erythroblasts
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Figure 3. RNA polymerase � exhibits transcription pausing at MED26-enriched loci.
(A) Heatmaps from CUT&Tag assays showing the number and distribution of MED1, MED26, GATA1 and GATA2 common
peaks; MED1 unique peaks, and MED26 unique peaks on Day 4 in the primary human CD34+-derived erythroid culture. (B)
The ratio of MED26 to MED1 signals on all the transcription start sites (TSSs) with MED1 and/or MED26 occupancy in CUT&Tag
assays of primary human erythroblasts on Day 4. Each dot represents one gene. (C) Schematic defining the MED26-enriched
or MED26-poor Mediator loci. (D) Heatmaps showing RNA Pol � and PRO-seq signal of MED26-enriched or MED26-poor genes
from −3 kb of the TSS to the +3 kb of transcription end site (TES). (E) IGV visualization showing examples of MED26-enriched
(top) and MED26-poor (bottom) loci. RPB1 is the largest component of RNA Pol �. (F) Boxplots comparing the pausing indices
of MED26-enriched or MED26-poor loci. The pausing indices were calculated from RPB1 CUT&Tag or PRO-seq. The p values
were calculated using the two-sided Wilcoxon rank-sum test. (G) Model representing the different transcription behaviors of
MED26-enriched or MED26-poor condensates.
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Figure 4. Transcription pausing is essential for erythropoiesis.
(A) Heatmap showing the relative interaction strengths of the indicated proteins baited with MED1 or MED26 in HEK293 cells.
The relative interaction strength was calculated according to the NSAFs from mass spectrometry data (see Methods). (B)
Coimmunoprecipitation of HEK293 cells transfected with 3×Flag-MED1, 3×Flag-MED26, or 3×Flag-EV (control plasmid).
Following immunopurification by Flag antibody, western blotting was performed on the complexes using antibodies against
components of the pausing complexes (NELF-A, NELF-D, PAF1, and LEO1), the Mediator CDK8 kinase module (CCNC1), and
the elongation complex (CDK9 and CCNT1). (C) Heatmaps showing MED26 and PAF1 signal distribution of −3∼+3 kb regions
around peak centers in wild type or MED26 KO K562 cells. (D-E) Boxplots comparing the MED26 to MED1 signal ratio and the
PI on Day 4 and Day 16 of the human CD34+-derived erythroid culture. Day 4 ex vivo cultured cells primarily consisted of
HSPCs and some erythroid progentiors, while day 16 cells predominantly included late erythroblasts. (The p values are
calculated by paired Wilcox test. Nonerythroid genes and erythroid genes were defined based on published data50). (F) IGV
visualization of the CUT&Tag signals of PRO-seq, MED1, and MED26 at the RPS9 (nonerythroid gene) and HBB (erythroid gene)
loci. (G) FACS analysis detecting erythroid differentiation upon treatment with 30 µM DRB (5,6-dichloro-1-beta-D-
ribofuranosylbenzimidazole) in Day 6 primary human erythroblasts, performed on Day 10. (Left) Cell death rate after DRB
treatment, assessed by PI staining. (Right) Accelerated erythroid differentiation detected by the percentage of CD235a-
positive cells. Data are represented as the mean ± SD (n=5). The p values were calculated using an unpaired two-tailed
Student’s t test, and significant differences are marked by asterisks: ****p<0.0001, n.s., not significant.
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compared to the mock group (Figure 4G     ). Collectively, our findings reveal that MED26
enrichment is associated with increased transcription pausing during terminal erythroid stages,
which can accelerate erythroid development.

The condensate-forming capacity of MED26 is essential for
erythropoiesis
Based on previous structural studies30,31, MED26 contains three domains— a TFIIS domain (amino
acids (a.a.) 1-87), an unstructured domain (a.a. 88-480), and a Mediator complex interacting
domain (a.a. 480-600). To determine which domain is important for the erythropoiesis promotion
function of MED26, we overexpressed these three segments of MED26 in human CD34+ HSPCs,
which showed that a.a. 88-480 alone can sufficiently accelerate erythroid differentiation as full-
length MED26 (Figure 5A     ). As unstructured low-complexity domains tend to undergo phase
separation, we used the OptoDroplet assay, in which proteins with phase separation capacity will
aggregate when triggered by blue light, to examine MED26 truncations (Fig. S6A). The results
showed that the truncations containing a.a. 88-480, the putative intrinsically disordered region
(IDR), exhibited aggregate-forming capacity (Fig. S6B-6C and Movie S1-4). Interestingly, a.a. 1-480
formed more conspicuous aggregates than all other truncations, which suggests that a.a. 1-87 can
promote the phase separation capacity of the MED26 IDR (Fig. S6B-6C and Movie S1-4). In vitro
assays further validated that a.a. 88-480 of MED26, but not a.a. 1-87 or 480-600, had phase
separation capacity (Figure 5B     ). Collectively, these results indicate that a.a. 88-480, the phase-
separation domain of MED26, is the key segment promoting erythroid differentiation.

MED26 exhibits more pronounced capability of biomolecular
condensate formation than MED1
Biomolecular condensates have emerged as a prevalent mechanism for transcription control32.
Intrinsically disordered regions (IDRs) and/or low-complexity protein sequences are necessary for
biomolecular condensate-mediated phase separation and are predicted to widely exist in Mediator
subunits33. MED1 has been reported to mediate transcription regulation via phase separation and
serves as a surrogate to study phase separation of transcription machinery34,35, but it remains
unclear whether the other Mediator subunits also form liquid-like condensates. Therefore, in
addition to MED26, we also tested whether other Mediator subunits have condensate-forming
capability by conducting the OptoDroplet assay (Figure 5C     )36. This assay revealed that MED1,
MED4, MED26, and MED28 had droplet-forming capability (Figure 5D      and Movie S5-17),
consistent with the prediction by natural disordered region (PONDR) analysis (Fig. S7A) and
structural evidence showing that large parts of these proteins are unstructured30. During
erythropoiesis, we not only found that the level of most Mediator subunits declined but that of
representative transcription condensate-forming proteins, such as BRD4 and RPB1, also
diminished substantially (Figures 1A-1C      and 5D     ). Taken together, these findings revealed a
distinct stoichiometric composition of individual Mediator subunits in transcription condensates
during terminal erythroid differentiation.

We examined whether MED26 exhibits droplet properties in vivo by the fluorescence recovery
after photobleaching (FRAP) assay, which showed that enhanced green fluorescence protein fused
with MED26 (EGFP-MED26) can form condensates in K562 erythroleukemia cells and that the
signal recovers promptly after photobleaching (Fig. S7B and Movie S18). Immunofluorescence
imaging showed that Mediator condensates were diffused upon treatment with 1,6-hexanediol
(1,6-HD), which can disrupt liquid-like condensates (Fig. S7C). To better characterize the intrinsic
condensate-forming capacity of MED26, we expressed and purified putative EGFP-MED26-IDR (Fig.
S7D) 30. We observed that EGFP-MED26-IDR can form phase-separated droplets in vitro, with or
without crowding reagents (10% PEG8000) (Fig. S7E-7G). Using time-lapse imaging, we were able to
capture fusion events of the MED26 droplets, indicating their fluidic property (Fig. S7E and Movie
S19-20). We then performed a droplet formation assay with varying concentrations of EGFP-MED1-
IDR, EGFP-MED26-IDR, and EGFP, which showed that MED26-IDR has a lower saturation
concentration of phase separation than MED1-IDR (Figure 5E     ). Moreover, we observed that

Developmental Biology

https://doi.org/10.7554/eLife.102023.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology


Zhu, Zhang, Li et al., 2024 eLife 13:RP102023.  https://doi.org/10.7554/eLife.102023.1 10 of 25

Figure 5. MED26 exhibits a strong condensate-forming capacity and its condensate-forming domain is
sufficient to accelerate erythroid differentiation.
(A) FACS analysis to detect erythroid markers (CD71, CD235a) upon full-length or truncated MED26 overexpression in ex vivo
human CD34+ erythroid culture. Data are represented as the mean ± SD (n=3). The p values were calculated using an
unpaired two-tailed Student’s t test, and significant differences are marked by asterisks: ***p<0.001, n.s., not significant. (B)
In vitro phase separation assay of the indicated MED26 truncations fused with EGFP in a low salt buffer. (C) (Top) Schematic
diagram of the OptoDroplet assay. The candidate protein was fused with mCherry and CRY2. Upon blue light stimulation,
only disordered proteins can form aggregates. (Bottom) Time-lapse images of various Mediator subunits analyzed by the
OptoDroplet assay. The subunits are indicated on the left, and subcellular localization is indicated on the right. (D) Western
blot showing the relative abundance of BRD4 and RPB1 over time (Days 0-20) in human CD34+ erythroid culture with β-actin
as a loading control. (E) Droplet formation assays of gradient-diluted MED26 and MED1 IDR proteins in low-salt buffer
without PEG. (F) Model representing transcription condensate component switching during erythroid differentiation.
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MED26-IDR droplets are sensitive to 1,6-HD and high salt treatment, indicating that hydrophobic
and electrostatic interactions contribute to droplet formation (Fig. S7F-7G). Collectively, our results
demonstrate that MED26, a subunit in the core Mediator complex, can undergo phase separation
in vitro and in vivo and the transcription condensates shift towards a MED26-enriched form
during terminal erythroid differentiation (Figure 5F     ).

The erythropoiesis-promotion function of MED26 is dependent on
its capacity of recruiting pausing-related factors
To determine whether the recruitment of pausing-related factors depends on the phase separation
capacity of MED26, we purified mCherry fused with the disordered region of a pausing factor,
PAF1. The in vitro droplet formation assay not only showed that a.a. 1-480 of MED26 can recruit
PAF1, but also suggested that the presence of pausing-related factors reciprocally promotes
condensates formation of MED26 (Figure 6A     ). To investigate whether the IDR of MED26
contributes to the recruitment of pausing-related factors, we constructed EGFP fused with various
truncations of MED26 and tested the recruitment of PAF1-mCherry. The results demonstrate that
MED26’s ability to recruit PAF1 is contingent on its IDR, which cannot be substituted by the FUS
IDR domain, a known sequence that can drive liquid-like condensate formation (Figure 6B     ).
These observations imply that MED26’s IDR domain plays a distinctive role in recruiting PAF1. The
PAF1 complex could regulate promoter proximal pausing and/or release depending on the cellular
context, but PAF1C was initially regarded as a pausing factor, akin to the DSIF complex, that
counteracts transcription elongation in erythropoiesis37–40. Knocking down PAF1 or SPT5 (a
known pausing factor, subunit of DSIF complex) in the human CD34+ erythroid system similarly
inhibits erythropoiesis, indicating a crucial role of pausing in erythropoiesis (Figure S8A-8B). To
further investigate the functional association between MED26 and pausing-related factors in
erythropoiesis, we conducted simultaneous PAF1 knockdown and over-expression of MED26 in the
primary human CD34+ erythroid culture system. The results revealed that the erythropoiesis
promotion by MED26 was abolished by PAF1 knockdown (Figures 6C     -6E     ). Taken together, the
findings indicate that both the IDR and TFIIS domains of MED26 are necessary for the recruitment
of pausing-related factors to the MED26-enriched condensates, and MED26 accelerates
erythropoiesis via its association with these factors.

Transcription pausing is an important mode of transcription regulation that is often associated
with rapid and synchronous gene induction in development13. To understand how MED26-
mediated transcription pausing regulates terminal erythroid differentiation, we analyzed overall
gene expression and Pol II occupancy during erythroid differentiation. We found that the
expression of nonerythroid genes was downregulated, while that of erythroid genes was
upregulated (Supplemental Figure 8C). Furthermore, we found that Pol II occupancy decreased at
nonerythroid gene loci, while that at erythroid loci increased during erythroid development
(Supplemental Figure 8D). Taken together, the data suggest that there is an overall increase in
transcription pausing resulting from the shift of transcription condensates towards a “MED26
enriched form”, leading to decreased elongation efficiency and global transcription repression
during terminal erythropoiesis. Under the condition of increased pausing, nonerythroid genes
exhibit low Pol II occupancy, which results in decreased gene expression; erythroid genes have
higher Pol II occupancy, despite exhibiting an accumulation pattern at the TSS, still resulting in the
production of abundant full-length transcripts (Figure 6F     ).

Discussion
Global gene repression is a unique and pivotal feature of terminal erythropoiesis, the mechanism
of which remains elusive4. MED1, the representative subunit of the Mediator complex, was shown
to be critical for erythropoiesis in vivo19,20, but it remains unclear whether other subunits exert
specific functions during this process. In this study, we uncovered that the composition of
Mediator-containing transcription condensates are highly dynamic during erythropoiesis, with
most subunits diminishing while MED26 remained relatively abundant throughout the process. By
comparing the chromatin occupancy sites of MED26 and MED1, we revealed that MED26-enriched
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Figure 6. MED26 accelerates erythropoiesis by recruiting pausing factors through its phase separation
domain.
(A) In vitro phase separation assay of EGFP-fused MED26 1-480 and mCherry-PAF1-400-531 with a buffer containing 5% PEG-
8000. (B) Representative images of MED26-KO K562 cells transfected with MED26-truncations-EGFP and PAF1-mCherry. The
white dotted circle indicates the nuclear area. (C-D) qPCR validation of the relative expression of PAF1and MED26 in indicated
CD34+ cells. qPCR data are represented as the mean ± SD (n=3). (E) FACS analysis to detect two erythroid markers (CD71 and
CD235a) upon simultaneous PAF1 knockdown and MED26 over-expression. Data are represented as the mean ± SD (n=3). (F)
Model representing the transcription features of erythroid and nonerythroid genes during different differentiation stages.
The p values were calculated using an unpaired two-tailed Student’s t test, and significant differences are marked by
asterisks: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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chromatin sites are associated with transcription pausing. We uncovered that a major
unstructured segment (IDR) of MED26 is necessary for its function in promoting erythropoiesis.
MED26 has a much stronger preference to interact with pausing-related factors compared to
MED1. Moreover, the IDR of MED26, which exhibits pronounced condensate forming capability, is
essential for recruiting pausing-related factors to the MED26-enriched condensates. Altogether,
our findings demonstrate that the relative enrichment of MED26 in terminal erythropoiesis leads
to a shift of the transcription condensates towards a “MED26-enriched form”. This shift, in turn,
facilitates the recruitment of pausing-related factors, thereby achieving global gene repression.

Biomolecular condensates-mediated dynamic cellular compartmentalization has emerged as a
common mechanism in various aspects of transcription regulation32. Recently, a number of
transcription regulatory proteins, including MED1, BRD4, and Pol II CTD34,35,41, have been
reported to form biomolecular condensates or membraneless compartments mediated by phase
separation, which has become an emerging model to explain diverse cellular events, including
transcription regulation42–44. The presence of promoter condensates and gene-body condensates
has been proposed at different transcription steps45,46. Nonetheless, it remains unclear whether
the dynamic composition of these condensates could contribute to driving the progression of
developmental processes. Our study not only found that MED26 exhibits more conspicuous
condensate-forming capacity than most other subunits, but also identified MED26-enriched
condensates as a dominant form of transcription condensates in terminal erythropoiesis,
prominently facilitating Pol II pausing, which is pivotal for global transcription repression of
terminal erythropoiesis.

Transcription pausing can serve as an important mechanism for precise transcription
regulation14. Regarding how erythroid genes remain transcriptionally active in terminal
erythropoiesis, we propose two hypotheses. First, the master erythroid transcription factors
GATA1 and EKLF have been shown to recruit P-TEFb, which enhances transcription elongation8.
Moreover, erythroid genes are enriched with elongation factors. In zebrafish erythropoiesis,
TIF1γ-dependent recruitment of positive elongation factors to erythroid genes counteracts Pol II
pausing37. Second, critical cytokines such as erythropoietin (EPO) can stimulate pause release47.
Therefore, although MED26 has a preference for recruiting pausing-related factors, TFs or
cytokines could, in turn, relieve transcription pausing. Therefore, MED26 may serve as a
gatekeeper for pausing Pol II, which may remain paused until further signaling for productive
elongation to occur.

All in all, our study utilizes erythropoiesis as a unique paradigm to provide mechanistic insights
into context-dependent transcription regulation during development. We have uncovered that the
composition of Mediator-containing transcription condensates can be highly dynamic, and
different forms of transcription condensates contribute to the versatile transcriptional and
functional outputs. Our study identifies a stoichiometric switch of Mediator during erythroid
development, and MED26-enriched condensates serve as an important regulator for transcription
pausing and could potentially be a therapeutic target for diseases, such as erythroid dysplasia.

Methods
Detailed methodology is provided in the Supplemental information file.

Ex vivo CD34+ cell erythroid differentiation system
CD34+ cells were purified from human cord blood (Cord Blood Bank of Beijing) using the MACS
MicroBead kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The two-phase erythroid
differentiation protocol was modified from the previous study23.

Mice
All mice were constructured by CRISPR-Cas9 gene-editing technology and bred under specific-
pathogen-free (SPF) conditions. All mouse procedures were approved by the Animal Care and Use
Committees of Peking University. The detailed information about mice are provided in the
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Supplemental information file.

High-throughput sequencing library construction and analysis
The CUT&Tag assay was performed as previously described48 and followed the manufacturer’s
instructions for the kit (Vazyme, Nanjing, China). PRO-seq libraries were prepared as described
previously49. The detailed information about high-throughput sequencing library construction
and analysis are provided in the Supplemental information file.

Data sharing statement
All sequencing data are available in the NCBI Gene Expression Omnibus (GEO) database
(GSE212374). The code is available upon request.

Acknowledgments
We thank the Flow Cytometry Core and the Imaging Core of the National Center for Protein
Sciences at Peking University (PKU). We thank the High-Performance Computing Platform of the
Center for Life Sciences (Peking University) for supporting data analysis. We thank Drs. Zhi Qi,
Xiong Ji, Jiazhi Hu and Chengqi Yi (PKU) for their suggestions on the project. We are grateful to Dr.
Hongxia Lv, Dr. Liying Du, Dr. Chunyan Shan, Dr. Siying Qin, Dr. Dong Liu, Dr. Qi Zhang, Dr. Guilan
Li, Dr. Jia Luo, Huan Yang, Xuefang Zhang, Yinghua Guo, and Jun Cheng (PKU) for technical
support. We thank all the other members of the laboratory for their critical reading of this
manuscript. This project was supported by grants from the National Key R&D Program of China
(2022YFA1103300), the National Natural Science Foundation of China (82370124), and the Peking-
Tsinghua Center for Life Sciences and School of Life Sciences, Peking University, to H.Y.L. and by
grants from Department of Science and Technology of Zhejiang Province (Key Program Grant,
2021YFA1100100), the National Natural Science Foundation of China (81973993), the Zhejiang
Provincial Natural Science Foundation of China (LR20C070001), and the Hangzhou Science and
Technology Major Project (2018HZKJSA10095) to X.G.

Additional information
Authorship contributions
S.Z., X.G. and H.Y.L. conceptualized this project and designed the experiments. S.Z., M.L., X.Y.Z., S.X.,
Q.Y., N.L., Y.L., D.L., Z.L.Z., Z.F., X.J., Y.D., Q.H., Y.Y.Z. and W.H.C. performed the experiments. S.Z.,
X.T.Z., X.Y.Y. and F.W. conducted the bioinformatic analyses. S.Z., X.G. and H.Y.L. wrote the
manuscript. All authors discussed the results and commented on the manuscript.

Conflict of Interest Disclosures
The authors declare no competing interests.

Additional files
Supplementary information      

Table S1      

Table S2      

Movie S1      

Movie S2      

Movie S3      

Movie S4      

Movie S5      

Movie S6      

Developmental Biology

https://doi.org/10.7554/eLife.102023.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file01.docx
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file02.xlsx
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file03.xlsx
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file04.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file05.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file06.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file07.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file08.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file09.mp4
https://elifesciences.org/subjects/developmental-biology


Zhu, Zhang, Li et al., 2024 eLife 13:RP102023.  https://doi.org/10.7554/eLife.102023.1 15 of 25

Movie S7      

Movie S8      

Movie S9      

Movie S10      

Movie S11      

Movie S12      

Movie S13      

Movie S14      

Movie S15      

Movie S16      

Movie S17      

Movie S18      

Movie S19      

Movie S20      

Note
This reviewed preprint has been updated to include Additional files.

Additional information
Author ORCID iDs
Hsiang-Ying Lee: http://orcid.org/0000-0002-1503-5818

References
Mei Y., Liu Y., Ji P (2021) Understanding terminal erythropoiesis: An update on chromatin
condensation, enucleation, and reticulocyte maturation. Blood Rev 46 
https://doi.org/10.1016/j.blre.2020.100740

Moras M., Lefevre S. D., Ostuni M. A (2017) From Erythroblasts to Mature Red Blood Cells: Organelle
Clearance in Mammals. Front Physiol 8:1076 https://doi.org/10.3389/fphys.2017.01076

Li D., Wu F., Zhou S., Huang X. J., Lee H. Y (2023) Heterochromatin rewiring and domain disruption-
mediated chromatin compaction during erythropoiesis. Nat Struct Mol Biol 30:463‑474 
https://doi.org/10.1038/s41594-023-00939-3

Wong P., et al. (2011) Gene induction and repression during terminal erythropoiesis are mediated by
distinct epigenetic changes. Blood 118:e128‑138 https://doi.org/10.1182/blood-2011-03-341404

Murphy Z. C., et al. (2021) Regulation of RNA polymerase II activity is essential for terminal erythroid
maturation. Blood 138:1740‑1756 https://doi.org/10.1182/blood.2020009903

Malik J., Lillis J. A., Couch T., Getman M., Steiner L. A (2017) The Methyltransferase Setd8 Is Essential for
Erythroblast Survival and Maturation. Cell Rep 21:2376‑2383 
https://doi.org/10.1016/j.celrep.2017.11.011

Kapoor-Vazirani P., Kagey J. D., Vertino P. M (2011) SUV420H2-mediated H4K20 trimethylation
enforces RNA polymerase II promoter-proximal pausing by blocking hMOF-dependent H4K16
acetylation. Mol Cell Biol 31:1594‑1609 https://doi.org/10.1128/MCB.00524-10

Bottardi S., et al. (2011) Ikaros interacts with P-TEFb and cooperates with GATA-1 to enhance
transcription elongation. Nucleic Acids Res 39:3505‑3519 https://doi.org/10.1093/nar/gkq1271

Lv X. R., et al. (2023) HEXIM1 is an essential transcription regulator during human erythropoiesis.
Blood 142:2198‑2215 https://doi.org/10.1182/blood.2022019495

1

2

3

4

5

6

7

8

9

Developmental Biology

https://doi.org/10.7554/eLife.102023.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file10.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file11.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file12.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file13.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file14.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file15.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file16.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file17.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file18.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file19.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file20.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file21.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file22.mp4
https://prod--epp.elifesciences.org/api/files/102023/v1/content/supplements/609654v1_file23.mp4
http://orcid.org/0000-0002-1503-5818
https://doi.org/10.1016/j.blre.2020.100740
https://doi.org/10.3389/fphys.2017.01076
https://doi.org/10.1038/s41594-023-00939-3
https://doi.org/10.1182/blood-2011-03-341404
https://doi.org/10.1182/blood.2020009903
https://doi.org/10.1016/j.celrep.2017.11.011
https://doi.org/10.1128/MCB.00524-10
https://doi.org/10.1093/nar/gkq1271
https://doi.org/10.1182/blood.2022019495
https://elifesciences.org/subjects/developmental-biology


Zhu, Zhang, Li et al., 2024 eLife 13:RP102023.  https://doi.org/10.7554/eLife.102023.1 16 of 25

Chen F. X., Smith E. R., Shilatifard A (2018) Born to run: control of transcription elongation by RNA
polymerase II. Nat Rev Mol Cell Biol 19:464‑478 https://doi.org/10.1038/s41580-018-0010-5

Jonkers I., Lis J. T (2015) Getting up to speed with transcription elongation by RNA polymerase II. Nat
Rev Mol Cell Biol 16:167‑177 https://doi.org/10.1038/nrm3953

Liu X., Kraus W. L., Bai X (2015) Ready, pause, go: regulation of RNA polymerase II pausing and
release by cellular signaling pathways. Trends Biochem Sci 40:516‑525 
https://doi.org/10.1016/j.tibs.2015.07.003

Gaertner B., Zeitlinger J (2014) RNA polymerase II pausing during development. Development
141:1179‑1183 https://doi.org/10.1242/dev.088492

Adelman K., Lis J. T (2012) Promoter-proximal pausing of RNA polymerase II: emerging roles in
metazoans. Nat Rev Genet 13:720‑731 https://doi.org/10.1038/nrg3293

Zeitlinger J., et al. (2007) RNA polymerase stalling at developmental control genes in the Drosophila
melanogaster embryo. Nat Genet 39:1512‑1516 https://doi.org/10.1038/ng.2007.26

Soutourina J (2018) Transcription regulation by the Mediator complex. Nat Rev Mol Cell Biol
19:262‑274 https://doi.org/10.1038/nrm.2017.115

Sato S., et al. (2004) A set of consensus mammalian mediator subunits identified by
multidimensional protein identification technology. Mol Cell 14:685‑691 
https://doi.org/10.1016/j.molcel.2004.05.006

El Khattabi L., et al. (2019) A Pliable Mediator Acts as a Functional Rather Than an Architectural
Bridge between Promoters and Enhancers. Cell 178:1145‑1158 e1120 
https://doi.org/10.1016/j.cell.2019.07.011

Stumpf M., et al. (2006) The mediator complex functions as a coactivator for GATA-1 in
erythropoiesis via subunit Med1/TRAP220. Proc Natl Acad Sci U S A 103:18504‑18509 
https://doi.org/10.1073/pnas.0604494103

Stumpf M., et al. (2010) Specific erythroid-lineage defect in mice conditionally deficient for Mediator
subunit Med1. Proc Natl Acad Sci U S A 107:21541‑21546 https://doi.org/10.1073/pnas.1005794107

Pope N. J., Bresnick E. H (2013) Establishment of a cell-type-specific genetic network by the mediator
complex component Med1. Mol Cell Biol 33:1938‑1955 https://doi.org/10.1128/MCB.00141-13

Kim S. I., Bresnick E. H (2007) Transcriptional control of erythropoiesis: emerging mechanisms and
principles. Oncogene 26:6777‑6794 https://doi.org/10.1038/sj.onc.1210761

Lee H. Y., et al. (2015) PPAR-alpha and glucocorticoid receptor synergize to promote erythroid
progenitor self-renewal. Nature 522:474‑477 https://doi.org/10.1038/nature14326

Hattangadi S. M., Wong P., Zhang L., Flygare J., Lodish H. F (2011) From stem cell to red cell: regulation
of erythropoiesis at multiple levels by multiple proteins, RNAs, and chromatin modifications. Blood
118:6258‑6268 https://doi.org/10.1182/blood-2011-07-356006

Day D. S., et al. (2016) Comprehensive analysis of promoter-proximal RNA polymerase II pausing
across mammalian cell types. Genome Biol 17 https://doi.org/10.1186/s13059-016-0984-2

Takahashi H., et al. (2011) Human mediator subunit MED26 functions as a docking site for
transcription elongation factors. Cell 146:92‑104 https://doi.org/10.1016/j.cell.2011.06.005

Malik S., Roeder R. G (2005) Dynamic regulation of pol II transcription by the mammalian Mediator
complex. Trends Biochem Sci 30:256‑263 https://doi.org/10.1016/j.tibs.2005.03.009

Zlotorynski E (2017) Transcription: Paused means poised. Nat Rev Mol Cell Biol 18:404‑405 
https://doi.org/10.1038/nrm.2017.57

Yankulov K., Yamashita K., Roy R., Egly J. M., Bentley D. L (1995) The transcriptional elongation
inhibitor 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole inhibits transcription factor IIH-
associated protein kinase. J Biol Chem 270:23922‑23925 https://doi.org/10.1074/jbc.270.41.23922

Chen X., et al. (2021) Structures of the human Mediator and Mediator-bound preinitiation complex.
Science 372 https://doi.org/10.1126/science.abg0635

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Developmental Biology

https://doi.org/10.7554/eLife.102023.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1038/s41580-018-0010-5
https://doi.org/10.1038/nrm3953
https://doi.org/10.1016/j.tibs.2015.07.003
https://doi.org/10.1242/dev.088492
https://doi.org/10.1038/nrg3293
https://doi.org/10.1038/ng.2007.26
https://doi.org/10.1038/nrm.2017.115
https://doi.org/10.1016/j.molcel.2004.05.006
https://doi.org/10.1016/j.cell.2019.07.011
https://doi.org/10.1073/pnas.0604494103
https://doi.org/10.1073/pnas.1005794107
https://doi.org/10.1128/MCB.00141-13
https://doi.org/10.1038/sj.onc.1210761
https://doi.org/10.1038/nature14326
https://doi.org/10.1182/blood-2011-07-356006
https://doi.org/10.1186/s13059-016-0984-2
https://doi.org/10.1016/j.cell.2011.06.005
https://doi.org/10.1016/j.tibs.2005.03.009
https://doi.org/10.1038/nrm.2017.57
https://doi.org/10.1074/jbc.270.41.23922
https://doi.org/10.1126/science.abg0635
https://elifesciences.org/subjects/developmental-biology


Zhu, Zhang, Li et al., 2024 eLife 13:RP102023.  https://doi.org/10.7554/eLife.102023.1 17 of 25

Lens Z., et al. (2017) Solution Structure of the N-Terminal Domain of Mediator Subunit MED26 and
Molecular Characterization of Its Interaction with EAF1 and TAF7. J Mol Biol 429:3043‑3055 
https://doi.org/10.1016/j.jmb.2017.09.001

Hnisz D., Shrinivas K., Young R. A., Chakraborty A. K., Sharp P. A (2017) A Phase Separation Model for
Transcriptional Control. Cell 169:13‑23 https://doi.org/10.1016/j.cell.2017.02.007

Bourbon H. M (2008) Comparative genomics supports a deep evolutionary origin for the large, four-
module transcriptional mediator complex. Nucleic Acids Res 36:3993‑4008 
https://doi.org/10.1093/nar/gkn349

Sabari B. R., et al. (2018) Coactivator condensation at super-enhancers links phase separation and
gene control. Science 361 https://doi.org/10.1126/science.aar3958

Boija A., et al. (2018) Transcription Factors Activate Genes through the Phase-Separation Capacity of
Their Activation Domains. Cell 175:1842‑1855 e1816 https://doi.org/10.1016/j.cell.2018.10.042

Shin Y., et al. (2017) optoDroplets—Spatiotemporal Control of Intracellular Phase Transitions Using
Light-Activated optoDroplets. Cell 168:159‑171 e114 https://doi.org/10.1016/j.cell.2016.11.054

Bai X., et al. (2010) TIF1gamma controls erythroid cell fate by regulating transcription elongation.
Cell 142:133‑143 https://doi.org/10.1016/j.cell.2010.05.028

Wang Z., et al. (2022) Coordinated regulation of RNA polymerase II pausing and elongation
progression by PAF1. Sci Adv 8:eabm5504 https://doi.org/10.1126/sciadv.abm5504

Chen F. X., et al. (2015) PAF1, a Molecular Regulator of Promoter-Proximal Pausing by RNA
Polymerase II. Cell 162:1003‑1015 https://doi.org/10.1016/j.cell.2015.07.042

Chen F. X., et al. (2017) PAF1 regulation of promoter-proximal pause release via enhancer activation.
Science 357:1294‑1298 https://doi.org/10.1126/science.aan3269

Lu H., et al. (2018) Phase-separation mechanism for C-terminal hyperphosphorylation of RNA
polymerase II. Nature 558:318‑323 https://doi.org/10.1038/s41586-018-0174-3

Li P., et al. (2012) Phase transitions in the assembly of multivalent signalling proteins. Nature
483:336‑340 https://doi.org/10.1038/nature10879

Boeynaems S., et al. (2018) Protein Phase Separation: A New Phase in Cell Biology. Trends Cell Biol
28:420‑435 https://doi.org/10.1016/j.tcb.2018.02.004

Banani S. F., Lee H. O., Hyman A. A., Rosen M. K (2017) Biomolecular condensates: organizers of
cellular biochemistry. Nat Rev Mol Cell Biol 18:285‑298 https://doi.org/10.1038/nrm.2017.7

Cramer P (2019) Organization and regulation of gene transcription. Nature 573:45‑54 
https://doi.org/10.1038/s41586-019-1517-4

Guo Y. E., et al. (2019) Pol II phosphorylation regulates a switch between transcriptional and splicing
condensates. Nature 572:543‑548 https://doi.org/10.1038/s41586-019-1464-0

Perreault A. A., Brown J. D., Venters B. J (2020) Erythropoietin Regulates Transcription and YY1
Dynamics in a Pre-established Chromatin Architecture. iScience 23 
https://doi.org/10.1016/j.isci.2020.101583

Kaya-Okur H. S., et al. (2019) CUT&Tag for efficient epigenomic profiling of small samples and single
cells. Nat Commun 10:1930 https://doi.org/10.1038/s41467-019-09982-5

Mahat D. B., et al. (2016) Base-pair-resolution genome-wide mapping of active RNA polymerases
using precision nuclear run-on (PRO-seq). Nat Protoc 11:1455‑1476 
https://doi.org/10.1038/nprot.2016.086

Ludwig L. S., et al. (2019) Transcriptional States and Chromatin Accessibility Underlying Human
Erythropoiesis. Cell Rep 27:3228‑3240 e3227 https://doi.org/10.1016/j.celrep.2019.05.046

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Developmental Biology

https://doi.org/10.7554/eLife.102023.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1016/j.jmb.2017.09.001
https://doi.org/10.1016/j.cell.2017.02.007
https://doi.org/10.1093/nar/gkn349
https://doi.org/10.1126/science.aar3958
https://doi.org/10.1016/j.cell.2018.10.042
https://doi.org/10.1016/j.cell.2016.11.054
https://doi.org/10.1016/j.cell.2010.05.028
https://doi.org/10.1126/sciadv.abm5504
https://doi.org/10.1016/j.cell.2015.07.042
https://doi.org/10.1126/science.aan3269
https://doi.org/10.1038/s41586-018-0174-3
https://doi.org/10.1038/nature10879
https://doi.org/10.1016/j.tcb.2018.02.004
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1038/s41586-019-1517-4
https://doi.org/10.1038/s41586-019-1464-0
https://doi.org/10.1016/j.isci.2020.101583
https://doi.org/10.1038/s41467-019-09982-5
https://doi.org/10.1038/nprot.2016.086
https://doi.org/10.1016/j.celrep.2019.05.046
https://elifesciences.org/subjects/developmental-biology


Zhu, Zhang, Li et al., 2024 eLife 13:RP102023.  https://doi.org/10.7554/eLife.102023.1 18 of 25

Peer reviews
Reviewer #1 (Public review):

Summary:

In this study from Zhu and colleagues, a clear role for MED26 in mouse and human
erythropoiesis is demonstrated that is also mapped to amino acids 88-480 of the human
protein. The authors also show the unique expression of MED26 in later-stage erythropoiesis
and propose transcriptional pausing and condensate formation mechanisms for MED26's role
in promoting erythropoiesis. Despite the author's introductory claim that many questions
regarding Pol II pausing in mammalian development remain unanswered, the importance of
transcriptional pausing in erythropoiesis has actually already been demonstrated (Martell-
Smart, et al. 2023, PMID: 37586368, which the authors notably did not cite in this manuscript).
Here, the novelty and strength of this study is MED26 and its unique expression kinetics
during erythroid development.

Strengths:

The widespread characterization of kinetics of mediator complex component expression
throughout the erythropoietic timeline is excellent and shows the interesting divergence of
MED26 expression pattern from many other mediator complex components. The genetic
evidence in conditional knockout mice for erythropoiesis requiring MED26 is outstanding.
These are completely new models from the investigators and are an impressive amount of
work to have both EpoR-driven deletion and inducible deletion. The effect on red cell number
is strong in both. The genetic over-expression experiments are also quite impressive,
especially the investigators' structure-function mapping in primary cells. Overall the data is
quite convincing regarding the genetic requirement for MED26. The authors should be
commended for demonstrating this in multiple rigorous ways.

Weaknesses:

(1) The authors state that MED26 was nominated for study based on RNA-seq analysis of a
prior published dataset. They do not however display any of that RNA-seq analysis with
regards to Mediator complex subunits. While they do a good job showing protein-level
analysis during erythropoiesis for several subunits, the RNA-seq analysis would allow them
to show the developmental expression dynamics of all subunit members.

(2) The authors use an EpoR Cre for red cell-specific MED26 deletion. However, other studies
have now shown that the EpoR Cre can also lead to recombination in the macrophage
lineage, which clouds some of the in vivo conclusions for erythroid specificity. That being
said, the in vitro erythropoiesis experiments here are convincing that there is a major
erythroid-intrinsic effect.

(3) The donor chimerism assessment of mice transplanted with MED26 knockout cells is a bit
troubling. First, there are no staining controls shown and the full gating strategy is not
shown. Furthermore, the authors use the CD45.1/CD45.2 system to differentiate between
donor and recipient cells in erythroblasts. However, CD45 is not expressed from the CD235a+
stage of erythropoiesis onwards, so it is unclear how the authors are detecting essentially
zero CD45-negative cells in the erythroblast compartment. This is quite odd and raises
questions about the results. That being said, the red cell indices in the mice are the much
more convincing data.

(4) The authors make heavy use of defining "erythroid gene" sets and "non-erythroid gene"
sets, but it is unclear what those lists of genes actually are. This makes it hard to assess any
claims made about erythroid and non-erythroid genes.
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(5) Overall the data regarding condensate formation is difficult to interpret and is the
weakest part of this paper. It is also unclear how studies of in vitro condensate formation or
studies in 293T or K562 cells can truly relate to highly specialized erythroid biology. This does
not detract from the major findings regarding genetic requirements of MED26 in
erythropoiesis.

(6) For many figures, there are some panels where conclusions are drawn, but no statistical
quantification of whether a difference is significant or not.

https://doi.org/10.7554/eLife.102023.1.sa3

Reviewer #2 (Public review):

Summary:

The manuscript by Zhu et al describes a novel role for MED26, a subunit of the Mediator
complex, in erythroid development. The authors have discovered that MED26 promotes
transcriptional pausing of RNA Pol II, by recruiting pausing-related factors.

Strengths:

This is a well-executed study. The authors have employed a range of cutting-edge and
appropriate techniques to generate their data, including: CUT&Tag to profile chromatin
changes and mediator complex distribution; nuclear run-on sequencing (PRO-seq) to study
Pol II dynamics; knockout mice to determine the phenotype of MED26 perturbation in vivo;
an ex vivo erythroid differentiation system to perform additional, important, biochemical
and perturbation experiments; immunoprecipitation mass spectrometry (IP-MS); and the
"optoDroplet" assay to study phase-separation and molecular condensates.

This is a real highlight of the study. The authors have managed to generate a comprehensive
picture by employing these multiple techniques. In doing so, they have also managed to
provide greater molecular insight into the workings of the MEDIATOR complex, an important
multi-protein complex that plays an important role in a range of biological contexts. The
insights the authors have uncovered for different subunits in erythropoiesis will very likely
have ramifications in many other settings, in both healthy biology and disease contexts.

Weaknesses:

There are almost no discernible weaknesses in the techniques used, nor the interpretation of
the data. The IP-MS data was generated in HEK293 cells when it could have been performed
in the human CD34+ HSPC system that they employed to generate a number of the other data.
This would have been a more natural setting and would have enabled a more like-for-like
comparison with the other data.

https://doi.org/10.7554/eLife.102023.1.sa2

Reviewer #3 (Public review):

Summary:

The authors aim to explore whether other subunits besides MED1 exert specific functions
during the process of terminal erythropoiesis with global gene repression, and finally they
demonstrated that MED26-enriched condensates drive erythropoiesis through modulating
transcription pausing.

Strengths:
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Through both in vitro and in vivo models, the authors showed that while MED1 and MED26
co-occupy a plethora of genes important for cell survival and proliferation at the HSPC stage,
MED26 preferentially marks erythroid genes and recruits pausing-related factors for cell fate
specification. Gradually, MED26 becomes the dominant factor in shaping the composition of
transcription condensates and transforms the chromatin towards a repressive yet permissive
state, achieving global transcription repression in erythropoiesis.

Weaknesses:

In the in vitro model, the author only used CD34+ cell-derived erythropoiesis as the
validation, which is relatively simple, and more in vitro erythropoiesis models need to be
used to strengthen the conclusion.

https://doi.org/10.7554/eLife.102023.1.sa1

Author response:

Public Reviews:

Reviewer #1 (Public review):

Summary:

In this study from Zhu and colleagues, a clear role for MED26 in mouse and human
erythropoiesis is demonstrated that is also mapped to amino acids 88-480 of the human
protein. The authors also show the unique expression of MED26 in later-stage
erythropoiesis and propose transcriptional pausing and condensate formation
mechanisms for MED26's role in promoting erythropoiesis. Despite the author's
introductory claim that many questions regarding Pol II pausing in mammalian
development remain unanswered, the importance of transcriptional pausing in
erythropoiesis has actually already been demonstrated (Martell-Smart, et al. 2023, PMID:
37586368, which the authors notably did not cite in this manuscript). Here, the novelty
and strength of this study is MED26 and its unique expression kinetics during erythroid
development.

Strengths:

The widespread characterization of kinetics of mediator complex component expression
throughout the erythropoietic timeline is excellent and shows the interesting divergence
of MED26 expression pattern from many other mediator complex components. The
genetic evidence in conditional knockout mice for erythropoiesis requiring MED26 is
outstanding. These are completely new models from the investigators and are an
impressive amount of work to have both EpoR-driven deletion and inducible deletion. The
effect on red cell number is strong in both. The genetic over-expression experiments are
also quite impressive, especially the investigators' structure-function mapping in primary
cells. Overall the data is quite convincing regarding the genetic requirement for MED26.
The authors should be commended for demonstrating this in multiple rigorous ways.

Thank you for your positive feedback.

Weaknesses:

(1) The authors state that MED26 was nominated for study based on RNA-seq analysis of
a prior published dataset. They do not however display any of that RNA-seq analysis with
regards to Mediator complex subunits. While they do a good job showing protein-level
analysis during erythropoiesis for several subunits, the RNA-seq analysis would allow
them to show the developmental expression dynamics of all subunit members.
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Thank you for this helpful suggestion. While we did not originally nominate MED26 based on
RNA-seq analysis, we have analyzed the transcript levels of Mediator complex subunits in our
RNA-seq data across different stages of erythroid differentiation (Author response image 1).
The results indicate that most Mediator subunits, including MED26, display decreased RNA
expression over the course of differentiation, with the exception of MED25, as reported
previously (Pope et al., Mol Cell Biol 2013. PMID: 23459945).

Notably, our study is based on initial observations at the protein level, where we found that,
unlike most other Mediator subunits that are downregulated during erythropoiesis, MED26
remains relatively abundant. Protein expression levels more directly reflect the combined
influences of transcription, translation and degradation processes within cells, and are likely
more closely related to biological functions in this context. It is possible that post-
transcriptional regulation (such as m6A-mediated improvement of translational efficiency) or
post-translational modifications (like escape from ubiquitination) could contribute to the
sustained levels of MED26 protein, and this will be an interesting direction for future
investigation.

Author response image 1. Relative RNA expression of Mediator complex subunits during erythropoiesis in
human CD34+ erythroid cultures. Different differentiation stages from HSPCs to late erythroblasts were

Developmental Biology

https://doi.org/10.7554/eLife.102023.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology


Zhu, Zhang, Li et al., 2024 eLife 13:RP102023.  https://doi.org/10.7554/eLife.102023.1 22 of 25

identified using CD71 and CD235a markers, progressing sequentially as CD71-CD235a-, CD71+CD235a-,
CD71+CD235a+, and CD71-CD235a+. Expression levels were presented as TPM (transcripts per million).

(2) The authors use an EpoR Cre for red cell-specific MED26 deletion. However, other
studies have now shown that the EpoR Cre can also lead to recombination in the
macrophage lineage, which clouds some of the in vivo conclusions for erythroid
specificity. That being said, the in vitro erythropoiesis experiments here are convincing
that there is a major erythroid-intrinsic effect.

Thank you for this insightful comment. We recognize that EpoR-Cre can drive recombination
in both erythroid and macrophage lineages (Zhang et al., Blood 2021, PMID: 34098576).
However, EpoR-Cre remains the most widely used Cre for studying erythroid lineage effects
in the hematopoietic community. Numerous studies have employed EpoR-Cre for erythroid-
specific gene knockout models (Pang et al, Mol Cell Biol 2021, PMID: 22566683; Santana-
Codina et al., Haematologica 2019, PMID: 30630985; Xu et al., Science 2013, PMID: 21998251.).

While a GYPA (CD235a)-Cre model with erythroid specificity has recently been developed
(https://www.sciencedirect.com/science/article/pii/S0006497121029074     ), it has not yet been
officially published. We look forward to utilizing the GYPA-Cre model for future studies. As
you noted, our in vivo mouse model and primary human CD34+ erythroid differentiation
system both demonstrate that MED26 is essential for erythropoiesis, suggesting that the
regulatory effects of MED26 in our study are predominantly erythroid-intrinsic.

(3) Te donor chimerism assessment of mice transplanted with MED26 knockout cells is a
bit troubling. First, there are no staining controls shown and the full gating strategy is
not shown. Furthermore, the authors use the CD45.1/CD45.2 system to differentiate
between donor and recipient cells in erythroblasts. However, CD45 is not expressed from
the CD235a+ stage of erythropoiesis onwards, so it is unclear how the authors are
detecting essentially zero CD45-negative cells in the erythroblast compartment. This is
quite odd and raises questions about the results. That being said, the red cell indices in
the mice are the much more convincing data.

Thank you for your careful and thorough feedback. We have now included negative staining
controls (Author response image 2A, top). We agree that CD45 is typically not expressed in
erythroid precursors in normal development. Prior studies have characterized BFU-E and
CFU-E stages as c-Kit+CD45+Ter119−CD71low and c-Kit+CD45−Ter119−CD71high cells in fetal
liver (Katiyar et al, Cells 2023, PMID: 37174702).

However, our observations indicate that erythroid surface markers differ during
hematopoiesis reconstitution following bone marrow transplantation. We found that nearly
all nucleated erythroid progenitors/precursors (Ter119+Hoechst+) express CD45 after
hematopoiesis reconstitution (Author response image 2A, bottom).

To validate our assay, we performed next-generation sequencing by first mixing mouse
CD45.1 and CD45.2 total bone marrow cells at a 1:2 ratio. We then isolated nucleated
erythroid progenitors/precursors (Ter119+Hoechst+) by FACS and sequenced the CD45 gene
locus by targeted sequencing. The resulting CD45 allele distribution matched our initial
mixing ratio, confirming the accuracy of our approach (Author response image 2B).

Moreover, a recent study supports that reconstituted erythroid progenitors can indeed be
distinguished by CD45 expression following bone marrow transplantation (He et al., Nature
Aging 2024, PMID: 38632351. Extended Data Fig. 8).

In conclusion, our data indicate that newly formed erythroid progenitors/precursors post-
transplant express CD45, enabling us to identify nucleated erythroid progenitors/precursors
by Ter119+Hoechst+ and determine their origin using CD45.1 and CD45.2 markers.
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Author response image 2. Representative flow cytometry gating strategy of erythroid chimerism following
mouse bone marrow transplantation. A. Gating strategy used in the erythroid chimerism assay. B. Targeted
sequencing result of Ter119+Hoechst+ cells isolated by FACS. The cell sample was pre-mixed with 1/3 CD45.2 and
2/3 CD45.1 bone marrow cells. Ptprc is the gene locus for CD45.

(4) The authors make heavy use of defining "erythroid gene" sets and "non-erythroid
gene" sets, but it is unclear what those lists of genes actually are. This makes it hard to
assess any claims made about erythroid and non-erythroid genes.

Thank you for this helpful suggestion. We defined "erythroid genes" and "non-erythroid
genes" based on RNA-seq data from Ludwig et al. (Cell Reports 2019. PMID: 31189107. Figure 2
and Table S1). Genes downregulated from stages k1 to k5 are classified as “non-erythroid
genes,” while genes upregulated from stages k6 to k7 are classified as “erythroid genes.” We
will add this description in the revised manuscript.

(5) Overall the data regarding condensate formation is difficult to interpret and is the
weakest part of this paper. It is also unclear how studies of in vitro condensate formation
or studies in 293T or K562 cells can truly relate to highly specialized erythroid biology.
This does not detract from the major findings regarding genetic requirements of MED26
in erythropoiesis.
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Thank you for the rigorous feedback. Assessing the condensate properties of MED26 protein
in primary CD34+ erythroid cells or mouse models is indeed challenging. As is common in
many condensate studies, we used in vitro assays and cellular assays in HEK293T and K562
cells to examine the biophysical properties (Figure S7), condensation formation capacity
(Figure 5C and Figure S7C), key phase-separation regions of MED26 protein (Figure S6), and
recruitment of pausing factors (Figure 6A-B) in live cells. We then conducted functional
assays to demonstrate that the phase-separation region of MED26 can promote erythroid
differentiation similarly to the full-length protein in the CD34+ system and K562 cells (Figure
5A). Specifically, overexpressing the MED26 phase-separation domain accelerates
erythropoiesis in primary human erythroid culture, while deleting the Intrinsically
Disordered Region (IDR) impairs MED26’s ability to form condensates and recruit PAF1 in
K562 cells.

In summary, we used HEK293T cells to study the biochemical and biophysical properties of
MED26, and the primary CD34+ differentiation system to examine its developmental roles.
Our findings support the conclusion that MED26-associated condensate formation promotes
erythropoiesis.

(6) For many figures, there are some panels where conclusions are drawn, but no
statistical quantification of whether a difference is significant or not.

Thank you for your thorough feedback. We have checked all figures for statistical
quantification and added the relevant statistical analysis methods to the corresponding
figure legends (Figure 2L and Figure S4C) to clarify the significance of the observed
differences. The updated information will be incorporated into the revised manuscript.

Reviewer #2 (Public review):

Summary:

The manuscript by Zhu et al describes a novel role for MED26, a subunit of the Mediator
complex, in erythroid development. The authors have discovered that MED26 promotes
transcriptional pausing of RNA Pol II, by recruiting pausing-related factors.

Strengths:

This is a well-executed study. The authors have employed a range of cutting-edge and
appropriate techniques to generate their data, including: CUT&Tag to profile chromatin
changes and mediator complex distribution; nuclear run-on sequencing (PRO-seq) to
study Pol II dynamics; knockout mice to determine the phenotype of MED26 perturbation
in vivo; an ex vivo erythroid differentiation system to perform additional, important,
biochemical and perturbation experiments; immunoprecipitation mass spectrometry (IP-
MS); and the "optoDroplet" assay to study phase-separation and molecular condensates.

This is a real highlight of the study. The authors have managed to generate a
comprehensive picture by employing these multiple techniques. In doing so, they have
also managed to provide greater molecular insight into the workings of the MEDIATOR
complex, an important multi-protein complex that plays an important role in a range of
biological contexts. The insights the authors have uncovered for different subunits in
erythropoiesis will very likely have ramifications in many other settings, in both healthy
biology and disease contexts.

Thank you for your thoughtful summary and encouraging feedback.

Weaknesses:
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There are almost no discernible weaknesses in the techniques used, nor the
interpretation of the data. The IP-MS data was generated in HEK293 cells when it could
have been performed in the human CD34+ HSPC system that they employed to generate
a number of the other data. This would have been a more natural setting and would
have enabled a more like-for-like comparison with the other data.

Thank you for your positive feedback and insightful suggestions. We will perform validation
of the immunoprecipitation results in CD34+ derived erythroid cells to further confirm our
findings.

Reviewer #3 (Public review):

Summary:

The authors aim to explore whether other subunits besides MED1 exert specific functions
during the process of terminal erythropoiesis with global gene repression, and finally
they demonstrated that MED26-enriched condensates drive erythropoiesis through
modulating transcription pausing.

Strengths:

Through both in vitro and in vivo models, the authors showed that while MED1 and
MED26 co-occupy a plethora of genes important for cell survival and proliferation at the
HSPC stage, MED26 preferentially marks erythroid genes and recruits pausing-related
factors for cell fate specification. Gradually, MED26 becomes the dominant factor in
shaping the composition of transcription condensates and transforms the chromatin
towards a repressive yet permissive state, achieving global transcription repression in
erythropoiesis.

Thank you for your positive summary and feedback.

Weaknesses:

In the in vitro model, the author only used CD34+ cell-derived erythropoiesis as the
validation, which is relatively simple, and more in vitro erythropoiesis models need to be
used to strengthen the conclusion.

Thank you for your thoughtful suggestions. We have shown that MED26 promotes
erythropoiesis using the primary human CD34+ differentiation system (Figure 2 K-M and
Figure S4) and have demonstrated its essential role in erythropoiesis through multiple mouse
models (Figure 2A-G and Figure S1-3). Together, these in vitro and in vivo results support our
conclusion that MED26 regulates erythropoiesis. However, we are open to further validating
our findings with additional in vitro erythropoiesis models, such as iPSC or HUDEP erythroid
differentiation systems.

https://doi.org/10.7554/eLife.102023.1.sa0
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