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Abstract

The Mdm4 (alias MdmX) oncoprotein, like its paralogue and interaction partner Mdm2, antagonizes the tumor suppressor
pS3. p53-independent roles of the Mdm proteins are emerging, and we have reported the ability of Mdm2 to modify
chromatin and to support DNA replication by suppressing the formation of R-loops (DNA/RNA-hybrids). We show here
that the depletion of Mdm4 in p53-deficient cells compromises DNA replication fork progression as well. Among various
deletion mutants, only full-length Mdm4 was able to support DNA replication fork progression. Co-depletion of Mdm4 and
Mdm?2 further impaired DNA replication, and the overexpression of each partially compensated for the other’s loss. Despite
impairing replication, Mdm4 depletion only marginally hindered cell proliferation, likely due to compensation through
increased firing of replication origins. However, depleting Mdm4 sensitized p53—/— cells to the nucleoside analog
gemcitabine, raising the future perspective of using Mdm4 inhibitors as chemosensitizers. Mechanistically, Mdm4 interacts
with members of the Polycomb Repressor Complexes and supports the ubiquitination of H2A, thereby preventing the
accumulation of DNA/RNA-hybrids. Thus, in analogy to previously reported activities of Mdm2, Mdm4 enables
unperturbed DNA replication through the avoidance of R-loops.

Introduction

Mutations of the tumor suppressor p53 are observed in more
than 50% of human malignancies. Alternatively, elevated
levels and activity of its negative regulators Mdm?2 and
Mdm4 (also known as Mdmx or Hdm4/Hdmx in humans)
can drive oncogenic transformation. The negative feedback
loop between Mdm?2 and p53 controls p53 activity, but only
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the formation of a heterodimer between the two Mdm
proteins efficiently antagonizes p53 [1]. Increased levels of
Mdm4 were reported for a variety of cancer entities such as
carcinomas of the lung, breast, and colon [2], retino-
blastomas [3], cutaneous melanomas [4] and acute myeloid
leukemia (AML) [5]. Elevated expression of such a critical
negative regulator leads to pathological inactivation of p53.

In addition, Mdm4 carries out p53-independent functions.
The lack of Mdm4 promotes genome instability [6]. When
expressed ectopically, Mdm4 inhibits DNA break repair by
associating with Nbsl, a member of the MRN complex that
also consists of Mrell and Rad50 [7]. Moreover, Mdm4
negatively regulates E2F1 [8] but it can also mediate the
degradation of the E2F1 antagonist RB [9]. And like Mdm?2,
Mdm¢4 is able to increase the proteasomal turnover of p21 [10].

The activities of Mdm?2 are not limited to the degradation
of p53 either [11]. In addition to its role in DNA repair
[12, 13], we reported previously that Mdm?2 is necessary for
maintaining processive DNA replication [14]. For this, it
acts as a chromatin modifier to prevent conflicts between
replication and transcription [15]. Mdm2 mediates histone
2 A ubiquitination via its RING domain, in cooperation with
members of the Polycomb Repressor Complexes (PRCs).
With this, it helps to avoid supraphysiological levels of
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DNA/RNA-hybrids (R-loops) [16]. Such DNA/RNA-
hybrids, typically formed by hybridization of RNA to its
template DNA co-transcriptionally, represent a common
obstacle to DNA replication forks [17]. Thus, Mdm2
enables unperturbed DNA replication by preventing R-loop
formation.

Mdm2 and Mdm4 share 90% of their amino acid
sequence and show high similarity in their p53-binding and
RING domains [18]. Yet, little is known about the potential
role of Mdm4 in DNA replication. Based on the high level
of structural homology and the cooperative effects of Mdm4
and Mdm?2 described in the literature, we asked whether
Mdm4 interferes with DNA replication as well.

In our hands, processive replication of DNA in tumor-
derived cells, as well as in primary cells lacking wild-type
p53, heavily relied on sufficient amounts of full-length
Mdm4. In the absence of Mdm4, DNA replication was
strongly compromised but was rescued by re-introducing
Mdm4, RNF2 (RING finger protein 2, alias RING1B), or by
eliminating R-loops. Thus, Mdm4 acts as a supporter of
DNA replication, independent of p53.

Results

Loss of Mdm4 impairs DNA replication fork
progression

Our previously published results suggested that the chromatin
modifiers Mdm?2 and RNF2 support DNA replication through a
mechanism that is mediated via their RING domains [14, 16].
To address the question whether Mdm4, a structural homolog
of Mdm2, is also able to support DNA replication, we depleted
Mdm4 in various cancer cell lines and murine embryonic
fibroblasts (MEFs) to carry out DNA fiber assays after con-
firming Mdm4 depletion using immunoblot analysis and
immunoprecipitation (Fig. la, b, Supplementary Fig. 1A).
Fiber assays allowed us to visualize the progression of single
DNA replication forks and quantify the length of the DNA that
was synthesized in each fork during the labeling time. Similar
to Mdm?2, depletion of Mdm4 in the TP53—/— lung large cell
carcinoma-derived cell line H1299 [19] impaired the progres-
sion of DNA replication forks (Fig. 1c—e, Supplementary Fig.
1B, C). Decreased fork progression was not only observed after
Mdm4 depletion in p53-null cells but also in two pancreatic
adenocarcinoma cell lines with mutant p53 status. MIA PaCa-2
cells carrying the p53 R248W mutation as well as Panc-1 cells
with the p53 R273H substitution [20] displayed a reduced fork
rate after Mdm4 depletion (Fig. 1f-i, Supplementary Fig.
1D-G). Surprisingly, even in the osteosarcoma cell line U20S
harboring wild-type p53, the depletion of Mdm4 led to a strong
decrease in replication fork progression despite pS3 accumu-
lation (Fig. 1j-k, Supplementary Fig. 1H, I). Due to the

importance of Mdm4 during embryonic development [21], we
additionally tested the role of Mdm4 in supporting DNA
replication in MEFs of mice lacking Mdm4 in a p53-null
background. Strikingly, the loss of Mdm4 reduced replication
fork progression compared with a control cell preparation
lacking only p53 (Fig. 11-n, Supplementary Fig. 1], K). Taken
together, Mdm4 depletion impairs replication fork progression
independent of p53.

Mdm4 and Mdm2 act through partially distinct
mechanisms

Mdm?2 and Mdm4 form heterodimers via their respective
RING domains to ubiquitinate p53 efficiently [1]. In order
to investigate whether Mdm?2 and Mdm4 act cooperatively
to support DNA replication, we depleted H1299 cells of
both Mdm?2 and Mdm4 with siRNAs and used MEFs from
mice lacking Mdm2 as well as Mdm4 in a p53-null
background for replication analysis. In both cases, co-
depletion of Mdm?2 and Mdm4 led to a further decrease in
replication fork progression compared with single deple-
tions (Fig. 2a—f, Supplementary Fig. 2A-D). These results
argue that the two proteins are not entirely dependent on
each other for their impact on DNA replication. To
explore whether Mdm2 and Mdm4 can substitute for each
other in supporting replication, we performed cross-rescue
experiments. A control experiment showed that replica-
tion upon Mdm4 depletion can indeed be rescued by
ectopic expression of Mdm4, but replication did not fur-
ther benefit from higher than endogenous Mdm4 levels
(Fig. 2g—i, Supplementary Fig. 2E, F). Only partial cross-
rescue was observed upon Mdm?2 depletion and Mdm4
ectopic expression (Fig. 2j, k, Supplementary Fig. 2G, H).
Analogous results were obtained when using MEFs (Fig.
21-n, Supplementary Fig. 2I, J). In the same way, the
ectopic expression of Mdm4 in cells lacking p53 and
Mdm4 could completely restore DNA replication fork
progression. On the other hand, only a partial rescue in
replication was observed when Mdm4 was overexpressed in
the p5S3—/— Mdm2—/— and p53—/— Mdm4—/— Mdm2—/—
MEFs. Similar results were found upon ectopic expression
of wild-type Mdm2 in Mdm4-depleted H1299 cells
(Fig. 20, p, Supplementary Fig. 2K, L). A mutant version of
Mdm?2 carrying a point mutation in its RING domain that
inactivates its E3 ubiquitin ligase activity was not able to
rescue replication after Mdm4 depletion (Fig. 20, p). This
leads to the conclusion that Mdm2 and Mdm4 can partially
compensate for each other in supporting fork progression
when present in excess, although their simultaneous
depletion is most deleterious to DNA replication. This
argues that there are overlapping but not entirely redun-
dant activities of both proteins in supporting DNA
replication.
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Full-length Mdm4 is required for supporting DNA
replication

Between the structural homologs Mdm4 and Mdm?2, the
p53-binding domains (p53BD) and the RING domains are
both particularly well conserved [18]. We set out to study
whether these domains are required for the function of
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Mdm4 in DNA replication by first depleting cells of Mdm4
and then ectopically expressing full-length Mdm4 protein
(wild type) or specific Mdm4 fragments (Fig. 3a). First, we
investigated the N-terminal p53BD and used a Mdm4
fragment lacking the first 200 amino acids or a fragment
comprising the p5S3BD only. Using DNA fiber assays, we
observed a rescue of DNA replication fork progression only
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Fig. 1 Loss of Mdm4 impairs DNA replication fork progression.
a Immunoblot to confirm the depletion of Mdm4 in H1299 cells 48 h
after siRNA transfection. A biological replicate is shown in Supple-
mentary Fig. 1A. b Immunoprecipitation of Mdm4 in H1299 after
transfection with control siRNA and three different siRNAs targeting
Mdm4. Precipitation with non-binding beads (NB) and Mdm4 staining
in the flow-through served as controls. Vinculin in the flow-through
was detected as an input control. ¢ H1299, MIA PaCa-2, Panc-1, and
U20S cells were depleted of Mdm4 by siRNA transfection for 48 h
and labeled with 5’-chloro-2/-deoxyuridine (CldU, 25 pM) for 20 min
and iododeoxyuridine (IdU, 25 uM) for 60 min, followed by staining
and microscopy. Analysis of the newly synthesized DNA, visualized
by fluorescent tracks, allows for calculation of DNA replication fork
progression within the labeling period. d Representative images of
labeled tracks after immunostaining of CIdU (red) and IdU (green) in
H1299 cells after Mdm4 depletion. e DNA fork progression in H1299
cells was determined from the track length of the second label (IdU;
kilobases per minute) and displayed in a boxplot with 10-90 percentile
whiskers. For this analysis, more than 100 tracks per sample were
measured. Two biological replicates of experiments carried out with
the same protocol but different passage of cells are shown in Sup-
plementary Fig. 1B, C, confirming the results. f Representative images
of tracks of newly synthesized DNA, visualized by immunostaining of
CldU (red) and IdU (green) in MIA PaCa-2 cells. g Boxplot analysis of
IdU-labeled tracks (indicating DNA replication fork progression) upon
Mdm4 depletion using three siRNAs with 10-90 percentile whiskers
in MIA PaCa-2 cells. Two biological replicates are shown in Sup-
plementary Fig. 1D-E. h Immunostained tracks of CldU (red) and IdU
(green) in representative images. i IdU-stained DNA fibers in Panc-1
cells displayed as boxplots with 10-90 percentile whiskers. Two
biological replicates are shown in Supplementary Fig. 1F-G.
J Representative images of labeled tracks in U20S cells. k Boxplot
analysis of IdU-labeled tracks upon Mdm4 depletion, with 10-90
percentile whiskers. A biological replicate is shown in Supplementary
Fig. 1H. 1 Mouse embryonic fibroblasts lacking p53, alone or in
combination with a deletion of Mdm4, were labeled with CldU
(20 min) and IdU (60 min). m Labeled tracks were immunostained in
red (C1dU) and green (IdU). n Fork progression in MEFs is displayed
in a boxplot with 10-90 percentile whiskers. Two biological replicates
are shown in Supplementary Fig. 1J-K.

after overexpression of full-length, wild-type Mdm4 (Fig.
3b—d, Supplementary Fig. 3A, B). The role of Mdm?2 as a
chromatin modifier depends on its RING domain that car-
ries E3 ubiquitin ligase activity [16]. Mdm4 contains a
RING domain as well but so far no associated E3 ubiquitin
ligase activity has been described [22]. We, therefore, asked
whether the RING domain of Mdm4 is essential for sup-
porting DNA replication. We conducted fiber assay
experiments overexpressing either the C-terminal RING
domain or a fragment lacking the most carboxyterminal 145
amino acids of Mdm4, which comprise the RING finger.
Again, only full-length Mdm4 was able to restore DNA
replication after depletion of endogenous Mdm4, whereas
the ARING (Fig. 3e—f, Supplementary Fig. 3C-E) and
RING fragments could not do so (Fig. 3g, h, Supplementary
Fig. 3F-H). Hence, only full-length Mdm4 is capable of
supporting DNA replication.

Mdm4 depletion increases replicative stress, but
overall DNA synthesis is maintained

To understand whether cells experience replicative stress
upon loss of Mdm4, we studied different indicators of this
phenomenon. First, we asked whether the velocity or the
processivity of the DNA replication forks change upon
Mdm4 knockdown. To distinguish this, we used a modified
fiber assay protocol previously described by our group [14],
labeling the DNA of ongoing forks with seven brief expo-
sures to nucleoside analogs. In response to Mdm4 depletion,
we observed an increase in replication fork stalling, indi-
cated by the incorporation of fewer than 7 labels (Fig.
4a—c). Fork velocity, assessed by the progression of labels 2
to 5, was also significantly reduced (Fig. 4d). Thus, Mdm4
depletion impairs both the velocity and the processivity of
DNA replication forks. Next, we assessed the levels of
single-stranded nuclear DNA using immunofluorescence
staining for CldU without previous DNA denaturation. The
signal derived from incorporated CldU nucleotides that
were accessible in single-stranded portions of DNA
increased significantly after Mdm4 depletion (Fig. 4e, f,
Supplementary Fig. 4A, B). Single-stranded DNA is a
hallmark of replicative stress and is often accompanied by
activation of the DNA damage signaling cascade [23]. One
readout for this cascade is the phosphorylation of the his-
tone variant H2A.X at Ser139, also referred to as yH2AX.
We detected elevated levels of yH2AX upon Mdm4
depletion (Fig. 4g—i, Supplementary Fig. 4C-E). Thus,
depletion of Mdm4 increases replicative stress, indicated by
fork stalling, high levels of ssDNA, and DNA damage
signaling. Surprisingly, however, we observed that long-
term proliferation of cells after Mdm4 depletion was hardly
affected (Fig. 4j, Supplementary Fig. 4F). One way of
compensating for high levels of replicative stress in cells is
to induce dormant origin firing [24]. We determined firing
of bidirectional origins during the first labeling pulse to be
increased by 2-fold in samples lacking Mdm4 (Fig. 4k,
Supplementary Fig. 4G, H), seen as structures labeled
green-red-green [25]. Accordingly, overall EAU incorpora-
tion per cell remained largely unchanged (Fig. 41, Supple-
mentary Fig. 4I), and cell cycle progression was only
marginally altered (Fig. 4m, Supplementary Fig. 4J-M),
further arguing in favor of a compensatory effect of dormant
origin firing to maintain DNA synthesis and cell prolifera-
tion upon Mdm4 depletion.

Mdm4 depletion sensitizes cells to gemcitabine
Although cells were able to proliferate despite the deple-

tion of Mdm4, this situation still led to replicative stress
(Fig. 4). Therefore, we asked whether Mdm4 depletion

SPRINGER NATURE
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replication stress by inhibiting ribonucleotide reductase
and also by misincorporation into nascent DNA [26]. As
expected, a drop in DNA fork progression was observed

could exacerbate the effect of a nucleoside analog on DNA
replication. To address this, we performed fiber assays on
H1299 cells treated with gemcitabine, a drug that induces

SPRINGER NATURE
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Fig. 2 Mdm4 and Mdm2 act through partially distinct mechan-
isms. a H1299 cells were transfected with siRNA for 48 h to knock-
down Mdm4, Mdm?2, or both, and labeled with IdU and CIdU as
indicated to detect single replication forks. b Representative images of
tracks of newly synthesized DNA were visualized by immuno-
fluorescence, staining CI1dU (red), and IdU (green). ¢ Analysis of IdU-
labeled tracks upon depletion of Mdm4 or Mdm2 or Mdm4 and Mdm2
with 10-90 percentile whiskers. Two biological replicates are shown
in Supplementary Fig. 2A, B. d MEFs with four different knockouts
(p53—/—, p53—/— Mdm2—-/—, p53—/— Mdmd4—/—, p53—/—
Mdm2—/— Mdm4—/—) were labeled with CIdU for 20 min and IdU
for 60 min. e Immunostained tracks of CldU (red) and IdU (green) in
representative images. f Fork progression in MEFs displayed as a
boxplot. A biological replicate is shown in Supplementary Fig. 2D.
g H1299 cells were first transfected with siRNAs to deplete Mdm?2 or
Mdm4, followed by plasmid transfection to overexpress Mdm2 or
Mdm4 after 24 h. After another 30 h, samples were subjected to fiber
assay labeling with 25 uM CldU (20 min) and 25 pM IdU (60 min).
h Labeled tracks of CldU and IdU stained in red and green, respec-
tively. i Fluorescently labeled tracks displayed as boxplots with 10-90
percentile whiskers. A biological replicate is shown in Supplementary
Fig. 2E. j Labeled tracks were immunostained in red (CldU) and green
(IdU). k The fork rate of replication during the IdU label is shown in
boxplots. A biological replicate is shown in Supplementary Fig. 2G.
1 Mdm4 was ectopically expressed in MEFs for 30h before fiber
assays were conducted. m Representative images of replication tracks
from MEFs with single p53 knockouts, p53/Mdm4, and p53/Mdm?2
double knockouts as well as triple knockouts, transfected with an
expression plasmid for wild-type Mdm4. n IdU track lengths repre-
senting fork progression in MEFs transfected with Mdm4 as in (m),
displayed in boxplots with 10-90 percentile whiskers. A biological
replicate is shown in Supplementary Fig. 2J. o Fluorescently labeled
tracks in red (CldU) and green (IdU). p Analysis of fork progression in
the IdU label after Mdm4 depletion and ectopic expression of wild-
type Mdm2 or Mdm?2 with the mutation C462A, lacking its E3 ubi-
quitin ligase function. A biological replicate is shown in Supplemen-
tary Fig. 2K.

following gemcitabine treatment. Importantly, however,
Mdm4 depletion impaired fork progression even further
when combined with gemcitabine treatment (Fig. Sa-—c,
Supplementary Fig. 5A). The detrimental effect on DNA
replication was accompanied by further accumulation of
phosphorylated checkpoint kinase 1 (pChkl), an inter-
mediate in DNA damage signaling, as determined by
immunoblot analysis (Fig. 5d, Supplementary Fig. 5B) in
Mdm4-depleted cells co-treated with gemcitabine. In
addition, cell proliferation was compromised to a greater
extent upon a combination of gemcitabine treatment and
Mdmé4 depletion compared with cells that only underwent
treatment with the drug (Fig. Se, Supplementary Fig. 5C).
Moreover, we conducted cell viability assays in Mdm4-
depleted cells treated with doses of gemcitabine ranging
from 5nM to 80 nM. Similar to the proliferation assay, a
lack of Mdm4 alone did not significantly affect the
viability of cells. However, when these Mdm4-depleted
cells were treated with 5 to 20nM gemcitabine, their
viability was strongly impaired compared with their
respective controls (Fig. 5f). Hence, the depletion of

Mdm4 sensitizes cells towards a nucleoside analog used
in cancer chemotherapy.

Mdm4 cooperates with Polycomb Repressor
Complex members and regulates H2A
ubiquitination

We and others have described that Mdm2 interacts with
members of the PRC 1 [27] and 2 [15, 28]. Importantly,
Mdm?2 cooperates with RNF2 to mediate chromatin com-
paction and maintain proper DNA replication. Therefore,
we asked whether Mdm4 interacts with components of the
PRCs. Co-immunoprecipitation followed by immunoblot
analysis revealed that Mdm4 can bind to the PRC1 member
RNF?2 alias Ringlb (Fig. 6a). Moreover, Mdm4 as well as
Mdm?2 co-precipitated with the PRC2 member EZH?2 (Fig.
6b, Supplementary Fig. 6A). In line with these results, the
overexpression of RNF2 restored DNA replication fork
progression in Mdm4-depleted cells (Fig. 6¢, d, Supple-
mentary Fig. 6B-D), suggesting that the role of Mdm4 in
replication overlaps with that of RNF2. Although Mdm4
lacks an intrinsic E3 ubiquitin ligase activity, it is able to
associate with Mdm?2 and the PRCs, leading us to further
speculate that Mdm4 might participate in chromatin mod-
ification. And indeed, co-depletion of Mdm4 and RNF2 led
to further reduction of global H2AK119ubl levels com-
pared with the single knockdowns, as seen in immunoblots
(Fig. 6e, Supplementary Fig. 6E). In addition, chromatin
immunoprecipitation using an antibody to H2AK119ubl1, in
cells depleted of Mdm4 or Mdm?2, showed a marked
reduction of H2AK119ubl occupancy at known PRC-
regulated target sites (Fig. 6f). To investigate if this
decrease in H2AK119ubl was responsible for attenuating
DNA replication in response to Mdm4 depletion, we
examined whether the overexpression of histone 2A could
rescue fork progression after Mdm4 knockdown. Indeed,
fork progression was fully restored upon ectopic expression
of wild-type H2A in H1299, but not in cells which were
transfected with mutant H2A bearing point mutations at its
PRC-responsive ubiquitination sites (K118R/K119R) (Fig.
6g, h, Supplementary Fig. 6F-H). Moreover, the over-
expression of wild-type H2A rescued the fork progression
in p53—/— Mdm4—/— and p53—/— Mdm2—/— MEFs as
well (Fig. 6i, j, Supplementary Fig. 6I-]). Interestingly,
H2A overexpression in triple knockout MEFs (p53—/—
Mdm4—/— Mdm2—/—) only led to a partial restoration of
replication, suggesting that the increased supply of the
substrate H2A is not sufficient to fully compensate for the
absence of both Mdm proteins. Taken together, these
findings indicate a novel function of Mdm4 in regulating
histone modifications by cooperating with RNF2, and they
provide mechanistic insight into the p53-independent role
of Mdm4 in supporting DNA replication.
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Fig. 3 Full-length Mdm4 is required for supporting DNA repli-
cation. a Schematic diagram of five plasmid constructs expressing
either full-length Mdm4, Mdm4 carrying a deletion of its p53-binding
and RING domains, or the p53-binding and RING domain alone.
b H1299 cells were depleted of endogenous Mdm4 by siRNA trans-
fection for 48 h, transfected with plasmid DNA to overexpress Mdm4
or fragments of it for 30 h, and labeled with CldU (20 min) and IdU
(60min) for fiber analysis. ¢ Replication fork progression upon
overexpression of Mdm4 fragments while depleting endogenous
Mdm4. Immunostained tracks of CldU (red) and IdU (green) in
representative images. d Boxplot analysis of IdU-labeled tracks upon
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Mdm4 depletion and overexpression of wt-Mdm4 as well as Mdm4 (aa
201-489) or the p53 binding domain alone (aa 1-198) with 10-90
percentile whiskers. A biological replicate is shown in Supplementary
Fig. 3B. e Replication tracks after immunostaining of CldU (red) and
1dU (green). f Boxplot analysis of IdU-labeled tracks upon Mdm4
depletion and overexpression of wt-Mdm4 and Mdm4 (aa 1-344) with
10-90 percentile whiskers. Two biological replicates are shown in
Supplementary Fig. 3D, E. g Replication tracks. h Analysis of fork
progression upon Mdm4 depletion and overexpression of wt-Mdm4 or
the Mdm4 RING (aa 345-489) domain alone. Two biological repli-
cates are shown in Supplementary Fig. 3G-H.
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Fig. 4 Mdm4 depletion increases replicative stress, but overall
DNA synthesis is maintained. a H1299 cells were transfected with
siRNAs targeting Mdm4 for 48 h and then labeled with CldU for 1 h,
followed by short (10 min), alternating pulses of IdU and CIdU for a
total of seven labels. b Representative images of replicated stretches
that have incorporated all seven labels. Seven labels reflect the full
progression of the fork throughout the entire labeling time. Numbers
lower than 7 indicate premature termination during the labeling time.
¢ The percentages of forks with fewer than seven labels indicate that
depletion of Mdm4 causes replication to run in a less processive
manner than cells transfected with scrambled (control) siRNA. The bar
chart shows mean + SD from two biological replicates. d The length
of labels 2—5 was used for fork progression analysis to reveal that fork
velocity was also diminished by Mdm4 depletion. e Representative
images of immunostaining after incubating the cells with 25 uM CldU
after 48 h of Mdm4 depletion. Fluorescence represents single-stranded
DNA. f Fluorescence intensity corresponding to single-stranded DNA
was quantified by Fiji software and displayed in a boxplot, indicating
that Mdm4 depletion causes accumulation of single-stranded DNA.
Two biological replicates are shown in Supplementary Fig. 4A, B.
g Staining of the DNA damage marker YH2AX in cells depleted of
Mdm4. h Fluorescence intensity per nucleus is shown in a boxplot
with 10-90 percentile whiskers. Two biological replicates are shown
in Supplementary Fig. 4C-D. i Immunoblot analysis to show increases
in YH2AX levels after Mdm4 knockdown in H1299 cells. A biological
replicate is shown in Supplementary Fig. 4E. j To assay for cell
proliferation, H1299 cells were transfected with siRNA against Mdm4.
Confluence of transfected cells was analyzed every 24 h by translu-
cent, automated microscopy. A biological replicate is shown in Sup-
plementary Fig. 4F. k After labeling as described in the legend to Fig.
lc, all visible fiber track structures were counted (in total 8,698). The
share of bidirectional origins of replication (green-red-green structures
as shown in the representative image below) firing during the first
labeling pulse, in relation to all track structures, increased after Mdm4
depletion, indicating enhanced origin firing. 1 To assess the overall
DNA synthesis, cells were labeled with 10 uM EdU for 4 h and the
average EdU mean intensity was plotted as bar graphs. No change in
DNA synthesis was detected after Mdm4 depletion. A biological
replicate is shown in Supplementary Fig. 4. m Dual parameter plot of
DNA content (DAPI) vs. EdU intensity, for both ctrl and Mdm4-
depleted cells. Three populations of cells are visible, G1 (orange
square), S-phase (blue), G2/M (green). A biological replicate is shown
in Supplementary Fig. 4J. For a detailed quantification see Supple-
mentary Fig. 4K.

Removal of accumulated DNA/RNA-hybrids
allows replication fork progression despite the
loss of Mdm4

The formation of DNA/RNA-hybrids presents a major
obstacle to moving replication forks [29]. We previously
described a novel role of Mdm?2 in maintaining dynamic
chromatin compaction to prevent the formation of persistent
hybrids [16]. To assess if these structures are also present
after the loss of Mdm4, we performed dot blot analyses of
cellular DNA using an antibody (S9.6) that detects DNA/
RNA-hybrids [30, 31]. Indeed, loss of Mdm4 resulted in a
strong induction of R-loops in both H1299 cells and the
corresponding knockout MEFs (Fig. 7a—d, Supplementary
Fig. 7A-D). We next asked whether replicative stress
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caused by Mdm4 depletion can also be relieved by the
overexpression of RNaseHI1, an enzyme resolving DNA/
RNA-hybrids. Strikingly, ectopic expression of wild-type
RNaseH1, but not its catalytically inactive mutant, rescued
replication fork impairment in Mdm4-depleted H1299 cells
(Fig. 7e-g, Supplementary Fig. 7E, F). Analogous obser-
vations were made in p53—/— MEFs with or without
additional deletions of Mdm4 and/or Mdm2 (Fig. 7h-i,
Supplementary Fig. 7G-H). This indicates that changes in
the chromatin upon depletion of Mdm4 lead to the forma-
tion of DNA/RNA-hybrids that act as obstacles to DNA
replication forks.

Discussion

Our results strongly suggest that Mdm4, much like its
paralogue Mdm?2, prevents the occurrence of replicative
stress by cooperation with RNF2 and is therefore required
for an unperturbed progression of DNA replication forks.
As for p53 inhibition, Mdm4 and Mdm?2 are most effective
in supporting DNA replication when present together,
although the single components can still perform a similar
function and avoid the formation of R-loops which we
identified as a cause of replicative stress (Fig. 7j). This
effect is observed in p53-deficient cells, excluding p53-
binding as an underlying mechanism.

The impact of Mdm4 on DNA replication resembles that
of Mdm?2 or p53. We have previously described p53 as a
supporter of DNA replication, capable of enhancing the
processivity of single replication forks [14]. On the other
hand, we observed similar activities in the case of Mdm?2,
independent of p53 [16]. Furthermore, Mdm?2 is the product
of one of the most strongly p53-inducible genes [32]. This
argues that p53 may carry out its supportive function for
DNA replication through the induction of Mdm?2.

Since Mdm4 resembles Mdm?2 in its structure and most
likely represents a paralogue of Mdm2 with a common
ancestor gene [33], it seems plausible that the two proteins
might act on DNA replication through similar mechanisms
that may have been preserved through long periods of
evolution. Both proteins bind to Polycomb Repressor
Complexes, regulate chromatin modification and act, at
least in part, by preventing DNA/RNA-hybrids (R-loops)
thereby enabling smooth progression of DNA replication
forks.

For counteracting p53 activity, Mdm2 teams up with
Mdm4, and the heterodimer of both proteins appears most
efficient for p53 antagonism. Since Mdm4 and Mdm?2 form
a specific complex through interaction of their RING finger
domains, and since the RING finger of each protein is
required for supporting DNA replication (this work, Fig. 3,
and [16]), it would be conceivable to assume that this
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Fig. 5 Mdm4 depletion sensitizes cells to gemcitabine. a H1299
cells were transfected with siRNA for 48 h and labeled with IdU and
CldU as indicated. During the 120 min of IdU labeling the cells were
treated with 500 nM gemcitabine. b Representative images of labeled
tracks after immunostaining. ¢ IdU-stained DNA fibers in H1299 cells
displayed as boxplots with 10-90 percentile whiskers. A biological
replicate is shown in Supplementary Fig. SA. d Cells were treated as in
(a) and subjected to immunoblot analysis, revealing enhanced Chkl
phosphorylation when Mdm4 depletion was combined with gemcita-
bine treatment. A biological replicate is shown in Supplementary

complex must be formed for supporting DNA replication.
However, the observation that each of the two proteins can
partially compensate for the depletion of the other suggests
that they can support DNA replication individually. In
addition, we provide evidence for partially exclusive roles
of the two Mdm proteins. The effect of double knockout in
MEEF as well as co-depletion of Mdm4 and Mdm?2 in cancer
cell lines exceeds the impairment of DNA replication by
depleting just one of them (Fig. 2). We propose that Mdm4
and Mdm?2 act through only partially overlapping
mechanisms when present at physiological levels and in
addition have individual roles in DNA replication, e.g.
through the individual interaction partners of each protein
[34-36].

At least in the case of the Mdm4 binding partner p53,
ubiquitination activity directly driven by Mdm4 has not
been described [22]. Nevertheless, the RING finger domain
of Mdm#4 is required for supporting DNA replication. One
might hypothesize that Mdm4 interacts with additional
binding partners via this domain and therefore mediates
ubiquitination of a substrate relevant to replication, such as
H2A. Our observation that Mdm4 binds to members of the
PRCs, consistent with recently published results on a role of

Concentration of Gemcitabine in nM

Fig. 5B. e H1299 cells were transfected with siRNA against Mdm4
and treated with 10 nM gemcitabine. Confluence of transfected cells
was analyzed every 24h to document decreased proliferation of
Mdm4-depleted, gemcitabine-treated cells. Variability within tripli-
cates is shown as standard deviation. A biological replicate is shown in
Supplementary Fig. 5C. f H1299 cells were transfected with siRNA to
knockdown Mdm4 and treated with different concentrations of gem-
citabine for 72 h. Cell viability was assessed by measuring ATP levels.
Mean and SD were calculated from three biological replicates.

Mdm4 in EZH2 ubiquitination [28], raises the possibility of
Mdm4 acting on PRCs as shown for Mdm2 [37]. Interest-
ingly, Mdm4 overexpression alone reduced DNA replica-
tion fork progression to some extent, although not as
profoundly as the depletion of endogenous Mdm4. Supra-
physiological levels of Mdm4 may alter the stoichiometry
between Mdm4 and its binding partners. It is tempting to
speculate that balanced levels of Mdm4 and Mdm2, on the
one hand, and the PRCs, on the other hand, are essential for
proper chromatin modification and thus an unperturbed
DNA replication.

Mdm4 physically interacts with the MRN complex,
consisting of the DNA repair mediators Mrel1, Rad51, and
Nbs1 [7]. Thereby, Mdm4 suppresses the repair of double-
strand DNA breaks, and this occurs independent of Mdm2
and p53. This is in correspondence with the results reported
here, regarding the impact of Mdm4 on DNA replication.
Interestingly, the MRN complex, through the nuclease
activity of Mrell, was found to be required for the acti-
vation of Chk1 in the context of replication stress, at least in
an in vitro system [38]. Thus, Mdm4 might further support
the progression of DNA replication forks by interacting
with the MRN complex.

SPRINGER NATURE
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Since developing tissues are very proliferative and
express high levels of Mdm4 [39], one would expect con-
sequences of the impaired DNA replication in p53—/—
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Mdm4—/— mice. Different groups published conflicting
observations on the consequences of Mdm4 loss in a
pS3—/— background in vivo. One study reported no
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<« Fig. 6 Mdm4 cooperates with Polycomb Repressor Complex

members and regulates H2A  ubiquitination. a Co-
immunoprecipitation of Mdm4 and RNF4. Expression plasmids for
Flag-tagged Mdm4 and/or non-tagged RNF2, or an empty control
plasmid, were transfected into H1299 cells. Cell lysates (input) and the
immunoprecipitated (IP) material were analyzed by immunoblotting
(IB) with antibodies detecting the Flag-tag and RNF2, respectively.
Immunoprecipitation was conducted using antibodies against RNF2
(rabbit antibody), and pre-immune IgG (rabbit antibody) was used as a
negative control. An asterisk (¥) indicates a background band, pre-
sumably dimerized IgH; Double asterisk (**) indicates monomeric
IgH. b Co-immunoprecipitation of Mdm4 and EZH2. H1299 cells
were transfected with expression plasmids for Flag-tagged Mdm4,
non-tagged EZH2, and/or a control plasmid, for 30 h. Cell lysates were
immunoprecipitated using Mdm4 (mouse antibody) and pGal (mouse
antibody, negative control) antibodies and subjected to immunoblot
analysis with antibodies detecting the Flag-tag and EZH2. An addi-
tional Co-IP upon ectopic expression of Mdm4 and/or Mdm2 and
EZH2 is shown in Supplementary Fig. 6A. ¢ DNA replication upon
Mdm4 depletion and overexpression of RNF2. Representative images
of immunostained tracks of CldU (red) and IdU (green) of H1299 cells
upon transfection with Mdm4 siRNA and overexpression of RNF2.
d Boxplot analysis of fork progression in the IdU label (green) with
10-90 percentile whiskers of the experiment described in (c). Two
biological replicates are shown in Supplementary Fig. 6C, D.
e Immunoblot analysis of cells depleted of Mdm4, RNF2 or both.
Samples stained for RNF2 as well as H2AK119ubl and HSC70 and
total H2A. A biological replicate is shown in Supplementary Fig. 6E.
f Chromatin immunoprecipitation (ChIP) analysis of H2AK119ubl on
PRCI1 target gene promotors and C-FOS as negative control after
H1299 cells were transfected with siRNA against Mdm4 or Mdm2.
(Enrichment normalized to input and total H2A shown as mean +
SEM from three biological replicates). g Overexpressed H2A rescuing
DNA replication in Mdm4-depleted cells. Representative images of
tracks of newly synthesized DNA that were visualized using immu-
nofluorescence. h Fork progression after overexpression of wild-type
H2A (pcDNA3.1-Flag-H2A) or a mutant lacking the lysine residue
that is known to be ubiquitinated by Mdm2 and RNF2 (pcDNA3.1-
Flag-H2A-K118-119R), upon Mdm4 depletion. H2A but not the
mutant rescued DNA replication. Two biological replicates are shown
in Supplementary Fig. 6F-G. i Overexpressed H2A rescuing DNA
replication in MEFs lacking p53 and the respective Mdm proteins.
Representative images of immunostained tracks of CldU (red) and IdU
(green) of a fiber assay with mouse embryonic fibroblasts (MEFs).
J MEFs with targeted deletions of p53 alone, p53 in combination with
Mdm4 or Mdm?2, as well as a triple knockout were transfected with a
plasmid carrying wild type H2A or an empty plasmid as a control.
Fork progression analysis of these cells is displayed in a boxplot with
10-90 percentile whiskers. A biological replicate is shown in Sup-
plementary Fig. 61.

obvious phenotypical differences or altered rate of tumor
development in p53—/— Mdm4—/— mice, compared with
those harboring a p53 deletion alone [21]. However, another
group observed tumor onset in pS3—/— Mdm4—/— mice
five weeks earlier than in p53 null mice [40]. Mdm4 does
not seem to be essential for proper development, at least not
within laboratory mice. We suggest, however, that Mdm4
and Mdm?2 might provide a greater robustness of DNA
replication under more natural conditions, which include
stressors such as infections or inflammations. Furthermore,
we describe a possible way how cells may at least partially

compensate for the decreased DNA replication fork pro-
gression by inducing the firing of dormant replication ori-
gins. Only in the presence of an external stressor, replication
stress led to a decrease in cell growth and cell viability. This
mechanism, as well as a partial compensation by Mdm?2,
could prevent growth restrictions and tumor onset in
Mdm4-deficient mice as well.

A recently proposed model by Marine and Jochemsen
[41] regarding the role of different Mdm4 isoforms in
human cancer considers a splicing switch from Mdm4-S
(short) to Mdm4-FL (full-length) as crucial for the malig-
nant transformation. In our hands, the supportive function
of Mdm4 on DNA replication required a full-length protein
including the RING domain. This adds a new aspect of
Mdm4 as a therapeutic target in human cancer: If Mdm4
enables some cancer cells to replicate their genome in a fast
and processive manner, the rationale behind targeting
Mdm4 would not only be the reactivation of wild-type p53
but also to impair the DNA replication in malignant cells
and to sensitize these cells to other anti-tumor treatments.
Since most differentiated adult tissues do not produce full-
length Mdm4 due to unproductive splicing [39] and can,
therefore, tolerate the loss of Mdm4 [42, 43], this argues for
the possibility of inhibiting full-length Mdm4 in cancer cells
with limited toxicity in healthy tissues.

Mdm4 has been suggested as a drug target under various
circumstances [4, 44—48]. The results presented in this work
further encourage the search for Mdm4-inactivating small
molecules. Although it is difficult to define precise target
sites on Mdm4 regarding its impact on DNA replication, it is
conceivable to eliminate Mdm4 by a drug that binds its p53-
interacting domain [49] and couples it to a ubiquitin ligase,
an approach termed PROTAC [50]. Such an approach is
expected to increase replication stress, and, as observed in
this study with Mdm4 depletion (Fig. 5), might cooperate
with conventional drugs that interfere with DNA replication.

Materials and methods

Detailed descriptions regarding the experimental procedures
are provided in the Supplemental Materials and Methods.

Cell culture

H1299 (non-small cell lung carcinoma, TP53—/—; male), MIA
PaCa-2 (pancreatic adenocarcinoma, mutp53 R248W; male),
Panc-1 (pancreatic epithelial carcinoma, mutpS3 R273H;
male), U20S (osteosarcoma, TP53+/4; female) cells and
mouse embryonic fibroblasts derived from pS3—/—, p53—/—
Mdm4—/—, p53—/— Mdm2—/— as well as p53—/—
Mdm2—/— Mdm4—/— animals were maintained in DMEM
and routinely tested to exclude mycoplasma contamination.

SPRINGER NATURE
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Fig. 7 Removal of accumulated DNA/RNA-hybrids allows repli-
cation fork progression despite the loss of Mdm4. a Accumulation
of DNA/RNA-hybrids (R-loops) upon depletion of Mdm4 in H1299
cells. Dot blot analysis of DNA from cells treated with siRNA tar-
geting Mdm4 for 48 h to investigate the formation of R-loops. Incu-
bation with RNaseH was carried out as negative control before
staining with S9.6 antibody to detect DNA/RNA-hybrids. Staining of
single-stranded DNA (ssDNA) after denaturation was used as a
loading control. A biological replicate is shown in Supplementary Fig.
7A-B. b Bar chart of the S9.6 signal normalized to ssDNA. ¢ Dot blot
analysis as described in (a) of MEFs with p53 or p53/Mdm4 knock-
outs. A biological replicate is shown in Supplementary Fig. 7C-D.
d Quantification of the normalized S9.6 signal indicating the increase
in DNA/RNA-hybrids due to deletion of Mdm4. e H1299 cells were
subjected to Mdm4 siRNA transfection for 48 h followed by a plasmid
transfection for the last 30h before fiber assay analysis.
f Immunostained tracks of CIdU (red) and IdU (green) in representa-
tive images. g A boxplot displaying the fork progression of Mdm4-
depleted H1299 cells transfected with plasmids to express wild-type
RNaseH1 (pICE-RNaseH1-NLS-mCherry) or a catalytically inactive
mutant (pICE-RNaseH1-D10-E48R-NLS-mCherry), showing that
RNaseH1 can rescue the defective DNA replication upon Mdmé4
depletion. Two biological replicates are shown in Supplementary Fig.
7E, F. h Representative images of CldU (red) and IdU (green) stained
tracks of DNA. i MEFs with a single p53 knockout, p53 in combi-
nation with Mdm4 or Mdm2 as well as the triple knockout were
transfected with a plasmid carrying wild type RNaseH as well as an
empty control. Fork progression analysis of these cells is displayed in a
boxplot with 10-90 percentile whiskers. A biological replicate is
shown in Supplementary Fig. 7H. j Graphical abstract: Mdm4 as well
as Mdm?2 prevent the occurrence of replicative stress by cooperation
with RNF2. As for p53 inhibition, Mdm2 and Mdm4 are most
effective in supporting DNA replication when present together,
although the single components can still perform a similar function
and avoid the formation of R-loops.

DNA fiber assays

DNA fiber assays to analyze replication fork progression
and processivity and the share of ORIs were carried out as
described in [16]. During microscopy and measurement of
the labeled tracks, the groups were blinded to ensure
unbiased analysis. To reliably estimate fork progression a
minimum of 100 fibers [51] was measured.

Chromatin immunoprecipitation (ChiIP)

ChIP was done according to a protocol previously described
by our group [15] but modified as described in the sup-
plemental information.

Dot blot analysis

Cells were washed in PBS and fixed with 1.1% paraf-
ormaldehyde in 0.1 M NaCl, 1 mM EDTA, 0.5 mM EGTA,
and 50 mM HEPES pH7 for 30 min. Glycine was added to a
final concentration of 0.125M to quench the reaction.
Subsequently, the cells were lysed in 1% Triton X-100,
0.15M NaCl, 1mM EDTA, 0.3% SDS with protease

inhibitors and sonicated for ten cycles. Following proteinase
K (2 mg/ml, ThermoFisher, Waltham, MA, USA) treatment
for 1 h at 50 °C, DNA was isolated using phenol-chloroform
extraction. An equal amount of DNA was spotted onto pre-
wet nitrocellulose membrane and cross-linked with UVC
for Smin. As a negative control, one-half of the samples
were also pre-treated with RNaseH (0.03 U/ng DNA,
ThermoFisher) for 3h at 37°C prior to spotting. The
membrane was blocked in 5% BSA containing 0.25%
Tween-20 and then incubated with S9.6 antibody (Kerafast,
Boston, MA, USA, 1:300) overnight. DNA/RNA-hybrids
were detected using Femto Maximum Sensitivity Substrate
(ThermoFisher) following incubation with peroxidase-
conjugated donkey anti-mouse IgG (Jackson Immunor-
esearch, Cambridgeshire, UK, 1:10000). To ensure equal
loading, the membrane was incubated with antibody to
single-stranded DNA (Millipore, Saint-Louis, MO, USA,
1:1000) following treatment with 2.5 M HCI for 15 min to
denature the DNA. Similarly, detection of ssDNA was
performed following exposure to the secondary antibody.

Non-denaturing CldU Assay for detection
of single-stranded DNA

Twenty-four hours after transfection of H1299 cells, med-
ium was changed and replaced with DMEM containing
25 uM CldU. Following a further 24 h incubation, the cells
were harvested according to the immunofluorescence pro-
tocol and incubated with Anti-BrdU antibody (ab6326,
Abcam, Cambridge, UK), DAPI and Alexa Fluor 555 (A-
21434, ThermoFisher). The primary antibody detects the
incorporated CIdU (by cross-reactivity), but only when
present as single-stranded DNA.

Quantification and statistical analysis

Fiber images were acquired by fluorescence microscopy and
analyzed manually using Image J. The number of fibers
measured for each condition is indicated in the graphs and
biological replicates shown in corresponding supplemental
figures. Statistical testing was performed using GraphPad
Prism 8 (GraphPad Software, San Diego, CA, USA). For
normally distributed samples, ANOVA or a two-sided
unpaired #-test were used to calculate the significance. In the
remaining cases, Kruskal-Wallis test or Mann—Whitney test
were calculated with an assumed significance for p values <
5%. For multiple comparisons, the adjusted p values
are shown.
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