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Zmat3 splices together p53-dependent tumor suppression
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ABSTRACT
The tumor protein p53 (TP53, best known as p53) transcription factor is a critical tumor suppressor, but 
those p53-inducible genes most important for tumor suppression have remained unclear. Using unbiased 
RNA interference and CRISPR (Clustered Regularly Interspersed Palindromic Repeats)/Cas9 (CRISPR- 
associated protein 9) screens, genetically engineered mouse models, human cancer genome analysis, 
and integrative eCLIP-sequencing and RNA-sequencing analyses, we reveal a new branch of p53- 
mediated tumor suppression involving the RNA splicing regulator Zinc finger Matrin-type 3, Zmat3.
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Inactivation of TP53, encoding the p53 transcription factor, is 
frequent in human cancer, underscoring the critical role of p53 
in tumor suppression. Although p53 can transcriptionally induce 
a panoply of target genes encoding proteins with a range of cellular 
functions, the molecular pathways most central for p53-mediated 
tumor suppression have remained largely enigmatic. Delineating 
tumor-suppressive components downstream of p53 is important 
for defining potentially targetable pathways in p53-deficient 
tumors but is complicated by the breadth of p53-inducible genes. 
In our recent manuscript1 we therefore, sought to define transcrip
tional programs underlying p53-mediated tumor suppression 
using unbiased and sensitive RNA interference and CRISPR 
(Clustered Regularly Interspersed Palindromic Repeats)/Cas9 
(CRISPR-associated protein 9) pooled screens in vivo.

Our screens were based on previous findings in which we 
generated mice expressing the p53 transactivation domain 
mutant, p53L25Q,W26S, which activates only ~10% of p53- 
inducible genes, yet is nonetheless a robust tumor suppressor 
in mouse models2, allowing us to pinpoint those p53-regulated 
genes most tightly associated with tumor suppression. We iden
tified genes efficiently activated by both wild-type p53 and the 
p5325,26 mutant, transduced short hairpin RNA (shRNA) or 
single guide RNA (sgRNA) libraries targeting these genes into 
oncogene-expressing mouse embryonic fibroblasts, and per
formed allograft tumor assays in immunocompromised mice. 
We then queried which shRNAs and sgRNAs became enriched 
in emerging tumors – an indicator of targeting a tumor suppres
sor gene. Strikingly, the most enriched shRNAs and sgRNAs in 
both screens targeted the same gene, Zmat3 (zinc finger matrin- 
type 3), encoding a zinc finger RNA-binding protein, suggesting 
that Zmat3 is an important tumor suppressor. We showed 
further that CRISPR/Cas9-mediated Zmat3 knockout in auto
chthonous mouse models of lung adenocarcinoma and hepato
cellular carcinoma enhanced tumorigenesis, underscoring 
a broad role for Zmat3 in tumor suppression in different tissues. 
Reinforcing these findings was our observation that while 

expression of wild-type ZMAT3 inhibited proliferation in p53- 
deficient human cancer cells, the human tumor-derived 
ZMAT3-R99Q mutant was unable to do so, suggesting that 
ZMAT3 can be functionally inactivated in human tumors. 
Moreover, analysis of Project Achilles CRISPR/Cas9 screen 
data in human cancer cells revealed that ZMAT3 inactivation 
enhances proliferation of cells with wild-type p53, further sup
porting a role for ZMAT3 in suppressing human cancer. Taken 
together, these data highlight a tumor-suppressive p53-ZMAT3 
axis in both mouse and human cells.

To gain insight into the mechanisms of Zmat3 tumor sup
pressor function, we analyzed the RNA-binding profile of Zmat3 
by performing eCLIP (enhanced crosslinking and immunopre
cipitation). While ZMAT3 was previously reported to regulate 
RNA stability by binding the 3ʹ untranslated region of target 
mRNAs3, we found that Zmat3 binds mRNAs at a stereotypical 
position upstream of the 3ʹ splice site, suggesting a role for 
Zmat3 in regulating splicing (Figure 1). Indeed, RNA- 
sequencing analysis revealed Zmat3-dependent alternative spli
cing of hundreds of transcripts, including some transcripts 
directly bound by Zmat3. The transcripts encoding the p53 
negative regulators Mdm2 (transformed mouse 3T3 cell 
double minute 2) and Mdm4 (transformed mouse 3T3 cell 
double minute 4) were both Zmat3-bound and alternatively 
spliced, with the most dramatic effect on Mdm4 isoform expres
sion. Zmat3-expressing cells predominantly expressed Mdm4-S 
(Mdm4 short) in which exon 6 is skipped and a premature stop 
codon is introduced, destabilizing the transcript through non
sense-mediated RNA decay. Importantly, Mdm4 exon 6 skip
ping is known to trigger p53 stabilization4, and an Mdm2 
isoform lacking sequences involved in p53 binding is also 
enriched in Zmat3-expressing cells. Therefore, an important 
aspect of Zmat3 action in tumor suppression may be to reinforce 
p53 activity through the regulation of Mdm4 and Mdm2 splicing. 
However, Zmat3 overexpression inhibits the proliferation of p53 
null cells, indicating that Zmat3 has tumor-suppressive activities 

CONTACT Laura D. Attardi attardi@stanford.edu CCSR-South, Room 1255, 269 Campus Drive, Stanford, CA 94305-5152.

MOLECULAR & CELLULAR ONCOLOGY               
2021, VOL. 8, NO. 3, e1898523 (3 pages) 
https://doi.org/10.1080/23723556.2021.1898523

© 2021 Taylor & Francis Group, LLC

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/23723556.2021.1898523&domain=pdf&date_stamp=2021-05-14


beyond feeding back to p53. Accordingly, we found that Zmat3 
directly binds and regulates the splicing of transcripts encoding 
proteins involved in varied cellular processes, such as adhesion 
(e.g. Dst, dystonin) and polarity signaling (e.g. Dlg1, discs large 
MAGUK scaffold protein 1). Similarly, ZMAT3 was recently 
shown to contribute to p53-mediated transformation suppres
sion in human colorectal cancer cells by driving alternative 
splicing of CD44 (CD44 molecule), which encodes a cell adhe
sion protein5. Zmat3 also directly binds and directs alternative 
splicing of transcripts encoding splicing modulators such as 
Dhx9 (DEAH (Asp-Glu-Ala-His) box polypeptide 9). These 
observations suggest that Zmat3 can also indirectly modulate 
splicing programs to broadly affect cellular biology, consistent 
with our observations that many alternatively spliced transcripts 
affected by Zmat3 status are not directly bound by Zmat3.

The plethora of p53-inducible genes involved in diverse p53 
responses suggests that p53-mediated tumor suppression requires 
the coordinated action of multiple downstream effectors. Indeed, 
in an shRNA screen in cultured human cancer cells using a library 
targeting p53 and its downstream target genes, the only shRNAs 
enriched with passage in vitro were against p53, suggesting that no 
single p53 target gene displayed the potent anti-proliferative effect 
of p536. Similarly, in our study, attenuation of Zmat3 expression 
only accounted for part of the p53-deficient phenotype, suggesting 

that the combined action of multiple target genes is required for 
tumor suppression. Moreover, the specific p53 transcriptional 
program important for tumor suppression may be dependent on 
context, such as the cell type or oncogenic signal. Remarkably, 
ZMAT3 expression is highly p53-dependent in various cell types, 
suggesting that it may be part of a “core” p53 tumor suppressor 
program. Indeed, Zmat3 emerged as a tumor suppressor not only 
in our screens and in lung and liver cancer mouse models but also 
in a lymphoma mouse model7. In addition to Zmat3, several p53 
target genes involved in diverse cellular processes, including Abca1 
(ATP binding cassette subfamily A member 1), Mlh1 (mutL 
homolog 1), and Ptpn14 (protein tyrosine phosphatase non- 
receptor type 14)8, have been recently implicated in tumor sup
pression (Figure 1). However, whether these genes act in a context- 
specific manner or are core elements of the p53 pathway remains 
unclear.

Deconstructing the pathways downstream of p53 is ultimately 
important for developing therapies for p53-deficient tumors. For 
example, the discovery of Ptpn14 and Abca1 as components of 
p53-mediated tumor suppression suggests that inhibiting Yap1 
(Yes1 associated transcriptional regulator) with drugs like verte
porfin and the mevalonate pathway with drugs like statins may be 
effective therapeutic strategies in p53-deficient pancreas and liver 
cancers, respectively (Figure 1). Splicing dysregulation has recently 
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Figure 1. Potential mechanism of p53 tumor suppression via Zmat3 and other target genes. p53 transcriptionally activates numerous target genes with roles in 
tumor suppression, including Zmat3 (zinc finger matrin-type 3), encoding an RNA-binding protein. Direct Zmat3 binding to transcripts encoding negative regulators of 
p53 positions Zmat3 in a positive feedback loop with p53, amplifying the p53 network. In addition, Zmat3 binds and regulates alternative splicing of transcripts 
encoding proteins involved in various cellular processes that modulate transformation. Other tumor-suppressive p53 target genes include Ptpn14 (protein tyrosine 
phosphatase non-receptor type 14), which inhibits the Yap pathway; Mlh1 (mutL homolog 1), which promotes DNA repair; and Abca1 (ATP binding cassette subfamily 
A member 1), which inhibits the mevalonate pathway. “X” represents additional unknown target genes which may vary with context. Together, these targets comprise 
p53 tumor suppression function.
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emerged as an important driver of cancer, and our work on Zmat3 
provides a link between p53 and regulation of RNA splicing, as 
well as revealing an alternative splicing program that could be 
exploited therapeutically. Our findings demonstrate that Zmat3 
opposes expression of the full-length Mdm4-fl isoform by promot
ing exon 6 skipping, suggesting the potential of modulating this 
pathway. Splicing regulators, such as PRMT5 (protein arginine 
methyltransferase 5), can promote Mdm4-fl accumulation9, and 
thus PRMT5 inhibitors could drive Mdm4-S isoform expression, 
mimicking Zmat3, representing a promising opportunity for ther
apeutic intervention through p53 activation in cancers with intact 
p5310. Identifying drugs that could mimic other ZMAT3- 
dependent splicing changes could reveal therapies that are effective 
in p53-deficient tumors. Further investigation into p53 regulation 
of splicing and the tumor suppression mechanisms of other p53 
effectors may reveal new starting points for the development of 
improved cancer treatments.
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