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Significance

We demonstrated that CDK9 
(Cyclin-dependent kinase 9) 
phosphorylates LSD1 protein  
at the C-terminal. The 
phosphorylated LSD1 protein  
is then recognized and 
polyubiquitylated by the E3 ligase 
RNF20 complex, leading to the 
accumulation of the LSD1 protein 
and subsequent epigenetic 
silencing of the IFN (interferon) 
response and ERVs (endogenous 
retrovirus), inducing immune 
evasion. Our results showed that 
the CDK9–RNF20–LSD1 axis  
is vital for gene silencing, 
inactivation of ERVs, and IFN 
response, ultimately resulting  
in immune suppression.
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Cyclin-dependent kinase 9 (CDK9) plays a critical role in transcription initiation and 
is essential for maintaining gene silencing at heterochromatic loci. Inhibition of CDK9 
increases sensitivity to immunotherapy, but the underlying mechanism remains unclear. 
We now report that RNF20 stabilizes LSD1 via K29-mediated ubiquitination, which is 
dependent on CDK9-mediated phosphorylation. This CDK9- and RNF20-dependent 
LSD1 stabilization is necessary for the demethylation of histone H3K4, then subsequent 
repression of endogenous retrovirus, and an interferon response, leading to epigenetic 
immunosuppression. Moreover, we found that loss of RNF20 sensitizes cancer cells to 
the immune checkpoint inhibitor anti-PD-1 in vivo and that this effect can be rescued 
by the expression of ectopic LSD1. Our findings are supported by the observation 
that RNF20 levels correlate with LSD1 levels in human breast cancer specimens. This 
study sheds light on the role of RNF20 in CDK9-dependent LSD1 stabilization, which 
is crucial for epigenetic silencing and immunosuppression. Our findings explore the 
potential importance of targeting the CDK9–RNF20–LSD1 axis in the development 
of new cancer therapies.

LSD1 | CDK9 | RNF20 | epigenetic | immunosuppression

Epigenetic regulations of DNA methylation, histone post-translational modification, and 
chromatin structure play a critical role in the interactions between tumors and immune 
cells (1). Recent evidence suggests that tumors commonly hijack various epigenetic mech­
anisms to evade immune surveillance. Inhibiting these epigenetic regulators normalizes 
immune function and/or triggers antitumor responses (2). One such epigenetic regulator 
is LSD1, an enzyme that erases H3K4me1/2 and acts as an inhibitor of anti-tumor 
immunity and responsiveness to immunotherapy (3, 4). High levels of LSD1 have been 
identified in various cancers, including leukemia, non-small cell lung, pancreatic, prostate, 
and breast cancers (5–8). Overexpression of LSD1 has been associated with tumor aggres­
siveness, metastasis, recurrence, drug resistance, immune suppression, and poor prognosis 
(9, 10). Recent studies have shown that LSD1 inhibition augments CD8+ T cell infiltration 
into tumors, reducing tumor burden through enhanced chemokine expression (11) and 
inducing endogenous retrovirus (ERV)s to activate a type I interferon (IFN) signature, 
which stimulates anti-tumor T cell immunity (12). Additionally, LSD1 promotes immu­
nosuppressive macrophage polarization in triple-negative breast cancer (13) and modulates 
T cell exhaustion in cancer (14). Collectively, LSD1 plays a critical role in tumor immunity 
by regulating not only tumor cells but also intratumoral immune cells.

LSD1 is subject to regulation by various post-translational modifications, including 
phosphorylation, acetylation, and ubiquitination (15). Our studies and others have shown 
that LSD1 levels are under tight control by a ubiquitin-proteasome system (UPS) (6, 
16–19), with USP28 acting as the LSD1 deubiquitinase and stabilizing the LSD1 protein 
(18) while FBXO24 functioning as the E3 ligase (19). In addition, USP22 stabilizes LSD1 
through GSK3β-mediated phosphorylation (6). Furthermore, lysine methylation and 
arginine methylation regulate LSD1 stability by inhibiting polyubiquitination modifica­
tion (20, 21). Despite these findings, the regulation of LSD1 stability remains poorly 
understood, and the identification of new mechanisms could provide opportunities for 
the development of LSD1-targeting therapy in breast cancer.

CDK9 (Cyclin-dependent kinase 9), which is the catalytic subunit of P-TEFb, is a 
transcriptional activator. It promotes the release of RNA polymerase II (RNAP II) from 
the promoter-proximal pause by phosphorylating negative elongation factors (22), leading 
to the recruitment of RNA processing factors. CDK9 also controls transcription-coupled 
chromatin modifications, such as monoubiquitylation of histone H2B (23). In recent 
studies, it has been observed that CDK9 inhibition can have a significant impact on 
various biological processes, including transcription, metabolism, DNA damage repair, 
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epigenetics, and the immune response to facilitate an anti-tumor 
response (24). CDK9 has also been linked to heterochromatin 
formation and maintenance of epigenetic silencing (25). Treatment 
with a CDK9 inhibitor results in reactivation of tumor suppressor 
genes, leading to an increase in immune cells and making the 
tumor more sensitive to anti-PD1 treatment. Most importantly, 
treatment with a CDK9 inhibitor leads to higher occupancy of 
H3K4me2 at the promoter regions of hypermethylated CDK9 
targeted genes, particularly for the repetitive elements (25). 
However, the mechanism remains unclear. Interestingly, integra­
tive chromatin immunoprecipitation (ChIP) analysis data reveal 
that LSD1 and CDK9 are strongly co-localized at gene promoters 
and are present along with core RNAP II factors (26). However, 
the exact mechanism behind this co-localization and the biological 
function of their relationship remains unclear.

In this study, we found that CDK9 is accountable for the 
build-up of LSD1 by promoting its binding with and subsequent 
accumulation through RNF20-mediated K29-linked polyubiq­
uitination. Our results also showed that the CDK9–RNF20–
LSD1 axis is vital for gene silencing, inactivation of ERVs and 
IFN response, ultimately resulting in immune suppression.

Results

CDK9 Stabilizes LSD1 through Ubiquitination. To investigate 
the relationship between CDK9 and LSD1, which co-localize at 
gene promoter regions (26), we co-expressed LSD1 with CDK9 
in HEK293T cells. Surprisingly, we found that wild-type (WT) 
CDK9 stabilized LSD1 whereas a kinase negative (KN) mutation, 
showed no such effect (Fig. 1A). We then treated the cells with 
two CDK9 highly selective inhibitors, LDC000067 (LDC067) 
and AZD4573 (AZD), and observed a dramatic reduction in 
CDK9-induced LSD1 protein level (Fig. 1B). In agreement with 
these findings, knockdown of endogenous CDK9 resulted in a 
rapid loss of endogenous LSD1 protein, but had no effect on its 
mRNA levels, in three human breast cancer cells and two mouse 
breast cancer cells (Fig. 1C and SI Appendix, Fig. S1). Additionally, 
treatment with LDC067 reduced endogenous LSD1 protein level 
(Fig. 1D). Because LSD1 is a liable protein that is readily degraded 
by proteasome, and because CDK9 stabilizes LSD1 without 
affecting its mRNA expression, we investigated whether CDK9 
blocked LSD1 degradation. First, we treated CDK9 expressing 
cells with LDC067 alone or with the proteasome inhibitor 
MG132. Downregulation of LSD1 in LDC067-treated cells was 
restored by MG132 treatment (Fig. 1E), and similar results were 
observed for endogenous LSD1 protein level in LDC067-treated 
cells (Fig. 1F). To further confirm these results, we co-expressed 
LSD1 with CDK9 or a control vector in HEK293T cells and 
assessed LSD1 degradation. As expected, LSD1 degraded rapidly 
in cells transfected with a control vector after treatment with 
cycloheximide (CHX) to block the new protein synthesis (Fig. 1 
G and H). However, its levels were stabilized in the presence 
of CDK9. Similarly, endogenous LSD1 became unstable and 
degraded rapidly in CDK9 knockdown cells (Fig.  1 I and J). 
Since LSD1 is under protein ubiquitination and degradation, 
we assumed that CDK9 may inhibit LSD1 ubiquitination. To 
test this, we assessed the effect of CDK9 on the ubiquitination 
of LSD1. Strikingly, transfection of CDK9 increased LSD1 
ubiquitination compared to the control vector (Fig. 1K Lane 2 
and lane 1, respectively). As expected, treatment with MG132 
enhanced LSD1 ubiquitination. Interestingly, transfection of 
CDK9 greatly increased LSD1 ubiquitination even in the presence 
of MG132. Furthermore, knockdown of CDK9 decreased LSD1 
ubiquitination in two breast cancer cell lines (Fig.  1L). Taken 

together, these results suggest that CDK9 stabilizes LSD1 by 
increasing its ubiquitination.

CDK9 Interacts with and Phosphorylates LSD1 at the C-Terminal 
Domain. We sought to investigate whether LSD1 interacts with 
CDK9. When Flag-tagged LSD1 was co-expressed with HA-
tagged CDK9 in HEK293T cells, we observed an association 
between LSD1 with CDK9 and vice versa (Fig.  2A). We also 
detected an endogenous protein interaction between CDK9 and 
LSD1 (Fig. 2B), as well as other components of the RNAP II 
complex, including Cyclin T1. To further explore this interaction, 
we co-expressed HA-CDK9 and GFP-LSD1 in HEK293 cells. 
Immunofluorescent staining revealed that CDK9 co-localized and 
stabilized LSD1 in the nucleus (Fig. 2C). To identify the regions in 
LSD1 that associate with CDK9, we generated different deletion 
mutants of LSD1 (16, 18). Our results showed that the amine 
oxidase-like (AOL) domain of LSD1 is required for its binding to 
CDK9 (Fig. 2D). Interestingly, the C-terminal domain of LSD1 
(residues 727 to 853) is sufficient for its association with CDK9.

To further identify whether CDK9 phosphorylates LSD1, we 
conducted a Phos-Tag analysis on HEK293T cells that were tran­
siently transfected with CDK9. As shown in Fig. 2E, CDK9 pro­
duced the phosphorylation-dependent mobility shift, which was 
abolished by LDC067 treatment, indicating phosphorylation of 
LSD1 by CDK9. Next, we performed in vitro kinase assays and 
found that CDK9 phosphorylated LSD1, which was inhibited by 
LDC067 treatment (Fig. 2F). To identify the specific phospho­
rylation sites targeted by CDK9, we co-expressed different mutants 
of LSD1 with CDK9. Our results showed that CDK9 markedly 
increased in the C-terminal domain of LSD1, while no significant 
differences were observed in other mutants (SI Appendix, Fig. S2). 
Notably, phosphorylation of Ser2 within the repeated YSPTSPS 
heptapeptide motif of the RNAP II carboxy-terminal domain, 
and threonine (Thr) within the SPT5 C-terminal repeat are 
responsible for various aspects of CDK9 function (27). Our anal­
ysis showed that the LSD1 C-terminal domain contains an SPS 
motif and a Thr residue at the LSD1. Furthermore, global pro­
teomics also uncovered that LSD1 is phosphorylated on T810, 
S817, T841, S849, and S851 (http://www.phosphosite.org). These 
sites are highly conserved evolutionarily (Fig. 2G). Consistent with 
this observation, earlier large-scale proteomic studies demon­
strated that these five sites are phosphorylated in breast cancer cell 
lines (28–30). To determine whether these phosphorylation sites 
are important for LSD1 stability, we generated a series of LSD1 
mutants, where these Thr and serine residues were changed to 
alanine. Our results showed that mutations of all five sites (TS/5A) 
in the LSD1 protein caused a decrease in stability compared to 
the LSD1-WT (Fig. 2H). Moreover, the de-phosphomimetic 
LSD1 was unable to stabilize when co-transfected with CDK9 
(Fig. 2I), and we did not detect phosphorylation of the LSD1-5A 
mutant using the in vitro kinase assay (Fig. 2J). The phosphoryl­
ation level of LSD1 was up-regulated by CDK9 in the cells trans­
fected with LSD1-WT, but not in the cells transfected with 
LSD1-5A (Fig. 2K). These findings indicate that CDK9 interacts 
with LSD1 and phosphorylates the C-terminal domain.

RNF20 Stabilizes LSD1. Because phosphorylation by CDK9 
increased LSD1 ubiquitination and the CDK9–RNF20–H2Bub 
axis is associated with H3K4me3 peaks and regulates gene 
expression (31), we tested whether RNF20 is involved in LSD1 
stabilization. We co-expressed LSD1 with RNF20 in HEK293T 
cells. Strikingly, we observed that RNF20 dramatically increased 
the protein level of LSD1 (Fig. 3A). The stability of LSD1 was 
also evaluated by performing RNF20 knockdown experiments 
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Fig. 1. CDK9 stabilizes LSD1. (A) Flag-LSD1 was co-expressed with WT or KN mutant CDK9 in HEK293T cells and protein was detected by western blot. (B) Flag-LSD1 was 
co-expressed with CDK9 in HEK293T cells treated with CDK9-specific inhibitor LDC000067 (LDC067, 20 µM) or AZD4573 (AZD, 1 µM) for 24 h. Lysates were analyzed by 
western blot. (C) Protein expression of LSD1 and CDK9 from indicated cell lines was analyzed by western blot. (D) Cells were treated with LDC067 for 24 h. Lysates were 
analyzed by western blot. (E) Flag-LSD1 was co-expressed with CDK9 in HEK293T cells and then treated with CDK9 specific inhibitor LDC067 with or without MG132 for 
6 h. Lysates were analyzed by western blot. (F) Cells were pre-treated with LDC067 for 16 h then treated with or without 10 µM MG132 for 6 h. Lysates were analyzed 
by western blot. (G) Flag-LSD1 was co-expressed with vector or HA-CDK9 in HEK293T cells. After treatment with CHX for the indicated time intervals, expression of 
LSD1 and CDK9 was analyzed by western blot using Flag and HA antibodies, respectively. Presented data are representative of three separate experiments. (H) The 
intensity of LSD1 expression for each time point in (G) was quantified by densitometry and plotted. (I) MDA-MB-231 cells were transfected with control or CDK9 shRNA. 
After treatment with CHX as indicated above, expression of endogenous LSD1 and CDK9 was analyzed by western blot. Presented data are representative of three 
separate experiments. (J) Intensity of LSD1 expression for each time point in (J) was quantified by densitometry and plotted. (K) Flag-LSD1 and Myc-ubiquitin were co-
expressed with or without CDK9 in HEK293T cells. After treatment with or without 10 μM MG132 for 6 h, Flag-LSD1 was subjected to IP (immunoprecipitated) and the 
poly-ubiquitination of LSD1 assessed by western blot using Myc antibody. IP LSD1 was blotted using Flag antibody. (L) MDA-MB-231 and BT-549 cells stably transfected 
with control or CDK9 shRNA were treated with MG132 for 6 h. Extracts were subjected to IP with LSD1 antibody and the poly-ubiquitination of LSD1 assessed by western 
blot using ubiquitin antibody. Input of LSD1 and CDK9 were analyzed by western blot. ***P < 0.001, compared with controls.
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in four human breast cancer cells and two mouse cells (EMT6 
and 4T1). The results revealed that RNF20 knockdown reduced 
LSD1 protein level but not LSD1 mRNA levels (Fig. 3 B and C 
and SI Appendix, Fig. S3A). Additionally, we observed a direct 
correlation between LSD1 and RNF20 protein level in a panel of 

breast cancer cell lines (Fig. 3D). Further investigation showed that 
RNF20 co-localized with GFP-LSD1 in the nuclei of HEK293 
cells (Fig.  3E). The effect of RNF20 on LSD1 stability was 
evaluated and it was found that LSD1 stability was increased in the 
presence of RNF20 (Fig. 3 F and G). In contrast, downregulation 

Fig. 2. CDK9 interacts with and phosphorylates LSD1 at C-terminal. (A) Flag-LSD1 was co-expressed with vector or HA-CDK9 in HEK293T cells. LSD1 and CDK9 
were IP with Flag or HA antibody, respectively, and the associated CDK9 and LSD1 were analyzed by western blot using either HA or Flag antibody. One-fortieth 
of the lysate from each sample was subjected to western blot to examine the expression of LSD1 and CDK9 (input lysate). (B) Endogenous CDK9 and LSD1 
were captured by IP from MDA-MB-231 and BT-549 cells, and bound endogenous LSD1, CDK9, Cyclin T1, and RNA POL II (Pol II) were examined by western 
blot. (C) GFP-LSD1 was co-expressed with HA-CDK9 in HEK293 cells. After fixation, the cellular location of GFP-LSD1 (green) and CDK9 (red) was examined by 
immunofluorescent staining using anti-HA antibody and visualized by fluorescence microscopy (nuclei were stained with DAPI; blue) (Left). (Scale bar, 20 μm.) 
Arrow indicates the cell without HA-CDK9 expressing. The colocalization intensity was quantified using algorithms (Right). (D) Schematic diagram showing the 
structure of LSD1 and deletion constructs used (Left). Co-IP of exogenous HA-CDK9 and Flag full length (FL) LSD1 or different deletion mutants (Right). (E) Flag-
LSD1 was co-expressed with HA-CDK9 and treated with or without LDC067. Lysates were analyzed by Phos-tag sodium dodecyl-sulfate (SDS)-PAGE and western 
blot. (F) In vitro kinase assays were performed by incubating purified active CDK9/cyclin T1 with recombinant GST-LSD1 with or without LDC067 treatment in the 
presence of [γ-32P]ATP. The resultant products were subjected to SDS–polyacrylamide gel electrophoresis and autoradiography. (G) Sequence alignment of LSD1 
C-term. (H) Immunoblot of lysates from HEK293T cells transfected with the indicated constructs. (I) Flag-LSD1-WT or Flag-LSD1-5A was co-transfected with or 
without HA-CDK9 into HEK293T cell. Lysates were analyzed by western blot. (J) In vitro kinase assays were performed by incubating purified active CDK9/cyclin T1 
with recombinant WT GST-LSD1 or GST-LSD1-5A in the presence of [γ-32P]ATP. The resultant products were subjected to SDS–polyacrylamide gel electrophoresis 
and autoradiography. (K) Flag-LSD1-WT or Flag-LSD1-5A was co-transfected with or without HA-CDK9 into HEK293T cells and then treated with MG132 for 6 h. 
Cell lysates were IP using an anti-Flag antibody and then analyzed by immunoblotting using a pS/T antibody.

http://www.pnas.org/lookup/doi/10.1073/pnas.2307150121#supplementary-materials
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of LSD1 protein levels due to RNF20 knockdown was caused by 
decreased LSD1 stability (Fig. 3 H and I). These results indicate 
that RNF20 stabilizes LSD1.

RNF20 Interacts with and Ubiquitinates LSD1 with K29. To 
further understand the interaction between RNF20 and LSD1, we 
co-expressed Flag-LSD1 and Myc-RNF20 in HEK293T cells. Co-
IP experiments revealed that RNF20 and LSD1 interacted with 
each other (Fig. 4A). Endogenous LSD1 and RNF20 were also 

found to interact in MDA-MB-231 and BT-549 cells (Fig. 4B). To 
determine the specific region in LSD1 that associates with RNF20, 
we generated several LSD1 deletion mutants (18). In agreement 
with association between LSD1 and CDK9, the AOL domain of 
LSD1 is also necessary for its interaction with RNF20 and the 
C-terminal domain of LSD1 was sufficient for this interaction 
(Fig. 4 C and D). This finding was supported by the observation 
that RNF20 markedly enhanced the expression of the C-terminal 
domain of LSD1 (SI Appendix, Fig. S3B).

Fig. 3. RNF20 stabilizes LSD1. (A) Flag-LSD1 was co-expressed with vector or Myc-RNF20 in HEK293T cells and protein was detected by western blot. (B) The 
protein expression of LSD1 and RNF20 from four human breast cancer cell lines transfected with control or two individual RNF20 shRNAs was analyzed by western 
blot. (C) The protein expression of LSD1 and RNF20 from two mouse cells (EMT6 and 4T1) transfected with control or two individual RNF20 shRNAs was analyzed 
by western blot. (D) The protein expression of LSD1 and RNF20 in various breast cancer cell lines was analyzed by western blot. (E) GFP-LSD1 was co-expressed 
with Myc-RNF20 in HEK293 cells. After fixation, the cellular location of GFP-LSD1 (green) and RNF20 (red) was examined by immunofluorescent staining using 
anti-Myc antibody and visualized by fluorescence microscopy (nuclei were stained with DAPI; blue) (Left). (Scale bar, 20 μm.) The colocalization intensity was 
quantified using algorithms (Right). (F) After treatment with CHX for the indicated time intervals, expression of Flag-LSD1 and Myc-RNF20 was analyzed by western 
blot using Flag and Myc antibodies, respectively. Presented data are representative of three separate experiments. (G) The intensity of LSD1 expression for each 
time point in (F) was quantified by densitometry and plotted. (H) MDA-MB-231 cells were transfected with control or RNF20 shRNA. After treatment with CHX as 
indicated above, expression of endogenous LSD1 and RNF20 was analyzed by western blot. Presented data are representative of three separate experiments. 
(I) The intensity of LSD1 expression for each time point in (H) was quantified by densitometry and plotted. **P < 0.01, ***P < 0.001, compared with controls.

http://www.pnas.org/lookup/doi/10.1073/pnas.2307150121#supplementary-materials
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RNF20 is an E3 ligase, and ubiquitination of LSD1 has been 
shown to play a critical role in its regulation. Therefore, we exam­
ined whether RNF20 could modulate LSD1 ubiquitination. 

Strikingly, we found that RNF20 remarkably increased the poly­
ubiquitination of LSD1 (SI Appendix, Fig. S3C). To determine 
the specificity of the ubiquitination linkage, we transfected 

Fig. 4. RNF20 interacts with and ubiquitinates LSD1 with K29. (A) Flag-LSD1 was co-expressed with vector or Myc-RNF20 in HEK293T cells. LSD1 and RNF20 were 
IP with Flag or Myc antibody, respectively, and the associated RNF20 and LSD1 were analyzed by western blot using either Myc or Flag antibody. (B) Endogenous 
RNF20 and LSD1 were captured by IP from MDA-MB-231 and BT-549 cells, and bound endogenous LSD1, CDK9, and RNF20 were examined by western blot. (C) 
Schematic diagram showing the structure of LSD1 and deletion constructs used. (D) Co-IP of exogenous Myc-RNF20 and Flag full length (FL) LSD1 or different 
deletion mutants. (E) Flag-LSD1 was co-expressed with Myc-RNF20 and the indicated ubiquitin constructs in HEK293T cells. The cells were treated with MG132 
for 6 h. Lysate was collected for Flag-IP, followed by IB analysis with indicated antibodies. (F) HEK293T cells were transfected with Flag-LSD1, Myc-RNF20, and the 
indicated ubiquitin constructs. After treatment with MG132 for 6 h, extracts were collected for IP with anti-Flag antibody, followed by IB analysis as indicated. 
(G) HEK293T cells were transfected with the indicated plasmids with or without MG132 treatment. Adjusted extracts were subject to IP with anti-Flag antibody, 
followed by IB analysis as indicated. (H) MDA-MB-231 and BT-549 cells stably transfected with control or RNF20 shRNA were treated with MG132 for 6 h. Extracts 
were subjected to IP with LSD1 antibody and the poly-ubiquitination of LSD1 assessed by western blot using ubiquitin antibody. Input of LSD1 and RNF20 were 
analyzed by western blot.

http://www.pnas.org/lookup/doi/10.1073/pnas.2307150121#supplementary-materials
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HEK293T cells with single ubiquitin mutants, each containing 
only one intact lysine residue at positions 6, 11, 27, 29, 33, 48, 
or 63, while all other lysine residues were mutated to arginine 
residues. As shown in Fig. 4E, K29 displayed major polyubiquit­
inated LSD1 signals. We then used K-to-R ubiquitin mutants, in 
which only one lysine residue was substituted with an arginine 
residue, and all other lysine residues were left intact. The Ub-K29R 
mutant completely abolished ubiquitination compared to Ub-WT 
and Ub-K29 (Fig. 4F). These results suggest that RNF20 primarily 
ubiquitinates LSD1 through K29-linked chains. Consistent with 
this, RNF20 led to an increase of LSD1 polyubiquitination 
(Fig. 4G, lane 1 and lane 2), especially in the presence of MG132 
treatment (Fig. 4G, lane 3 and lane 4). To investigate whether 
endogenous LSD1 is ubiquitinated by RNF20, we knocked down 
RNF20 in MDA-MB-231 and BT-549 cells. This resulted in a 
significant decrease in the polyubiquitination of endogenous 
LSD1 (Fig. 4H). Collectively, these data demonstrate that RNF20 
is a LSD1 ubiquitinase, adding K29-linked polyubiquitination 
chains to LSD1.

CDK9 Promotes LSD1’s Binding with and Stabilization by RNF20. 
We next sought to determine whether the stabilization of LSD1 
by RNF20 depends on LSD1 phosphorylation by CDK9. First, 
we examined whether CDK9 influenced RNF20-mediated 
LSD1 accumulation, and we found that CDK9 inactivation by 
LDC067 blocked RNF20-induced LSD1 accumulation (Fig. 5A). 
In agreement with this, CDK9 increased the interaction between 
LSD1 and RNF20, while the interaction was completely abolished 
after LDC067 treatment in HEK293T cells (Fig. 5B). Furthermore, 
loss of CDK9 in MDA-MB-231 cells weakened the interaction 
between endogenous RNF20 and LSD1 (Fig. 5C). RNF20 was 
unable to increase the protein level of LSD1-5A mutation (Fig. 5D). 
To further confirm this, we measured the half-life of LSD1-5A 
mutation when co-transfected with RNF20 and found that the 
stable level of LSD1-5A protein was significantly lower than 
that of LSD1-WT protein in the presence of RNF20 (Fig. 5 E 
and F). Additionally, the mutation significantly decreased the 
interaction between RNF20 and LSD1 in the presence of CDK9 
(Fig.  5G). Consequently, the mutation also attenuated LSD1 
polyubiquitination by RNF20 (Fig. 5H). In agreement with these 
results, the CDK9 inhibitor LDC067 reduced polyubiquitylated 
LSD1 protein bands compared to the control (Fig.  5I). These 
results demonstrate that CDK9-dependent phosphorylation of 
LSD1 is critical for LSD1’ binding with and ubiquitination by 
RNF20.

CDK9 and RNF20 Inhibition Activate ERVs and an IFN Response 
through LSD1. Both LSD1 and CDK9 inhibition result in 
genome-wide epigenetic depression, activating ERVs and 
leading to an IFN response, ultimately resulting in epigenetic 
immunosensitization (11, 12, 25). To assess whether the loss 
of RNF20 yields a similar effect, we conducted an RNA-Seq 
analysis to comprehensively explore how RNF20 regulates ERVs 
expression and the activation of the IFN response. Our analysis 
revealed a substantial impact of RNF20 inhibition on gene 
expression in MDA-MB-231 cells (SI Appendix, Fig. S4A). Gene 
ontology (GO) enrichment analysis of the differentially expressed 
genes demonstrated a notable enrichment of up-regulated genes 
in terms related to type 1 IFN response and antiviral response 
(Fig.  6A). These findings were further corroborated by GSEA 
(Fig. 6B). Additionally, we observed an upregulation of repetitive 
elements and HERVs following RNF20 inhibition (Fig. 6C and 
SI Appendix, Fig. S4 B and C). Furthermore, H3K4me2 levels of 
IFN-responsive genes increased with RNF20 knockdown (Fig. 6D 

and SI Appendix, Fig. S4D). Importantly, many ERVs exhibited 
elevated H3K4me2 levels upon RNF20 knockdown (Fig. 6D and 
SI Appendix, Fig. S4 E–G). We validated two ERVs and three IFN 
signaling pathways, including CCL5, CXCL9, and CXCL10. In 
line with previous report (12), knockdown of LSD1 increased 
the expression of these genes (Fig. 6E and SI Appendix, Fig. S5 
A and B). Knockdown of CDK9 or RNF20 also resulted in the 
accumulation of ERVs and IFN response genes, suggesting that 
CDK9 and RNF20 epigenetically repress the expression of these 
genes through LSD1 (Fig. 6E and SI Appendix, Fig. S5 A and B). 
Furthermore, knockdown of CDK9 or RNF20 increased the levels 
of H3K4me2 in the promoters of CCL5, CXCL9, and CXCL10, 
which is consistent with the effect of LSD1 deficiency (Fig. 6F). 
Additionally, the levels of LSD1 in these gene promoters were 
decreased in response to loss of CDK9 or RNF20 (SI Appendix, 
Fig. S5C). To confirm that LSD1 phosphorylation is relevant to 
gene activation, we overexpressed either LSD1-WT or LSD1-5A 
in LSD1-depleted MDA-MB-231 cells. Similar to previous report 
(11), depletion of LSD1 up-regulated IFN/antiviral-responsive 
genes (Fig.  6G and SI  Appendix, Fig.  S5 D and E). However, 
overexpression of LSD1-WT, but not LSD1-5A mutant, rescued 
the expression of these genes. We further tested whether LSD1 is 
required for gene reactivation by CDK9 inhibition by treating cells 
with the CDK9 inhibitor LDC067. As previously reported (25), 
CDK9 inhibition activates ERVs and an IFN response (Fig. 6H). 
However, this effect was impaired by LSD1-WT but not by the 
LSD1-5A mutant. Furthermore, overexpression of LSD1-WT, but 
not by the LSD1-5A mutant, was able to restore the expression 
of these genes in CDK9-depleted cells (Fig. 6I and SI Appendix, 
Fig.  S5F). To determine the functional impact of RNF20-
mediated LSD1 accumulation, we knocked down endogenous 
RNF20 in both MDA-MB-231 and EMT6 cells. This loss of 
RNF20 led to an increase in the expression of IFN response genes 
and ERVs (Fig.  6J and SI  Appendix, Fig.  S5 G and H). Most 
importantly, the ectopic expression of LSD1 largely recovered 
the expression of these genes in both cell lines. In aggregate, these 
results demonstrate that CDK9 and RNF20-mediated LSD1 
stabilization are essential for maintaining the silencing of the IFN 
response gene and ERVs.

Loss of RNF20 Potentiates In Vivo Response of Breast Tumor 
Xenografts to Anti-PD-1 Immunotherapy. Given our in  vitro 
findings that RNF20 regulates cell processes potentially related 
to tumor immune response, we next investigated whether RNF20 
inhibition might trigger anti-tumor immunity in vivo. To explore 
this possibility, we used mouse syngeneic tumor models by 
inoculating EMT6 cells into mammary fat pad of BALB/c mice. 
Deletion of RNF20 in EMT6 cells significantly inhibited tumor 
growth in  vivo, as assessed by both tumor size and weight, in 
agreement with our in vitro observations (SI Appendix, Fig. S6 
A–D). In parallel, immunohistochemical (IHC) analysis revealed 
that apoptosis (cleaved-Caspase-3) was markedly increased, while  
cell proliferation (Ki-67) was significantly decreased in RNF20 
knockdown EMT6 tumors (SI  Appendix, Fig.  S6 E and F). 
Furthermore, the expression of exogenous LSD1 in RNF20-
knockdown cells largely rescued the tumor growth (SI Appendix, 
Fig. S6), consistent with the in vitro function of LSD1.

To further investigate the mechanism connecting RNF20 inhi­
bition to enhanced anti-tumor cell immunity, we assessed the 
effect of tumor cell-intrinsic RNF20 on immune cell activity in 
the tumor microenvironment. We observed a significant increase 
in the numbers of CD45+ immune cells and the percentages of 
CD8+ T cells in the tumor microenvironment (Fig. 7 A and B). 
The recruitment of CD8+ T lymphocyte to EMT6 tumors was 
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also increased in RNF20 knockdown tumors (Fig. 7 C and D). 
Furthermore, we found that RNF20 expression negatively asso­
ciated with CD8+ T cell infiltration and NK cell infiltration in 
the TCGA database (Fig. 7E). These findings supported the 
hypothesis that RNF20 inhibition could sensitize tumors to 
immune checkpoint inhibitors. To test this, we used the EMT6 
mouse model, which is known to express PD-L1 but have poor 

immunogenicity and be non-responsive to PD-1 blockade. As 
expected, PD-1 blockade alone has bare effects on EMT6 tumor 
growth (Fig. 7F). However, PD-1 blockade markedly reduced the 
growth of RNF20 knockdown tumor. Importantly, the expression 
of exogenous LSD1 in RNF20-knockdown cells largely recovered 
the recruitment of CD45+ and CD8+ T cells and restored resist­
ance to PD-1 blockade (Fig. 7). Taken together, these results 

Fig. 5. CDK9 promotes LSD1’s binding with and stabilization by RNF20. (A) Flag-LSD1 was co-expressed with Myc-RNF20 in HEK293T cells treated with or 
without CDK9 specific inhibitor LDC000067 (LDC067, 20 µM) for 24 h. Lysates were analyzed by western blot. (B) HEK293T cells transfected with indicated 
plasmids with or without LDC067 treatment. Cell lysates were IP using an antibody against Myc and then analyzed by immunoblotting. (C) MDA-MB-231 cells 
were transfected with control or CDK9 shRNA and then treated with 10 μM MG132 for 6 h. Cell lysates were IP using an antibody against LSD1 (Left) or RNF20 
(Right) and then analyzed by immunoblotting. (D) HEK293T cells transfected with indicated plasmids were analyzed by western blot. (E) After treatment with 
CHX for the indicated time intervals, expression of Flag-LSD1-WT or Flag-LSD1-5A and Myc-RNF20 was analyzed by western blot using Flag and Myc antibodies, 
respectively. Presented data are representative of three separate experiments. (F) The intensity of LSD1 expression for each time point in (E) was quantified 
by densitometry and plotted. (G) HEK293T cells were transfected with HA-CDK9, Myc-RNF20, and Flag-LSD1-WT or Flag-LSD1-5A, and then treated with MG132 
for 6 h. Cell lysates were IP using an anti-Myc antibody then analyzed by immunoblotting using an anti-Flag antibody. (H) HEK293T cells were transfected with 
HA-Ub, Myc-RNF20, and Flag-LSD1-WT or Flag-LSD1-5A and then treated with 10 μM MG132 for 6 h. Adjusted cell lysates were IP using an anti-Flag antibody 
and then analyzed by immunoblotting using an anti-HA antibody. (I) HEK293T cells were transfected with HA-Ub, Myc-RNF20, and Flag-LSD1 and then treated 
with or without LDC067 and treated with 10 μM MG132 for 6 h. Cell lysates were IP using an anti-Flag antibody and then analyzed by immunoblotting using an 
anti-HA antibody. ***P < 0.001, compared with controls.
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suggest that RNF20 inhibition triggers cytotoxic CD8+ T cell 
infiltration, which in turn enhances the in vivo antitumor efficacy 
of immune checkpoint inhibitors.

RNF20 and LSD1 Are Coordinately Overexpressed in Tumors. To 
evaluate the clinical relevance of our finding, we measured RNF20 
and LSD1 protein expression patterns in breast cancer patients 

Fig. 6. CDK9 and RNF20 inhibition activate ERVs and an IFN response through LSD1. (A) A dot map showing top seven immune-related terms in GO analysis of up-
regulated genes (log2(FC-KD/Ctrl) > 0.5 and false discovery rate [FDR] < 0.05) in RNF20 knockdown versus control MDA-MB-231 cells. (B) GSEA in RNF20 knockdown 
versus control MDA-MB-231 cells. Gene list was ranked with signed (from log2FC) likelihood ratio from RNF20 knockdown versus control comparison. (C) Heatmaps 
for differential expression (FDR < 0.05) of transcripts of ERVs between control and RNF20 knockdown MDA-MB-231 cells. (D) H3K4me2 ChIP-Seq signals at promoter 
regions of induced IFN-responsive genes or genomic loci of individual ERVs in control and RNF20 knockdown cells. (E) The RT-qPCR analysis of transcript of selected 
ERVs and IFN response genes in MDA-MB-231 cells transduced with shRNA against scramble, CDK9, RNF20, or LSD1. (F) MDA-MB-231 cells were transfected with sh-
Control, sh-CDK9, sh-RNF20, or sh-LSD1 and ChIP assays were performed using an anti-H3K4me2 antibody. The IP DNA was analyzed by real-time PCR using specific 
primers in the promoter of CCL5, CXCL9, and CXCL10. (G) The RT-qPCR analysis of transcript of selected ERVs and IFN response genes in MDA-MB-231 cells transduced 
with shRNA against scramble or LSD1, and rescued with either WT-LSD1 or LSD1-5A. (H) The RT-qPCR analysis of transcript of selected ERVs and IFN response genes 
in (G) treated with LDC067 (20 µM) for 72 h. (I) The RT-qPCR analysis of transcript of selected ERVs and IFN response genes in CDK9-depeleted MDA-MB-231 cells 
transduced with WT-LSD1 or LSD1-5A. (J) The RT-qPCR analysis of transcript of selected ERVs and IFN response genes in RNF20-depeleted MDA-MB-231 cells transduced 
with WT-LSD1. *P < 0.05, **P < 0.01, ***P value < 0.001 when control or rescued group was compared with Control shRNA group.
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using IHC on a tumor tissue microarray. We observed a general 
tendency of positive protein levels between RNF20 and LSD1 in the 
tumors (Fig. 8A). Quantification of the staining intensity revealed 
a statistically significant positive correlation among the specimens 
analyzed (R = 0.77; P < 0.001, Fig. 8B). In all, these results suggest 
that RNF20 is positively associated with LSD1 in breast tumors.

Discussion

In this study, we have uncovered a unique model in which CDK9 
phosphorylates LSD1 protein at the C-terminal. The phosphoryl­
ated LSD1 protein is then recognized and polyubiquitylated by the 
E3 ligase RNF20 complex, leading to accumulation of the LSD1 
protein and subsequent epigenetic silencing of the IFN response 
and ERVs, inducing immune evasion (Fig. 8C). Our mechanistic 
findings have established that the CDK9–RNF20–LSD1 axis plays 
a critical role in epigenetic silencing, and targeting this axis presents 
a potential therapeutic strategy against immune evasion.

CDK9 is known to regulate transcription elongation by forming 
a complex with Cyclin T1 (24). Recent studies have shown that 
CDK9 is also required for gene silencing in cancer cells (25). CDK9- 
mediated BRG1 phosphorylation triggers chromatin remodeling, 
preventing BRG1 from being recruited to the heterochromatin to 
move and restructure nucleosomes and mediate gene transcription 
(25). However, the mechanism by which CDK9 inhibition leads to 
higher occupancy of H3K4me2 at the promoter regions of hyper­
methylated CDK9 targeted genes (25) was unknown until our study. 
We found that CDK9-mediated phosphorylation of LSD1 leads to 
its stabilization, and CDK9 inhibition induces LSD1 degradation, 
resulting in higher occupancy of H3K4me2 at the promoter regions. 
The specific phosphorylation sites we identified are at the C-terminal 
of LSD1, which is similar to RNAP II. Mutation of these sites impairs 
interaction between LSD1 and RNF20 and thus facilitates LSD1 
degradation. Interestingly, both CDK9 and LSD1 inhibition up- 
regulate the expression of IFN response gene and ERVs (12, 25). Our 
results demonstrated that LSD1 is crucial for CDK9-mediated 

Fig.  7. Loss of RNF20 potentiates in  vivo response of breast tumor xenografts to anti-PD-1 immunotherapy. (A) Immune cells (CD45+) in the tumor 
microenvironment from transplanted EMT6 tumors in immunocompetent mice were analyzed by flow cytometry at day 21 post implantation. (B) Immune cells 
(CD8+) in the tumor microenvironment as described in (A). (C) IHC analysis of immune infiltration of CD8+ T cells in (A). Representative immunohistochemistry 
staining of CD8+ T lymphocytes. (Scale bar, 100 µm.) (D) The percentages of CD8+ T lymphocytes in (C) were measured and analyzed by Leica imaging software. 
(E) Pan-cancer analysis of TCGA dataset for RNF20 expression with indicated gene expression signature. (F) Tumor growth of immunocompetent mice inoculated 
with EMT6 cells transduced with shControl, RNF20 shRNA, or ectopic expressing LSD1 in RNF20-depleted cells, and treated with anti-PD-1 or isotype control. 
Arrows indicate time points of anti-PD-1 injection. #, no significance; ***P < 0.001, compared with controls.
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epigenetic silencing (Fig. 6). Additionally, it has been reported that 
BRG1 is part of the HP1γ–LSD1 complex involved in gene repres­
sion (32, 33). It is plausible that BRG1 and LSD1 form the repressing 
complex to maintain gene silencing. Given that LSD1 overexpression 
did not fully rescue CDK9-inhibition induced gene expression, it is 
likely that other factors, such as histone deacetylase (HDAC), may 
also be involved in CDK9 inhibition-induced gene silencing. It will 
be important to determine the involvement of other epigenetic 
enzymes in this process.

Ubiquitination is a process that is regulated by the UPS and 
involves three enzymes: E1, E2, and E3. Ubiquitin can be attached 
to lysine (K) residue(s) through any of seven amine groups (K6, K11, 
K27, K29, K33, K48, and K63), forming polyubiquitin chains with 
distinct topologies and functional outcomes (34). Previous work sug­
gests that K-6, K-11, and K-48 adopt a compact conformation 
whereas K-29 and K-63 ubiquitin chains adopt an open conforma­
tion (35). The K48 linkage usually leads to protein degradation 
through the proteasome system, whereas K63 is involved in different 

biological functions, such as DNA repair and endocytosis. However, 
little is known about the functions of the other lysine linkage, par­
ticularly the K29 linkage. The atypical K29-linked ubiquitination is 
involved in protein interaction, EV biogenesis, the regulation of a 
viral infection, protein lysosomal degradation, and protein aggrega­
tion (36–38). K29 ubiquitination linkage can constitute a signal 
leading to protein aggregation. For example, EDD ubiquitinates 
β-catenin through Lys-29 or lys11-linked ubiquitin chains, leading 
to enhanced stability of β-catenin (39). HECTD3 also stabilized 
expression of c-MYC through mediating K29-linked polyubiquiti­
nation of c-MYC (40). In addition, K29-linked ubiquitin chains 
emerge as key contributors to stress response and cell cycle signaling 
pathways (38). Interestingly. VCP (also known as p97 or Cdc48, an 
ATPase associated with various activities involved in the processing 
of ubiquitinated proteins), colocalizes with the K29-linked polyubiq­
uitin signal. This observation suggests a nondegradative role for this 
modification, distinct from the proteasome (38). These studies under­
score the importance of K29-linked ubiquitination in maintaining 
protein homeostasis through a dual mechanism involving both pro­
tein degradation and stabilization. However, a precise understanding 
of the molecular mechanisms governing when K29-ub leads to pro­
tein degradation versus protein stabilization necessitates further inves­
tigation. In this study, we found that RNF20 stabilizes LSD1 through 
K29-linked polyubiquitination (Fig. 4). Acting as a E3 ligases, 
RNF20 contains a C-terminal RING-finger domain and was first 
identified as the major E3 ligases responsible for histone H2B lysine 
(K) 120 monoubiquitylation (H2BK120ub) in mammalian cells 
(41). In addition to its role in histone ubiquitination, RNF20 has 
been reported to polyubiquitylate or monoubiquitylate non-histone 
protein. For example, RNF20 is an E3 ligase for Ebp1, AP-2a, and 
sterol regulatory element binding protein1c (SREBP1c), leading to 
their degradation via polyubiquitination (42). In addition, using 
CRISPR-based pooled screening, RNF20 was identified as an E3 
ligase of Foxp3 in regulatory T (Treg) cells and serves as a target for 
Treg-based immunotherapies for cancer (43). On the other hand, 
RNF20 stabilizes motor protein Eg5 and a heat shock transcription 
factor eEF1B δL through monoubiquitylation (44, 45). In the current 
study, we determined that RNF20 stabilizes another non-histone 
protein, LSD1, a histone enzyme, through polyubiquitination. Our 
results were supported by previous study which identified that BRE1A 
(RNF20) was enriched with LSD1 IP in C4-2B, a prostate cancer 
cell line using rapid IP mass spectrometry of endogenous proteins 
(RIME) (46). Furthermore, we found that substrate phosphorylation 
affects its recognition by RNF20. Specifically, phosphorylation of 
LSD1 by CDK9 increases its association with RNF20, which subse­
quently leads to its ubiquitination and stabilization (Fig. 5). This 
provides a unique mechanism for RNF20-mediated histone remod­
eling through the regulation of histone modification enzymes.

RNF20 is known to function in transcriptional elongation, 
DNA damage response, and the maintenance of chromatin dif­
ferentiation (42). Depletion of RNF20 has been linked to a 
variety of cellular defects, including genomic instability, impaired 
tumor suppression, inflammation, and other effects (47). In 
ovarian cancer, ATAC-Seq and RNA-Seq analyses have identified 
that RNF20 depletion leads to an open conformation at pro­
moters and alters the immune signaling pathway (48). Consistent 
with this, previous studies in mice have shown that RNF20 
heterozygosity leads to acute and chronic colitis and inflammation- 
associate colorectal cancer in mice (49). While loss of RNF20 is 
concomitant with loss of H2BK120ub, the vast majority of genes 
whose expression increases in RNF20-depleted human cells did 
not display significant levels of H2BK120ub (50). In addition, 
H2BK120ub is linked to transcriptional elongation and associ­
ated with the transcribed regions of highly expressed genes, 

Fig.  8. Expression of RNF20 and LSD1 are positively correlated in breast 
cancer patients. (A) The 227 surgical specimens of breast cancer were 
immunostained using antibodies against RNF20 and LSD1. Images with 
consecutive IHC staining of both RNF20 and LSD1 in six cases of breast tumors 
(Top: three cases of negative staining; Bottom: three cases of positive) are 
shown. (Scale bar, 100 μm.) (B) Statistical analysis of (A). (C) A proposed model 
to illustrate CDK9–RNF20–LSD1 axis in epigenetic silencing for ERVs and IFN 
response suppression.
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whereas RNF20 depletion can both activate and repress distinct 
genes (51). It was speculated that these two gene cohorts may 
have different chromatin barriers, indicating the involvement of 
other epigenetic regulatory proteins and histone modification. 
Interestingly, it has been reported that RNF20 enzymatically 
modifies chromatin in the type I IFN response (52). In addition, 
H3K4me2 levels have been shown to increase and extend in 
parallel with STAT1 activity in response to IFN treatment (53). 
Most importantly, knockdown of RNF20 leads to upregulation 
of IFN response genes through an H3K4me2/3-based mecha­
nism (53). Our study provides potential mechanism underlying 
this regulation. Specifically, we observed that depletion of 
RNF20 reduced LSD1 protein level, resulting in a significant 
increase in H3K4me2 occupancy at the promoter of the IFN 
response genes (Fig. 6). Moreover, ectopic expression of LSD1 
restored the expression levels of these genes. Our study suggests 
that RNF20 represses IFN response gene by stabilizing LSD1 
and promoting its de-methyltransferase activity, thereby reduc­
ing H3K4 methylation.

In summary, our findings demonstrate that CDK9 plays a criti­
cal role in LSD1 accumulation by phosphorylating LSD1, which 

enhances its binding with and ubiquitination by RNF20, leading 
to the repression of ERVs and the IFN response. Moreover, dis­
ruption of the CDK9–RNF20–LSD1 axis sensitizes anti-PD-1 
treatment, suggesting a potential therapeutic strategy for cancer 
immunotherapy.

Materials and Methods

The materials used in this study, including cell lines, chemicals, and antibodies, 
are described in SI Appendix. Detailed descriptions of the study methods, includ-
ing cell culture and transfection, plasmids and reagents, TMA, IHC, co-IP, WB, 
RT-qPCR, RNA-Seq, ChIP-Seq, and ChIP-qPCR, in vivo ubiquitination assay, kinase 
assay, and fluorescence-activated cell sorting, immunofluorescence staining, and 
in vivo tumorigenesis assay are also provided in SI Appendix.

Data, Materials, and Software Availability. All data are available in the main 
text or the SI Appendix. The accession number for the raw data of ChIP-Seq and 
RNA-Seq reported in this paper is GSE247308 (54).
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