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Staphylococcal nuclease Tudor domain containing 1 (SND1) protein is an oncogene that
‘reads’ methylarginine marks through its Tudor domain. Specifically, it recognizes methy-
lation marks deposited by protein arginine methyltransferase 5 (PRMT5), which is also
known to promote tumorigenesis. Although SND1 can drive hepatocellular carcinoma
(HCC), it is unclear whether the SND1 Tudor domain is needed to promote HCC. We
sought to identify the biological role of the SND1 Tudor domain in normal and tumori-
genic settings by developing two genetically engineered SND1 mouse models, an Snd1
knockout (Snd?7 KO) and an Snd7 Tudor domain-mutated (Snd7 Kl) mouse, whose
mutant SND1 can no longer recognize PRMT5-catalyzed methylarginine marks.
Quantitative PCR analysis of normal, KO, and KI liver samples revealed a role for the
SND1 Tudor domain in regulating the expression of genes encoding major acute phase
proteins, which could provide mechanistic insight into SND1 function in a tumor setting.
Prior studies indicated that ectopic overexpression of SND1 in the mouse liver dramatic-
ally accelerates the development of diethylnitrosamine (DEN)-induced HCC. Thus, we
tested the combined effects of DEN and SND1 loss or mutation on the development of
HCC. We found that both Snd7 KO and Snd7 KI mice were partially protected against
malignant tumor development following exposure to DEN. These results support the
development of small molecule inhibitors that target the SND1 Tudor domain or the use
of upstream PRMT5 inhibitors, as novel treatments for HCC.

Introduction

Arginine methylation is an abundant posttranslational modification (PTM) that occurs in three forms
in mammals: asymmetric dimethylarginine (ADMA), symmetric dimethylarginine (SDMA) and
monomethylarginine (MMA) [1]. These distinct methyl marks are deposited by different protein
arginine methyltransferases (PRMTs), a family which comprises nine members, including PRMT5
that deposits the majority of SDMA marks [2]. Arginine methylation of a protein substrate can
impact that protein’s function in several ways. It can: (1) regulate nuclear/cytoplasmic shuttling of pro-
teins; (2) modulate PTM deposition of kinase substrates when in proximity to phosphorylation sites;
and (3) generate docking sites for effector proteins that relay signaling information through the cell.
These effector proteins typically harbor Tudor domains that ‘read’ the methylation motifs [3].

One such reader or ‘effector’ protein that recognizes PRMT5-catalyzed SDMA marks is
Staphylococcal nuclease domain-containing protein 1 (SND1). SND1 harbors four tandem
Staphylococcal nuclease like (SN) domains and a C-terminal Tudor domain that interrupts a fifth SN
domain [4]. SNDI is also referred to as p100, TSN and TDRD11, and is enriched for in secretory
tissues like the liver and pancreas [5]. Structure studies of the SND1 Tudor domain reveal that it
binds SDMA marks through an aromatic cage [6,7]. The SND1 Tudor domain directly interacts with
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arginine methylated forms of glycine-arginine-rich (GAR) motifs in splicing factors including SmB/B’, SmD1,
SmD3, and Samé68 [8,9]. It also binds directly to a SDMA motif in the E2F1 transcription factor [10] and mod-
ulates the splicing of a subset of E2F1 transcriptional target genes [11]. SNDI is a transcriptional coactivator
for Epstein-Barr virus nuclear antigen 2 (EBNA-2) [12] and for signal transducer and activator of transcription
5 and 6 (STATS and STAT6) [13,14]. Furthermore, argonaute RISC catalytic component 2 (AGO2) is methy-
lated by PRMTS5, to create a docking motif for SND1 [15]. Thus, this SDMA effector protein has a number of
methyl-dependent binding partners that are implicated in transcriptional regulation and RNA processing.

SNDI1 acts as an oncogene in a number of different cancer settings [4,16], particularly as a molecular driver
of hepatocellular carcinoma (HCC) [5,17]. SNDI is up-regulated in several cancers and is positively correlated
with worse disease prognosis [18]. Immunostaining of a tissue microarray showed that 74% of patient HCC
samples overexpressed SND1 [19]. Furthermore, mutagenic Sleeping Beauty transposon screens in mice
revealed Sndl as a potential driver of HCC in both Pten null and chronic hepatitis B mouse models [20,21].
However, the most direct evidence for Sndl as an oncogene in HCC was generated using a genetically engi-
neered mouse model (GEMM) that overexpressed SNDI in the liver resulting in spontaneous carcinoma and
an exacerbated tumorigenic response when combined with carcinogen-induced HCC [22].

The contribution of the SND1 Tudor domain to the oncogenic activity of SND1 is unknown. Virtually all
SDMA in the cell is deposited by PRMT5, an enzyme which also has oncogenic properties [23-25]. Interest in
PRMTS5 as a therapeutic target is expanding, in part, because of the recent development of increasingly effective
small molecule inhibitors of PRMT5 [23,26,27]. Given the relationship between the putative oncogenic roles of
PRMT5 and SNDI, especially that the SND1 Tudor domain reads SDMA marks, we developed a GEMM to
facilitate the structure/function analysis of SND1 in vivo. Sndl knockout mouse models have recently been
developed by two independent groups [28,29]. Both groups generated conditional knockout mice but used sys-
temic knockouts for their studies, as the Sndl null mice were viable. They showed that SND1 plays a role in the
immune response against bacterial infection [28], and that SNDI regulates the expression of major acute phase
proteins (APPs) in the liver that are involved in innate immunity [29]. These full knockouts of SND1 remove
all SND1 function including the nuclease functions of the SN domains, any potential scaffolding functions, and
all Tudor domain and SDMA reader functions. Therefore, these current models are insufficient for establishing
the contribution of the SDMA-related reader functions of SND1.

Here we present the development of a Sndl Tudor domain mutant (Sndl KI) GEMM alongside an Sndl KO
GEMM to tease apart the in vivo role of the SND1 Tudor domain. Sndl KO and Sndl KI mice were viable, but
with distinct postnatal phenotypes, suggesting that SND1 has Tudor-independent functions. Quantitative PCR
analysis of KO and KI liver samples revealed a role for SND1 in regulating the expression of APPs, as previ-
ously reported for the KO [29]. These findings supporting a Tudor-dependent function for the transcriptional
regulation of APPs. Finally, we have used the carcinogen diethylnitrosamine (DEN), which induces HCC in
mice, to show that both Sndl KO and Sndl KI mice are partially protected against tumor development in this
context. Thus, DEN-induced HCC implicates the SDMA-reader properties of the SND1 Tudor domain in car-
cinogenesis. These results support the use of PRMTS5 inhibitors, and the development of small molecule inhibi-
tors that target the SND1 Tudor domain, as novel treatments against HCC. The validity of these therapeutic
approaches can be addressed in the future using our pre-clinical mouse models.

Results

To address the role of SNDI’s methylation effector function in vivo, we generated a SND1 knockout mouse
line that expressed no SND1 (Sndl KO) and a mouse line that expressed normal levels of SND1 that harbored
a single mutation in the Tudor domain (Snd1 KI).

Generation of the SND1 knockout mouse models

To create the Sndl KO GEMM, we designed a CRISPR/Cas9 guide RNA that targeted the third exon of SND1
and lies within the SN1 domain (Figure 1A). The sgRNA and purified Cas9 protein were micro-injected into
1-cell embryos and transferred into pseudo-pregnant female mice to complete gestation. The resulting pups
were genotyped for out-of-frame genetic deletions in this region, which arise though faulty DNA repair. We
obtained one Sndl KO, which was subjected to Sanger sequencing to reveal a sequence change starting at
amino acid number 91 and introducing a stop codon seven residues down-stream of this position (Figure 1A).
The founder was backcrossed onto a FVB background for four generations to minimize the chances of recover-
ing phenotypes related to off-target events. Heterozygous Sndl KO mice were intercrossed, and mouse
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Figure 1. Generation and characterization of SND1 KO mice.

(A) Snd71 KO mouse design. CRISPR/Cas9 editing resulted in the loss of a single nucleotide (G) in codon 90 causing a frame
shift, and introducing a premature stop codon in the third exon, which encodes the first SN-domain. The DNA and amino acid
sequence changes are highlighted in red. (B) Western blot analysis of protein isolated from MEFs derived from a Snd1 KO
heterozygous cross. Homozygous null MEFs are indicated as KO, homozygous wild-type as WT and heterozygous MEFs as
HE. Top panel shows SND1, bottom panel depicts the B-actin loading control. (C) Western blot analysis of protein isolated from
immortalized WT and KO MEFs. Two different anti-SND1 antibodies were used, obtained from Active Motif and Bethyl,
respectively. Bottom panels depicts the $-actin loading control.

embryonic fibroblasts (MEFs) were generated from 13.5 dpc (days post-coitus) mouse embryos. Western ana-
lysis of MEFs isolated from a single litter established that the Sndl KO samples did not express detectable
protein (Figure 1B). The epitope that is recognized by this antibody (Active Motif) lies within the SN4 domain.
We next generated immortalized MEF WT and KO cell lines. These MEFs were subjected to Western analysis
with Active Motif antibody as well as a second antibody raised to the N-terminus of SND1 (Bethyl). Both anti-
bodies did not detect a SND1 protein (Figure 1C), indicating that no SND1 protein is produced in these Sndl
KO mice.

Generation of the SND1 knockin mouse models

The structure of the SND1 Tudor domain has been solved with two different arginine methylated peptides,
revealing the formation of a four-residue aromatic cage involving F740, Y746, Y763 and Y766 [30]. Mutations
in any of these four sites dramatically reduces binding to SDMA-containing peptides [30]. We validated these
reported findings by introducing the Y766L mutation into a Tudor-GST fusion and testing it in a peptide-
pulldown assay with an SDMA GAR motif (Figure 2A). We also transiently expressed GFP fusions of full-
length SND1, WT and Y766L mutant, in 293T cells. These transfected cells were subjected to a co-IP experi-
ment for SmB. The Tudor domain of SND1 has previously been shown to mediate and interaction with argin-
ine methylated Sm proteins, SmB and SmB’ [8]. The GFP-SND1 Y766L mutant was unable to co-IP with SmB,
but the WT was (Figure 2B).

To generate a genetically modified knockin mouse, we again micro-injected sgRNA and purified Cas9
protein into 1-cell embryos, but this time donor DNA was also added to the mix to facilitate homologs recom-
bination [31], at the codon for the Y766 site. The designed mutation generated a novel Avrll restriction
enzyme site and was used to identify founders (Figure 2C). The founder was validated by Sanger sequencing
and then backcrossed onto a FVB background for four generations to separate potential off-target events.
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Figure 2. Generation and characterization of SND1 KI mice.

(A) Peptide pulldown of recombinant GST-Tudor domain of SND1, wither of WT or harboring the Y766L mutation. The
pulldown assay was performed using SDMA methylated (Rme2s) biotinylated glycine-arginine-rich (GAR) peptide. Equal
peptide loading was validated by Ponceau S staining. (B) 293T cells were transiently transfected with GFP, GFP-SND1
(GFP-WT) and GFP-SND1 mutant (GFP-Y766L). Imnmunoprecipitation was performed with an anti-GFP antibody, and Western
analysis was performed for SmB/B’ and GFP. (C) Snd7 KI mouse design. CRISPR/Cas9 editing was used to introduce a CTA
codon in place of a TAC codon to create a Y766L substitution as highlighted in red. The nucleotide change generated a Avril
restriction enzyme site (CCTAGG in bold) which was used for subsequent genotyping. (D) Peptide pulldown from primary MEFs
of WT and Snd17 Kl mice (Y766L). Protein extracts from the indicated MEFs were used in a pulldown assay with SDMA
methylated (Rme2s) and unmethylated (Rme0) biotinylated glycine-arginine-rich (GAR) peptides. The associated SND1 (upper
panel) and the biotinylated peptide loading control were detected by western blot using anti-SND1 (SND1) antibodies and
HRP-conjugated streptavidin (aBiotin).

Heterozygous Sndl KI mice were intercrossed, and mouse embryonic fibroblasts (MEFs) were then generated
from 13.5 dpc mouse embryos. Protein extracts from Sndl WT and homozygous Sndl KI MEFs were used in
pulldown assays with methylated and unmethylated GAR motif peptides. The SDMA-GAR motif could pull-
down SND1 from the WT extract but not from the KI extract (Figure 2D), confirming the establishment of a
genetically engineered mouse that expresses normal levels of SND1 but cannot read SDMA marks.

Phenotypic comparison of the two SND1 mouse models

When breeding the two mouse lines, we noticed a slight decrease in fertility in the Sndl KO mice. Litter sizes
had significantly fewer pups in Sndl KO homozygous crossed mice, while Sndl KI homozygous crossed mice
did not have a significant change in litter size compared with WT mice (Figure 3A). In keeping with this obser-
vation, in both Drosophila and mice, SND1 has been implicated in spermatogenesis [29,32]. We also noticed
that Sndl KO males were not successful breeders after 4 months of age. Furthermore, following homozygous
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Figure 3. SND1 KO and KI mice are phenotypically distinct but regulate the expression of APP genes similarly.

(A) Litter size of Snd7 KO and Snd1 KI homozygous crossed mice. Points records the number of pups per litter. Pups were
counted on the day of birth. n=21, 30 and 25 for WT, KO, and KI, respectively. (B) The relative body mass of 4-week-old Snd1
KO and Snd1 Kl mice resulting from heterozygous crosses. n=WT (3m, 5f), KO (3m, 5f) and Kl (5m, 5f). (C) RT-qPCR of
selected acute phase proteins genes, performed in triplicate for 3 WT, 2 KO, and 3 Kl independent biological replicates for
each genotype. Statistical t-test, two-tailed unpaired, P-value * P <0.5; ** P <0.01; ** P <0.001; *** P < 0.0001.

crosses we observed a decreased mass in both 4-week-old male and female Sndl KO mice (Figure 3B), reflective
of other recent reports [29]. One copy of Sndl was sufficient to rescue the mass difference. This difference in
size was not present in the Sndl KI mice, indicating Sndl has a role in development and growth that is
unaffected by our Tudor domain mutation.

In mice, Sndl overexpression promotes hepatocellular carcinoma (HCC) [22], and Sndl was identified as a
potential driver of HCC in both Pten null and chronic hepatitis B mouse models, via mutagenic Sleeping
Beauty transposon screens [20,21]. We sought to determine if loss of SND1 or mutation of the SND1 Tudor
domain might influence gene expression that could ultimately impact oncogenic pathways in the liver. Snd1 KO
gene expression profile was recently performed by the Silvennoinen group [29]. Several of the top down-
regulated genes included acute inflammatory response genes (APPs) involved in innate immunity. As chronic
inflammation is a known driver of HCC, we tested the RNA level of these genes by gPCR. Len2, Orm2, Saal,
and Saa2 were all significantly down-regulated in Sndl KO and KI liver samples compared with WT
(Figure 3C). Importantly, RNA isolated from both the Sndl KO and KI liver show similar levels of reduced
expression of the APP set we tested. This data indicates that the Tudor domain of SND1 is critical for the
normal expression of these APP genes. These genes, which play a major role in innate immunity, are known to
be regulated by IL6/STATS3 signaling in the liver. However, lipopolysaccharide (LPS) activation of IL6 is not
negatively impacted in Sndl KO bone marrow-derived macrophages [29]. Thus, currently it is unclear how
SNDI1 regulates the expression of acute phase proteins.

Carcinogenic challenge of the SND1 knockout and knockin mice
Three-fold overexpression of SND1 in a GEMM promotes HCC after carcinogenic challenge, resulting in a
doubling of liver weight due to the increased tumor burden [22]. Similarly, a two-fold increase in SND1
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protein levels were observed in 70% of human HCC samples contained on a tissue microarray [21]. To deter-
mine whether either loss of SND1 or mutation of the SND1 Tudor domain might have the opposite effect and
be protective against the development of HCC, we treated mice with the carcinogen diethylnitrosomine (DEN).

DEN induces carcinogenic liver injury in mice [33-35]. In cells, DEN is activated by cytochrome P450
enzymes that generate alkylating metabolites which are added to DNA bases. These events trigger DNA
damage responses which can result in cell death, proliferative response, and random oncogenic mutations. A
single DEN injection in two-week-old pups is sufficient to drive liver carcinogenesis in close to 100% of male
mice after 9 months [33], making it useful for comparing liver tumorigenesis in differing genetic conditions.
We injected two-week-old male pups with DEN in SndI KO, Sndl KI, and WT control littermates and assessed
tumor development at nine months (Figure 4A). All injected mice survived the duration of the experiment. A
gross view of representative livers from 9-month-old mice shows more abundant and larger surface nodule
development in the WT mice than in either the SND1 KO or SND1 KI mice (Figure 4A).

To compare overall tumor burden and to create a complete picture of the extent of neoplastic growth
between Sndl KO, Sndl KI, and WT livers, we established a pipeline to assess tumor type, average tumor-foci
number, and average tumor area. In brief, we sectioned all five liver lobes from each mouse and performed
H&E staining on each section. The stained sections were scanned with an Aperio AT2 slide scanner. Using
ImageScope software, the area of each tumor foci and total area of each liver lobe was calculated. The total
tumor area was expressed as a ratio of tumor to total section area. The images were then reviewed by a patholo-
gist for the diagnosis of hepatocellular carcinoma, adenoma and hypertrophy (Figure 4B). The proportion of
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Figure 4. Snd1 KO and Kl is hepatoprotective against DEN-induced HCC.

(A) (Top) Schematic of diethylnitrosamine (DEN) injection schedule. Only male mice were used for DEN injection studies. n=WT (28); KO (10) and Kl
(10). All mice survived to nine-month termination. (Bottom) Representative images of whole liver with gallbladder (scale bar =1 cm). Ventral and
dorsal respective to mouse orientation. (B) Ratio of observed pathology findings from liver lobe sections representing all 240 lobes from 48 mice (n
=50 lobes from each of KO and Kl and 140 from WT). Hepatocellular carcinoma and adenocarcinoma were binned together as carcinoma. (C)
Percent tumor area per total section area of all tumor types from the livers in B, obtained using ImageScope and plotted as the ratio of tumor to
liver area. (D) Number of tumor foci per lobe section from the livers in b. Sections with hepatocellular hypertrophy had no foci. Right medial (RM),
right lateral (RL), left medial (LM), left lateral (LL), caudate (Caud). (E) Ratio of liver plus gallbladder mass to full mouse from the livers in b. Mouse
liver mass was obtained post sacrifice, prior to further manipulation. Statistical t-test, two-tailed unpaired, P-value * P <0.05; *** P < 0.0001.
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liver sections with malignant carcinoma was significantly lower in both Sndl KO and KI mice when compared
with Sndl WT mice (46% and 50% vs. 88%, respectively), which corresponded to a higher proportion of sec-
tions with only hepatocellular hypertrophy (28% and 26% vs 8%, respectively) or benign adenoma (26% and
24% vs. 6%, respectively). Moreover, the mean ratio of the combined area of all tumor types to total section
area was also significantly decreased in Sndl KO and KI mice compared with WT controls (Figure 4C). A
deeper analysis of individual liver lobes revealed that the mean number of tumor foci was significantly lower in
all five lobes derived from KO mouse sections, and in four of five lobes of KI mouse sections, compared with
WT (Figure 4D).

We observed that the body weight of one-month-old male and female Sndl KO mice was reduced by
roughly 20% (Figure 3B), but at least for DEN-treated mice, this difference in body weight was no longer
present at 9 months. It was independently noted that Sndl KO mice have smaller livers at 2 months [29].
Similarly, at 9 months of age, despite whole body mass being similar in treated mice, liver mass was signifi-
cantly decreased between both Sndl mutant lines compared with WT. This resulted in the mean liver index
being significantly lower in mutant compared with WT lines (Figure 4E). Taken together, these results indicate
that either the loss of SND1 (KO) or incapacitation of the Tudor domain (KI) confers hepatoprotection against
DEN-induced HCC.

Discussion

Structure/function studies of SND1 in vivo provide valuable insight into the potential importance of its scaf-
folding, nuclease, and methyl-reader properties (Figure 3). Much of the previous work on SND1 has focused
on the role of the SN-domains and their contribution to SND1 nuclease activity. However, SND1 is a major
effector of SDMA marks through its Tudor domain [3]. Here, we provide evidence for Tudor-dependent roles
of SND1 in gene expression regulation and in the development of HCC.

RNA expression analysis of SND1 loss-of-function in the liver, shown by us (Figure 3C) and others [29],
reveals that the largest effects are seen on genes that encode acute phase proteins (APPs). The acute-phase
response is part of a general, systemic response to infections and tissue damage. By definition, proteins whose
plasma concentrations change by at least 25% in response to pro-inflammatory stimuli are termed APPs [36].
APPs are produced primarily in the liver and their production is triggered by inflammatory interleukin-6
(IL-6). It is unclear whether the induced APPs are bystanders or participants in carcinogenesis [37]. However,
chronic inflammation is a hallmark of HCC formation. If APPs are indeed participants in the development of
HCC, then their reduced expression in Sndl KO and KI livers might be responsible for the hepato-protective
effect we observe after DEN-treatment.

In human HCC the most frequent genetic alterations are TERT promoter amplification, TP53 mutation or
deletion, and CTNNBI or ARID2 mutation [38]. Remaining recurrent genetic aberrations make up <10% of
clinical cases each. It is generally thought that ethnicity, etiology, and environmental exposure all contribute to
this confounding heterogeneity in HCC. Adding to this complexity, the liver exhibits inter- and intra-lobular
heterogeneity in gene expression profiles further confounding genetic considerations alone [39]. Given the
highly heterogeneous genomic landscape of HCC [38,40,41], we deemed that DEN-induced HCC would
provide a valuable proof of principle demonstrating a potential vulnerability of HCC to loss of SND1 function.
We found that the loss of either SND1 or its Tudor domain reader function has a protective role in
DEN-induced tumorigenesis (Figure 4). Furthermore, this work indicates that the Tudor domain may provide
a novel druggable target for the treatment of HCC.

The methylarginine reader function of SND1 can be therapeutically targeted in two ways; (1) either limiting
the available SDMA marks recognized by the SND1 Tudor domain by inhibiting the protein arginine methyl-
transferase that deposits SDMA (i.e. using PRMTS5 inhibitors), or (2) developing small molecule inhibitors that
dock into the aromatic cage of the SND1 Tudor domain to block interaction of this domain with SDMA. A
large number of PRMT5 inhibitors have been developed [42]; however, PRMT5 has many substrates and is
often essential for cell viability. Thus, a therapeutic window may be difficult to achieve. Importantly, copy
number alteration analysis has identified a recurrent homozygous deletion of CDKN2A and MTAP in HCC
primary tumors [43], which would make this HCC-subset selectively sensitive to second-generation PRMT5
inhibitors that are MTA-dependent. Alternatively, inhibitors could be developed that block the ability of the
SND1 Tudor domain to read SDMA marks. Notably, SMN and SMNDCI1 are two related readers of
PRMT5-catalyzed SDMA marks and inhibitors that block these Tudor/SDMA interactions have recently been
described [44,45], setting a precedent for successfully adopting this approach. Importantly, the SMN Tudor
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domain small molecule inhibitor does not bind the Tudor domain of SND1 [44], raising the possibility that the
reverse is also possible and that SND1 inhibitors can be identified that do not block SMN-dependent protein-
protein interactions.

Experimental procedures

Generation of mouse models
Both Sndl KO and KI mice were generated using CRISPR/Cas9 gene-editing technology. sgRNA, donor DNA,
and Cas9 protein were from Horizon Discovery. Sndl KI mice were generated using sgRNA targeting tyrosine
766 of Sndl, donor DNA encoding the tyrosine to leucine substitution (Y-to-L mutation) were designed by
Horizon Discovery. An AvrlI restriction site was also introduced into the donor DNA for easy genotyping. To
generate the Sndl KO and KI mice, the sgRNA, Cas9 protein, and donor DNA (for Sndl KI mice generation)
were micro-injected into 1-cell FVB embryos. The injected embryos were transferred into pseudo-pregnant
recipient female mice. Genomic DNA from the resultant pups was isolated and used for PCR genotyping. PCR
products were purified and sequenced to identify heterozygous mice as founders. The founders were back-
crossed with FVB strain background mice for four generations to separate any potential off-target event. The
sequences of sgRNAs and donor DNA are as follows:

Snd1-KO sgRNA: tccttcgcaagaagcetgattGGG; Sndl-KI sgRNA: catgtcttctacatcgactaCGG

Snd1-KI donor DNA: CATTGCAGGTACCGCGCCCGGGTAGAAAAGGTGGAGTCCCCTGCCAAAGT
GCATGTCTTCTACATCGACCTAGGCAACGTGAGTGCTGGGACCAGGGTGGAAAACAGGCAAGGCAGG-
GACCATTGGGCACAG

Mouse genotyping
Sndl KO mice were genotyped as previously described [46]. In brief, genomic DNA extracted from pup tail
clips and used as template for amplification of the target gene region by PCR, to yield a 456 bp PCR product.
The PCR product was split into two aliquots, and a Sndl wild-type (WT) control PCR product was added to
one of the two aliquots. The PCR products were denatured and annealed before digestion with T7E1 endo-
nuclease. The digested materials were then separated by electrophoresis through a 2% agarose gel. In the
absence of an added Sndl WT control PCR product, only the heterozygous PCR samples were efficiently
cleaved by T7El, resulting in smaller cleaved products (228 bp/227 bp); in the presence of the added Sndl WT
control PCR products, the Sndl KO samples are separated from the Sndl WT samples, as the added Sndl WT
control PCR products resulted in the formation of heteroduplexes with the Sndl KO samples that are sensitive
to cleavage by T7EL.

Snd1-KO genotyping forward primer: TTTAGGAGGCCCTGAGTGTG

Snd1-KO genotyping reverse primer: CAGGGCTGCTAGAGGTATGC

Sndl KI mice were genotyped using genomic DNA extracted from either tail clips from pups or extracted
tissues and subjected to amplification by PCR using the primers described below for 28 cycles. Amplicons were
digested overnight with AvrIl (New England Biolabs) using their recommended protocol and were visualized
following electrophoresis through a 2% agarose gel. Digested PCR products from homozygous KI mice resulted
in two bands (261 bp/145 bp), whereas products from heterozygous KI mice displayed three bands (406 bp/
261 bp/145 bp), representing WT and KI alleles.

Snd1-KI genotyping forward primer: TATTAATCTGCTGCCCGTGCT

Snd1-KI genotyping reverse primer: GAAGAGTGGCGGTGACCAATA

Peptide pulldown assay
Streptavidin beads (Millipore, Cat# 16-126) were pre-washed with cell lysis buffer before incubation with bioti-
nylated GAR-un/Rme2s peptides (10 pg) in 500 pl cell lysis buffer for 1 h at 4°C with rocking for conjugation.
Lysis buffer was composed of the following Sigma compounds: 50 mM sodium diphosphate (Cat#
S0751-100G), 300 mM sodium chloride (Cat# S9888-25G), 10 mM imidazole (Cat# 15513-25G) all adjusted to
pH 8.0. The conjugated peptide-beads complex was then incubated with cell lysates prepared from primary
MEFs for 1h at 4°C with rocking. After incubation, the bound proteins were eluted by addition of SDS-
Lammeli buffer for western blot analysis. GAR peptide sequences are as follows with SDMA marked by **:
GAR-un peptide: GGRGRGGGFRGRGRGGGG-BIOTIN
GAR-Rme2s peptide: GG[R*]G[R**]GGGF[R*]G[R**]G[R*]GGGG-BIOTIN
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Immunoblot analysis

This study used the following antibodies: SND1, Active Motif (Cat# 61473); SND1, Bethyl (Cat# A302-883A);
B-actin, Sigma (Cat# A1978); Streptavidin-HRP, Pierce (Cat# 21126), anti-rabbit IgG HRP secondary, Cell
Signaling Technology (Cat# 7074), ECL anti-mouse IgG HRP, GE Healthcare (Cat# NXA931). The following
was used for western blotting: Equivalent concentrations of protein were boiled in 1x SDS Laemmli buffer for
10 min. Boiled samples were loaded into 10-15% in-house prepared gradient polyacrylamide gels. Gels were
made with: 30% Acrylamide bis (Bio-Rad, Cat# 1610158), 1:1 diluted SDS solution 20% (Bio-Rad, Cat#
1610418), N,N,N’,N’ tetramethyl ethylenediamine (Acros Organics, Cat#420580050), and ammonium persulfate
(Sigma, Cat# A3678-100G). Proteins were transferred to a methanol activated 0.45 pm PVDF membrane
(Millipore, Cat# 88518) using semi-wet transfer. Wash buffer contained 1x PBS with 0.5% Tween20 (Bio-Rad,
Cat# 1610781) (PBS-T), and blocking buffer contained 5% nonfat power milk (LabScientific, Cat# M0841) dis-
solved in PBS-T (5% milk). PVDF membranes from semi-wet transfers were blocked for 1h in 5% milk fol-
lowed by incubating overnight in 5% milk with the primary antibody. This was followed by three 10 min
washes in 1x PBS-T. The secondary antibody in 5% milk was added for 1 h rocking at RT followed by three
PBS-T washes at 10 min each. Membranes were developed using Western Lightning (PerkinElmer,
NELI103E001EA).

Mouse experiments

All mice used for experiments were age and sex matched as indicated in the text. The mouse experimental
protocol was reviewed and approved by the Institutional Animal Care and Use Committee at MD Anderson
Cancer Center (ACUF# 00001090-RN03). All mice were housed, and animal experiments performed at the MD
Anderson Cancer Center Research Animal Support Facility — Houston. Anesthesia was not used in mouse
experiments. Mice were killed using compressed CO, at a 50% per minute displacement rate until loss of con-
sciousness plus 2 min, followed by cervical dislocation.

DEN injection models

DEN (Sigma, N0258-1G), also known as N-nitrosodiethylamine, was diluted to 2 mg/ml in sterile 0.9% saline
and stored at 4°C. All DEN injections were performed on 14-day old male mice. Pups were interperitoneally
injected with 20 mg/kg DEN using a 1 ml TB/insulin style syringe and moved into a fresh Innovive cage for 14
days post injection to allow wash out, switching the cage and weaning at 7 days post injection. Mature mice
were then moved into normal caging and allowed to grow tumors for 272-274 days. We excluded females from
DEN studies as they develop HCC in <30% of DEN injections with varied penetrance [33]. This is compared
with nearly 100% penetrance in males. Increased HCC incidence in males is also seen in humans. Thus, DEN
induced HCC is a non-optimal approach for directly comparing tumorigenesis in females but is excellent for
foundational HCC studies in males.

RT-qPCR analysis
RNA was harvested for qPCR experiments. Total RNA was harvested from 2-month-old male mice using
manufacturer recommendations using TRIzol reagent (Ambion, Cat# 15596026) and precipitated in isopropa-
nol an additional time to increase purity of total RNA. A cDNA library was generated with an iScript cDNA
Synthesis Kit (Bio-Rad, Cat# 1708891) using the manufacturer’s recommended volumes and thermocycler con-
ditions, before dilution in nuclease free water. From the diluted library, 20 ng ¢cDNA was added to 500 nM
primers in recommended volumes of 1x iTaq Universal SYBR Green Supermix (Bio-Rad, Cat# 1725122) in
384 well plates. Thermocycler conditions were: step 1 — 95°C for 5 min; step 2 — 95°C for 155, 60°C for
1 min; repeat step 2 39x; step 3 — 65°C for 5, and 95°C 50 s. Expression change was calculated using AACt
methodology. Expressly, Ct values of Gapdh were obtained for each biological replicate. The ACt was next cal-
culated as the difference of each raw Ct value from the respective biological housekeeping gene average. The
average ACt was obtained for only the biological WT control for each gene of interest. The AACt was then cal-
culated as the difference between each ACt, and the average ACt of the biological WT control. We then calcu-
lated and reported 244",

Primers were designed using the NIH Primer BLAST software. Primers were chosen based on criteria of
having similar size, Tm, covering splicing junction sites, and low probability predictions for off-target
amplification.
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Saal F: CATTTGTTCACGAGGCTTTCC; Saal R: CTGAGTTTTTCCAGTTAGC

Saa2 F: CATTTATTGGGGAGGCTTTCC; Saa2 R: CTCCATCTTTCCAGCCAGC

Len2 F: TGAAGGAACGTTTCACCCGC; Len2 R: CCATTGGGTCTCTGCGCATC
Orm2 F: CGCTGTTGGAAGCTCAGAACC; Orm2 R: TAGGACAGCCGCACCAATGA

Data Availability

This manuscript does not contain any mass spec data or genomic data. We will provide the two mouse models
generated in this study to anyone who requests them. The sharing of these GEMMs will require an MTA with MD
Anderson Cancer Center.
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