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Abstract

DZIP3/hRUL138 is a poorly characterized RNA binding RING E3-ubiquitin ligase with functions
in embryonic development. Here we demonstrate that DZIP3 is a crucial driver of cancer cell
growth, migration, and invasion. In mice and zebrafish cancer models, DZIP3 promoted tumor
growth and metastasis. In line with these results, DZIP3 was frequently overexpressed in several
cancer types. Depletion of DZIP3 from cells resulted in reduced expression of Cyclin D1 and a
subsequent G1 arrest and defect in cell growth. Mechanistically, DZIP3 utilized its two different
domains to interact and stabilize Cyclin D1 both at mRNA and protein levels. Using an RNA-
binding lysine-rich region, DZIP3 interacted with the AU-rich region in 3'UTR of Cyclin D1
MRNA and stabilized it. Using a RING E3-ligase domain, DZIP3 interacted and increased K63-
linked ubiquitination of Cyclin D1 protein to stabilize it. Remarkably, DZIP3 interacted with,
ubiquitinated, and stabilized Cyclin D1 predominantly in the G1 phase of the cell cycle where it is
needed for cell cycle progression. In agreement with this, a strong positive correlation of mMRNA
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Statement of Significance
Findings show that DZIP3 is a novel driver of cell cycle and cancer progression via its control of Cyclin D1 mRNA and protein
stability in a cell cycle phase-dependent manner.
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expression between DZIP3 and Cyclin D1 in different cancer types was observed. Additionally,
DZIP3 regulated several cell cycle proteins by modulating the Cyclin D1-E2F axes. Taken
together, this study demonstrates for the first time that DZIP3 employs a unique two-pronged
mechanism in its stabilization of Cyclin D1 to drive cell cycle and cancer progression.
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Introduction

The human genome encodes more than six hundred E3-ligases and a similar number of RNA
binding proteins (RBPs) with a variety of functions in protein and RNA metabolism (1,2).
RNA binding RING E3 ligases (RBRLS) are a unique group of a small number of proteins
(~20 in number) with a remarkable capability of regulating both RNA and protein
metabolism, and also coupling them (3-7). However, the RBRL family proteins remain
poorly characterized. Given the role of these proteins in cancer progression and innate
immunity (5,6,8), it is crucial to understand the mechanisms by which the RBRLs regulate
the turnover of their target RNA and proteins.

The DAZ (Deleted in Azoospermia) family genes are essential for gametogenesis and other
developmental processes (9). DAZ family proteins interact with several other zinc finger
proteins, including DZIP1, DZIP2 (DZIP1L), and DZIP3. DZIP1 and DZIP1L are
centrosomal proteins and have been shown to regulate the Hedgehog signaling pathway,
ciliogenesis, and cell cycle (10-12). DZIP3 (DAZ-interacting protein 3) is a poorly
characterized RNA-binding RING-H2 ubiquitin E3 ligase, which was originally identified as
a Hepatitis B virus interacting protein (13). The RNA binding and E3 ligase functions of
DZIP3 were more clearly identified in a recent study where it was shown to interact with
HOTAIR (a long noncoding RNA) to mediate ubiquitination and degradation of Ataxin 1
(14). DZIP3 is important for controlling the genes during embryonic development (15,16).
DZIP3 interact with CARML1 (an arginine methyltransferase) and act as a transcriptional
coactivator of estrogen receptor alpha-responsive genes (17). Although DZIP3 is under-
characterized, the studies indicate that it is a multifunctional protein.

In eukaryotic cells, the levels of cell cycle proteins are precisely maintained to ensure an
orderly progression of the cell cycle. Dysregulated expression of cell cycle proteins can
result in uncontrolled cell growth and cancer. Cyclin D1 plays a critical role in cell cycle
progression. Overexpression of Cyclin D1 is a driving feature in a large number of cancer
types, including Leukemia, head and neck, breast, non-small cell lung cancer, and prostate
(18,19). Multiple mechanisms comprising genomic alterations, post-transcriptional
regulation, and post-translational protein stabilization results in Cyclin D1 overexpression
leading to a deregulated cell cycle resulting in uncontrolled cell growth and cancer (18-22).

Two E3 ligase complexes, APC/C (Anaphase Promoting Complex/Cyclosome) and Skp/
cullin/F-box (SCF) act by increasing K48-linked ubiquitination of cell cycle proteins, and
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mediate their timely degradation for precise cell cycle progression (23). The cell cycle
protein expression is also regulated at mMRNA levels by RBPs such as HuR, which binds and
stabilizes the mRNA of several cell cycle proteins, including p53, p21, cyclin A, cyclin B1,
cyclin E, cyclin Dand cakl (24-31). Another recently recognized mechanism of regulation
of cyclin proteins is by deubiquitinating enzymes such as OTUD7B, USP22, and USP27 in a
cell cycle phase-specific manner (32—34). This modification antagonizes the proteasomal
degradation of cell cycle proteins, leading to their cell cycle phase specific stabilization.
Another layer of regulation is provided by certain E3 ligases, which can increase the K63-
linked ubiquitination of specific cell cycle proteins in one particular phase of the cell cycle,
resulting in their stabilization (35-37).

In this study, we found that DZIP3 is a novel oncogene with a capacity to drive cancer cells
anchorage-independent growth, migration, and invasion. Increased expression of DZIP3 was
observed in human cancer patients tumor samples. In agreement, DZIP3 was found to be
crucial for cancer progression and metastasis in mice and zebrafish. We show that DZIP3
controls cancer cell growth by regulating the cell cycle and Cyclin D1 stability. DZIP3
utilizes a two-pronged mechanism to positively regulate the expression of Cyclin D1. Firstly,
DZIP3 stabilizes the Cyclin D1 transcripts by binding to its 3' untranslated region (UTR),
and secondly, DZIP3 interacts and increases K63-linked ubiquitination of Cyclin D1 to
stabilize it post-translationally. In addition, DZIP3 controls several of the E2F transcription
factor regulated cell cycle and proliferation genes including Cyclin E1, Cyclin A2, CDK1,
CDKZ2, and c-MYC. Taken together, this study identifies DZIP3 as a novel driver of cell
cycle and cancer progression by regulating the expression of Cyclin D1 in a unique manner.

Materials and Methods

Cell culture

The cell lines used in the study were obtained from the American Type Culture Collection
(ATCC). MCF7, MDA-MB-231, HT-29 (RRID:CVCL_0320), UM-UC3
(RRID:CVCL_1783), HeLa (RRID:CVCL_0030), HEK293, HEK293T
(RRID:CVCL_0063) cells were cultured in DMEM medium supplemented with 10% Fetal
bovine serum (FBS, Gibco) and penicillin/streptomycin (10,000 units/mL). The cells were
tested for mycoplasma contamination routinely (every 2-3 months) using the PCR method.
The cell lines were maintained below passage humber 20.

Reagents and inhibitors

Cycloheximide (cat #C7698; 100 ug/ml), Puromycin (cat #p8833; 2 ug/ml), Thymidine (cat
#T1895; 2 mM), Nocodazole (cat #M1404; 100 ng/ml) PMSF (cat # P7626-5G) were from
Sigma. Protease Inhibitor (cat # 11836170001) and phosphatase inhibitors (CAT #
04906845001) were obtained from Roche.

Plasmids, siRNA, and transfection

pRK5-HA-Ubiquitin-K48 (#17605; RRID: Addgene_17604), HA-Ubiquitin (#18712;
RRID: Addgene_18712), pRK5-HA-Ubiquitin-K63 (#17606; RRID:Addgene_17606),
Rc/CMV Cyclin D1 HA (#8948) plasmids were purchased from addgene. pSG5HA-DZIP3
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and pSG5FLAG-DZIP3 were described previously (17). Flag-DZIP3 and Flag-DZ1P3
deletion constructs were cloned in gateway cloning vectors as per standard protocol
(Invitrogen). For transient knockdown, cells were transfected by electroporation using the
Neon transfection system (Invitrogen) and also using INTERFERIn (Polyplus) or RNAimax
(Invitrogen) as per the manufacturer's instruction. For transient overexpression,
Lipofectamine 2000 (Invitrogen) and CALPHOS (Clontech) were used according to the
manufacturer's instructions.

CRISPR knockout cells generation

The HEK293T or MCF7 cells were transfected with DZIP3 CRISPR Cas9 (Santacruz;
sc-403972) containing a pool of 3 sgRNA's along with DZIP3 HDR plasmids (Santacruz;
sc-403972). After 48h, the media was changed, and cells were selected in puromycin (2 ug/
mL). The individual colonies were picked, grown, and knockout was evaluated by using
western blot analysis.

Western blotting

The cell lysates were prepared in NP-40 (FNN0021, Thermo Fisher Scientific) or Radio-
immunoprecipitation assay (RIPA) buffer (20 mM Tris, pH 8.0; 1mM, EDTA; 0.5 mM,
EGTA,; 0.1% Sodium deoxycholate; 150 mM NaCl; 1% IGEPAL (Sigma); 10% glycerol)
supplemented with protease inhibitor cocktail and ImM PMSF. The western blotting is
performed as described previously (38—-40).

Cycloheximide chase assay

The cycloheximide chase assay experiments were performed by treating the cells with 100
ug/ml cycloheximide. Cell lysates were prepared at indicated time points and were subjected
to western blot analysis with indicated antibodies.

Immunoprecipitation assay

For Immunoprecipitation assays, cells were lysed in NP-40 lysis buffer supplemented with
protease inhibitor cocktail and 1 mM PMSF for 20 min at 49C and centrifuged. The
supernatant was incubated with the respective antibody at 49 C for 2 h on rotospin followed
by incubation with Protein G Dynabeads (Invitrogen, #10004D) for 2 h at 49C. The beads
were washed with 1X NP40 and 3X ice-cold PBS. The proteins were eluted from washed
beads by boiling for 5 min in 2X SDS gel loading dye and proceeded for immunoblot
analysis.

GST pull-down assay

GST pull-down assay was performed according to the methods previously described (39,41).
GST or GST-DZIP3 (CCD-RING) proteins were expressed in SoluBL21 (Amsbio), and the
proteins were purified on Glutathione Sepharose 4 Fast-Flow beads (GE Healthcare). [355]-
labeled HA-CCNDL1 protein was in-vitro translated using TnT T7—coupled reticulocyte
lysate system (Promega). The GST proteins were incubated with [35S]-labeled HA-CCND1
in 250 ml of NETN-E buffer (50 mm Tris, pH 8.0, 200 mm NaCl, 6 mm EDTA, 6 mm
EGTA, 0.5% NP-40, and 1 mm dithiothreitol supplemented with complete mini EDTA-free
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protease inhibitor cocktail [Roche]) for 2 h at 4°C. Then, GST beads were added, and the
mixture was incubated for 30 min at room temperature. The beads were washed with NETN-
E buffer five times, boiled with loading buffer, and subjected to SDS-PAGE. The gel was
stained with Coomassie Blue and vacuum-dried. The GST or GST-DZIP3 (CCD-RING) was
detected by staining with Coomassie Blue, whereas the [355]-labelled HA-CCND1 was
detected in PharosFX imager (Bio-Rad Laboratories).

Colony-forming assay

MTT assay

A total of ~1000 cells in 2 mL cell culture medium were seeded in triplicate in 6-well plates
and allowed to grow for 2-3 weeks until the colonies were formed. Cells were fixed in
methanol: acetic acid (3:1) for 5 min at room temperature and stained with 0.5% crystal
violet for 15 min and washed with water. The images were captured using a digital camera,
and colonies were counted.

5000 cells were seeded in triplicate in 25 cm? flask and allowed to grow for 5 days.
Subsequently, at each time point, media was removed, cells were washed with PBS, and
were incubated in the dark with MTT (3-[4,5-dimethylthiazolyl-2]-2,5-diphenyltetrazolium
bromide) (5 mg/ml, Sigma) for 2-4 h. The dye precipitates were dissolved in DMSO, and the
absorbance was measured at 570 nm.

In vitro scratch assay

The cells were grown in six-well plates with a 60-70% confluency and were subjected to a
uniform (approximately 1mm in area) scratch with 10ul pipette tip across the width of the
well. EVOSTM inverted fluorescence microscope (cell imaging system, Thermo Scientific)
was used to measure and photomicrograph the cell migration rate after post wounding at
every 24h time duration (0, 24, 48, and 96h).

Immunofluorescence

About 10° cells were seeded on a coverslip. The next day, cells were fixed in 4%
paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100 for 10 min, followed
by blocking with 1% BSA for 30 min at RT. Further, cells were incubated with primary
antibody for 1 hour (h) at RT, washed thrice with PBS followed by 1 h incubation with
Alexa Flour-conjugated secondary antibody. Cells were washed thrice with PBS, mounted
(Prolong gold antifade, Invitrogen), air dried, and visualized using a confocal microscope.

Proximity ligation assay

Proximity ligation assay (PLA) was performed using a Duolink /n-situ detection (Sigma
#DU092008) kit as per the manufacturer's protocol. The complete protocol is described in
supplementary material and methods.

Synchronization of cells

For G4 cell cycle arrest, cells were subjected to serum starvation (DMEM without FBS) for
24 h. For G4/S arrest, MCF7 cells were subjected to double thymidine block (2mM
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thymidine for 16h followed by a release for 8h and treated again with 2 mM thymidine for
16 h). To arrest HEK293T cells in G4/S phase, cells were cultured in 2 mM thymidine for
16h. For Go/M arrest, cells were cultured in 2mM thymidine for 16h followed by release
into medium containing nocodazole (100 ng/ml) for 16 h. The efficiency of synchronization
was confirmed by propidium iodide-based cell cycle analysis using flow cytometry.

Cell cycle analysis

For performing cell cycle analysis, the cultured cells were harvested and washed with PBS.
The cells were resuspended in PBS containing 2% FBS and fixed by adding 70% ice-cold
ethanol dropwise and incubated overnight at 49C. Next day, the cells were washed with 2X
PBS and permeabilized with 0.25% Triton x-100 for 15 min. Then, the cells were washed
with 1X PBS and resuspended in PBS containing 100 ug RNase A and incubated at 379C for
15 min followed by propidium iodide (PI) staining (10 pg/ml) at RT for 1h. Flow cytometric
analysis was performed using BD FACS Calibur. The data was analysed using Cell Quest
Pro or FlowJo software (RRID:SCR_008520).

RNA isolation and quantitative real-time PCR

RNA isolation and qRT-PCR was performed as previously described (38). Briefly, total RNA
was extracted using Trizol reagent according to the manufacturer's protocols (Invitrogen). 1
ug of RNA was used for reverse transcription using a high capacity DNA reverse
transcription kit (Applied Biosystems Cat No: 4368813), and gRT-PCR was performed using
Power SYBR green PCR master mix (Applied Biosystems #4367659) according to
manufacturer's protocols. The fold-change in expression was calculated by the 2-AACt
methods. mMRNA expression profiles were normalized to levels of housekeeping gene
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in each sample The primers used in
gRT-PCR are listed in supplementary material and methods.

Ni-NTA pull-down assay

HEK-293T cells were transfected with indicated plasmids. The cells were lysed in NP-40
lysis buffer containing 6M guanidine hydrochloride for 20 min at 4°C. The lysates were
clarified at 12,000 g for 15 min. 50 pl of Ni-NTA beads was washed with NP-40 lysis buffer
and incubated with cell lysates for 4h at 4°C. The beads were sedimented at 2,000 g,
followed by washing with 1x lysis buffer and 4x PBS. The beads were boiled in 50 pl of 2x
Lamelli sample buffer and subjected to western blot analysis with indicated antibodies.

Biotin RNA pull-down

Biotinylated RNA prepration: The template PCR fragments were generated using forward
primer containing T7 RNA polymerase promoter (TAATACGACTCACTATAGGGAGA).
PCR products containing the region of interest were purified for in-vitro transcription.
Biotinylated RNA transcripts were generated in a 50 pl reaction containing T7 transcription
buffer, 100 mM rNTPs, 40 units RNasin (Cat #N2111; Promega), 10 mM Biotin-14-CTP
(cat #16519-016; Thermo Fisher Scientific), 100 ng T7 DNA template and 1 pl of T7 RNA
polymerase (Cat #EP0113; 200 u/ul). The reaction mix was incubated at 37 °C for 2 h and
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RNA was purified using RNA easy spin columns (cat #74104; Qiagen). To remove template
DNA on-column DNAse (cat #79254; Qiagen) treatment was performed.

HEK?293T cells were transiently transfected with indicated plasmid DNA. Cells were lysed
using Polysome Extraction Buffer (20 mM Tris-HCI pH 7.5, 100 mM KCI, 5 mM MgCly,
and 0.5% Nonidet P-40) containing Protease inhibitor cocktail, 1L mM PMSF and 200 u/ml
RNase Inhibitor for 10 min at 4°C and centrifuged.

500 ug of lysate was diluted in an equal volume of 2x TENT buffer (20 mM Tris-HCI pH
8.0, 2 mM EDTA pH 8.0, 500 mM NacCl, 1% (v/v) Triton X-100) and incubated with 1 g of
biotinylated RNA for 30 min at room temperature (RT). The streptavidin-coated dynabeads
were washed thrice with TENT buffer and added to the protein-RNA mix and further
incubated on rotospin at RT for 30 min. Finally, the beads were washed thrice with TENT
buffer, and the bound proteins were eluted by boiling for 5 min in 2x SDS-sample loading
dye and subjected to western blot analysis with indicated antibody.

Human breast cancer tissue microarray, immunohistochemistry, and scoring

Human breast cancer tissue array slides were purchased from US Biomax, Inc. (#BR1008a
and #BRM961a). Details of BR1008a is as follows: human breast carcinoma, lymph node
metastatic carcinoma, and adjacent normal tissue microarray containing 46 cases of invasive
ductal carcinoma, neuroendocrine carcinoma, 3 medullary carcinomas, 40 metastatic
carcinomas (4 metastatic carcinomas matched with breast carcinoma), 10 adjacent normal
tissue, single core per block. Details of BRM961a are as follows: Human breast carcinoma
with matched metastatic carcinoma or breast tissue microarray, containing 48 cases of breast
carcinoma, 36 metastatic carcinomas (35 matched with breast carcinoma), 12 matched
cancer adjacent or adjacent normal breast tissue, single core per block. DZIP3
immunohistochemical staining is described in supplementary methods and materials.

Mice xenograft and lung metastasis model

The animal work was performed in accordance with a protocol approved by Institutional
Animal Care and Use Committee, ILS. 6 to 8 weeks old BALB/C-nude male mice weighing
16-20 g were maintained under specific pathogen-free conditions at the Institutional animal
experimental facility. The tumor xenograft model was established by subcutaneous injection
of DZIP3 shRNA knockdown and control shRNA UC3 cells suspension under sterile
conditions, and the cell number was adjusted to 5x106 cells in PBS containing 50% (V/V)
matrigel (BD corning) into right and left flanks respectively (n=7 mice). After eight days,
tumor volume was measured every day until the volume reached 1000 mms3 in a group. The
mice (n=7) were sacrificed, and tumors were collected for further analysis. For the tumor
volume analysis, mean = SEM tumor volume was plotted (using Excel) for each
experimental group.

For lung metastasis study, 2x10° MDA-MB-231 control shRNA and DZIP3 shRNA cells
were injected into the lateral tail vein of BALB/C-nude male mice (n=3). 8 weeks after
injection, the mice were sacrificed, and the lungs were dissected out to count numbers of
tumor nodules and other analysis.
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Zebrafish xenograft

The animal work was performed in accordance with a protocol approved by Institutional
Animal Care and Use Committee, ILS. The tumor was developed in Zebrafish (Danio rerio)
[Tg(flil:nEGFP)] using the protocol described previously (42). The complete protocol is
described in supplementary material and methods.

Migration and Invasion assay

Trypsinized cells were washed with PBS and resuspended in serum-free medium. The cells
were plated at a density of 104 per well in the inserts (Costar, 8.0-um). For Invasion assay,
the inserts were coated with 100 pL matrigel (BD Bioscience) before plating cells. The
inserts were placed into 24 well plates containing 500 uL DMEM containing fetal bovine
serum (chemoattractant). After 24 h of incubation, the cells inside the insert were completely
removed by wiping with a cotton swab, and the meshes were fixed and stained with crystal
violet. Migration/Invasion was quantitated by manual counting using microsope.

Results

DZIP3 is an important driver for growth, migration, and invasion of cancer cells

To understand the cellular functions of DZIP3, we generated stable DZIP3 shRNA
knockdown cell lines of different origins (Supplementary Fig. S1A). We observed a
significant growth defect in the knockdown cells (transient and stable) compared to the
control cells in all the cell lines we checked (Fig. 1A; Supplementary Fig. S1B and C).
Clonogenic assays are gold standards to assess the oncogenic potential of a single cell to
grow into a colony under /n vitro conditions. The DZIP3-depleted MCF7 cells were highly
attenuated for colony formation as compared to the control cells (Fig. 1B). Next, we tested
whether the overexpression of DZIP3 will result in increased cell growth. Indeed, transient
overexpression of DZIP3 in HEK293 cells resulted in increased cell growth (Supplementary
Fig. S1D) and considerably increased capability to form colonies in clonogenic assays (Fig.
1C). We performed wound healing assays (or scratch assays) to evaluate the migration
capacity of DZIP3 knockdown cells. The MCF7 cells depleted of DZIP3 showed a reduction
in migration capability and wound closure as compared to control cells (Fig. 1D). In
transwell migration assays and matrigel invasion assays, we found significantly reduced
migration and invasion of DZIP3 knockdown cells (Fig. 1 E and F). Also, in soft-agar assays
a significant decrease in anchorage-independent growth was observed in DZIP3 knockdown
cells as compared with the control cells (Fig. 1G). Taken together, the data show that DZIP3
regulates cancer cell growth, migration, and invasion.

Expression of DZIP3 is increased in several cancer types

Oncomine database (a cancer microarray database, www.oncomine.org) analysis suggests
that DZIP3 mRNA levels were significantly increased in several of the cancer types,
including sarcoma, lung, gastric, breast, colon, liver, and pancreatic cancers (Fig. 1H;
Supplementary Fig. S1E). Next, we analyzed DZIP3 mRNA expression in tumors in the
TCGA (The Cancer Genome Atlas) dataset using the GEPIA2 platform (43). DZIP3 levels
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were found to be significantly higher in tumors as compared to normal control tissues in
several cancer types (Fig. 11).

The levels of DZIP3 expression in human breast carcinomas were investigated using two
human tissue microarrays (168 patients cases, 22 adjacent normal controls). The DZIP3 was
found to be expressed in low levels (Score-0 or Score-1) in adjacent normal tissues (Fig. 1J
and K), and most of the ducts and lobules were devoid of staining in all the cases (Fig. 1J).
In breast invasive ductal carcinoma tissues, an intense (Score-2, 88 cases) to very intense
staining (score-3, 38 cases) of DZIP3 was observed (Fig. 1J). In some tissues, DZIP3 was
exclusively present inside the nucleus, whereas, in most of the tissues, both cytoplasmic and
nuclear staining was observed (Fig. 1J). About 126 breast cancer patients cases (metastatic
and non-metastatic) out of a total of 168 cases showed increased expression of DZIP3, much
above adjacent control tissues (Fig. 1K). The ducts and lobules in these samples were
strongly immunoreactive for DZIP3 (Fig. 1K). Altogether, the data suggest that the protein
expression of DZIP3 is increased during tumorigenesis.

DZIP3 promotes tumor growth and metastasis in mice and zebrafish

To investigate whether DZIP3 can promote cancer cell growth /n vivo, we subcutaneously
injected an equal number of control and DZIP3 knockdown UM-UC3 bladder cancer cells in
BALB/C-nude mice. To nullify the variations due to innate immunity, we injected both
control and knockdown cells in either flank of the same mice. The tumor growth was
monitored daily for a period of ~3 weeks and at the termination of the experiment. The
growth rate of DZIP3 knockdown tumors was found to be considerably lower than the
control tumors (Fig. 2A). In agreement, upon dissection, the volumes of DZIP3 depleted
tumors were found to be significantly less than control tumors for all the mice (Fig. 2B and
C).

The expression of nuclear Ki-67 is strongly associated with tumor cell proliferation,
aggressiveness, and growth. Immunohistochemical analysis revealed a significant decrease
in nuclear Ki-67 positive cells in DZIP3 knockdown tumors as compared to the controls
(Fig. 2D and E). During mitosis, Ki-67 forms peri-chromosomal layer and prevents
chromosomes from collapsing into a single chromatin mass (44). Thus, the cells undergoing
mitosis can be easily recognized using Ki-67 immunostaining as it gives a floral appearance
(Fig. 2F; white arrows, Fig. 2D). We observed a significantly higher number of mitotic cells
in control tumors as compared to the DZIP3 knockdown tumors (Fig. 2D-G).

We employed a tail-vein-injection metastasis model to validate the reduced migration and
invasion phenotypes of DZIP3 depleted cells. MDA-MB-231 breast cancer cells (control and
DZI1P3 knockdown) were injected intravenously into the lateral tail vein of nude mice, and
lung colonization was evaluated. Although the weight of mice in two groups didn't change
significantly, a considerably fewer number of tumor nodules were observed in the lungs of
mice that were injected with DZIP3 knockdown cells (Fig. 2H and I). An increased number
of metastatic foci were observed in the control group lung sections as compared to the
DZIP3 knockdown group (Fig. 2J). The western blot analysis from mouse lung lysates using
human-specific antibody confirmed the reduced levels of DZIP3 (and Cyclin D1) in DZIP3
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knockdown samples (Supplementary Fig. S2A). These observations suggest that the
depletion of DZIP3 reduces the metastatic capacity of the cancer cells.

Next, we used Zebrafish (Danio rerio) [Tg(flil:nEGFP)] tumor xenograft model (45) to
further validate results. Equal number of the control and DZIP3 depleted MDA-MB-231
cells were stained with Dil (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine
Perchlorate) and injected into perivitelline space of 48-hour post fertilized zebrafish
embryos. After 5 days of injection, the primary tumors and metastatic dissemination of
cancer cells were documented using a fluorescence microscope. The tumor growth, as
measured by fluorescence intensity of primary tumors, was found to be significantly higher
in the case of control cells compared to the DZIP3 depleted cells (Fig. 2K and L). The
images were captured at the same microscopic settings (intensity, exposure, thresholds)
throughout the experiments. At 5 days post-injection, cancer cells showed distal migration
from the primary site in the case of control cells but not in the case of DZIP3 knockdown
tumors (Supplementary Fig. S2B).

Taken together, the data from different /n vivo models suggest that DZIP3 is an important
driver of tumor growth and metastasis.

Depletion of DZIP3 results in cell cycle arrest in the G1/S phase

Next, we asked whether the reduced cell growth /in vitroand in vivoin DZIP3-depleted cells
is due to increased cell death. The Annexin-V/Propidium lodide double staining of control
and DZIP3 knockdown MCF7 cells showed no differences in the apoptotic population
(Supplementary Fig. S3A). In an agreement, no difference in Caspase-3 cleavage was
observed in cultured cells and xenograft tumors (Supplementary Fig. S3B and C), suggesting
that increased apoptotic cell death is not the reason for the reduced proliferation of DZIP3-
depleted cells.

The cell cycle analysis was performed to test whether the defect in growth is due to reduced
cell division. The DZIP3 knockdown in MCF7, UM-UC3, and HeLa cells resulted in the
disconcerted cell cycle where a significant increase in the percentage of cells in G1 phase
and a significant decrease in the percentage of cells in S and G2/M phase was observed in all
the cell types tested (Fig. 3A-C; Supplementary Fig. S3D and E). Next, we synchronized the
MCFT7 cells using the serum starvation method (48 h) and then released the cells in full
media to track the progression of the cell cycle (Supplementary Fig. S3F). The control cells
progressed to different cell cycle phases normally. However, the knockdown cells were
arrested in the G1 phase even after 12 hours of release. Taken together, the data suggest that
DZIP3 is required for cell cycle progression, and in its absence, the cells are arrested in the
G1 phase of the cell cycle.

DZIP3 controls cell growth by regulating the expression of Cyclin D1

The Cyclin D1 drives the G1 to S phase transition (46). Since we observed that DZIP3
depleted cells were arrested in the G1 phase, we examined the levels of Cyclin D1 in
different cell lines and xenograft tumors. In all of the cell lines tested (MCF7, UM-UC3, and
MDA-MD-231), the expression of Cyclin D1 protein was considerably lower in DZIP3
depleted cells (Fig. 3D; Supplementary Fig. S3G-1). This data was validated using DZIP3
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shRNA stable knockdown cells and transient siRNA knockdown cells using two different
sets of sSiRNA and shRNA in 3 different cell lines (Figure 3D and E; Supplementary Fig.
S3G-I). Further, DZIP3 was knocked out using the CRISPR-CAS9 technique in two
different cell lines. There was a considerable reduction in levels of Cyclin D1 in the DZIP3
knockout clones (Fig. 3F and G).

The levels of Cyclin D1 in DZIP3 knockdown tumors were lower than control tumors (Fig.
3H). Next, to understand whether Cyclin D1 regulation by DZIP3 is direct or is a
consequence of growth defect (cause or consequence), we transiently overexpressed DZIP3
in HEK?293 cells for a very short duration (6 hours). No growth difference and cell cycle
defect were observed in these cells, but the overexpression of DZIP3 was able to strongly
stabilize the endogenous Cyclin D1 (Fig. 31). Taken together, the results suggest that DZIP3
positively regulates the expression of Cyclin D1. To further strengthen this conclusion, we
complemented DZIP3 knockdown cells with exogenous DZIP3 (transient expression) and
assessed its ability to restore Cyclin D1 protein levels (Fig. 3J). The Cyclin D1 protein levels
were restored completely in DZIP3 complemented cells.

An extensive literature suggests that depletion of Cyclin D1 results in reduced growth,
migration, and invasion in several cancer types. We also validated these results using scratch
assays, migration assays, and invasion assays (Supplementary Fig. S3J-L). To understand
whether the growth, migration, and invasion defect observed in DZIP3 depleted cells is due
to lower Cyclin D1 expression in these cells, we complemented DZIP3 knockdown cells
with Cyclin D1 and performed the assays. The Cyclin D1 complementation significantly
rescued the growth defect of DZIP3 knockdown cells in clonogenic assays and MTT assays
(Fig. 3K and L). Also, the Cyclin D1 complementation rescued the defective migration and
invasion phenotype of DZIP3 knockdown cells (Fig. 3M and N). Taken together, the data
suggest that DZIP3 controls the growth and invasion properties of cancer cells by regulating
the expression of Cyclin D1.

DZIP3 interacts at 3'UTR of Cyclin D1 mRNA and stabilize it

The aberrant overexpression of Cyclin D1 is strongly associated with the pathogenesis and
progression of several cancer types (47). So, we analyzed whether the mRNA expression of
DZzIP3 and Cyclin D1 are correlated in human cancer patients database using GEPIA
platform (Gene Expression profiling Interactive analysis, www.gepia.cancer-pku.cn/) (48).
We found a strong positive correlation of mMRNA expression between DZ/P3and Cyclin D1
in different cancer types, including thymus, breast, kidney, rectum, and prostate (Fig. 4A,
Supplementary Fig. S4A), indicating a possible regulation of Cyclin D1 by DZ/P3in cancer
patients. However, no significant correlation was found between DZ/P3and Cyclin B1
MRNA expression (Supplementary Fig. S4B).

We then investigated the mechanism by which DZIP3 positively controls the expression of
Cyclin D1. DZIP3 contains an RNA binding motif called lysine (K)-rich region (or KR
motif), a RING domain, and several coiled-coiled domains (CCD) (13) (Supplementary Fig.
S4C and D). Previous studies showed that DZIP3 could interact with RNA utilizing the KR
motif (13,14). The RNA binding proteins such as HUR (Human antigen R) and AUF1 (AU-
rich element RNA-binding protein 1) were shown to regulate the stability of the cyclins
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mRNA by interacting with AU-rich element (ARE sites) in 3' untranslated regions (3' UTR)
(25,26,49). We hypothesized that DZIP3 being RNA binding protein, regulates expression of
Cyclin D1 by interacting with its mMRNA at 3' UTR and subsequently stabilizing the Cyclin
D1 transcripts. To test this hypothesis, first, we performed RNA pull-down assays with
either the DZIP3 antibody or control 1gG antibody, followed by a real-time qPCR (Fig. 4B)
or reverse transcriptase-PCR (Fig. 4C) with Cyclin D1 and GAPDH primers (Supplementary
Fig. S4E). Significant enrichment of Cyclin DI mRNA was observed in RNA pull-down by
the DZIP3 antibody compared to IgG control (Fig. 4B and C). No enrichment was observed
with GAPDH mRNA (Supplementary Fig. S4E). Similar results were obtained with Flag-
DZIP3 overexpressing cells (Fig. 4D; Supplementary Fig. S4F). The data suggest that
DZIP3 specifically interacts with Cyclin DI mRNA.

Next, we performed /n vitrobiotin RNA pull-down assays with 5" and 3' UTR's RNA
fragments of cyclin dI mRNA (Fig. 4E). The in vitro transcribed RNA fragments were
biotinylated and incubated with lysates expressing Flag-DZIP3 or just Flag epitope
subjected to pull-down by streptavidin beads. The western blot with DZIP3 showed that
DZIP3 interacted specifically and strongly with cyclin D1 3' UTR but very faintly with 5'
UTR, and no interaction was observed in bead controls (Fig. 4F). Within 3' UTR of cyclin
D1, DZIP3 was bound with 3D (+2286 bp to +2730 bp) and 3E regions (+2681 bp to +3130
bp) (Fig. 4E-G). Thus, DZIP3 specifically interacts with 3' UTR of cyclin DI mRNA.

Next, we attempted to identify the binding sites of DZIP3 in Cyclin D1 3'UTR (Fig. 4E).
Most of the RNA binding proteins control the stability of mMRNA via interaction with the
AU-rich element (ARE) with the core-binding element "AUUUA" (ATTTA in DNA) (50).
Using ARE prediction software (AREsit2; http://rna.tbi.univie.ac.at/AREsite2/welcome), we
found four ATTTA elements in 3D region and one such site in 3E region of cyclin D1 3'UTR
(Fig. 4E). We mutated these sites in 3D region (ATTTA-> AGGGA) (Fig. 4H and 1) and
compared them with wild type mRNA for the capability to interact with DZIP3. In
biotinylated RNA pull-down assays, the ARE sites mutations dramatically reduced the
affinity of 3D region for DZIP3 (Fig. 4J and K), indicating that AUUUA is the binding sites
of DZIP3 in 3' UTR of cyclin D1.

In unsynchronized cells and in steady-state conditions, the effect of DZIP3 on total Cyclin
D1 mRNA levels was marginal. A slight induction of Cyclin DI mRNA levels was observed
in DZIP3 overexpressing cells (Supplementary Fig. S4G). Similarly, DZIP3 knockdown
cells or tumors showed a minor reduction in the Cyclin DI mRNA amount compared to the
control cells (Supplementary Fig. S4H and I). However, unsynchronized cells are in different
phases of the cell cycle, which is not an ideal condition to determine the effect of RNA-
binding proteins on the stability of cyclins mRNA's (26). To delineate the role of DZIP3 in
mRNA stability, we synchronized the cells into the G1 phase by serum starvation and
performed the actinomycin D pulse-chase assays to examine the rate of degradation of
Cyclin DI mRNA in the absence and presence of DZIP3. The data showed that the rate of
degradation of Cyclin DI mRNA was significantly less in DZIP3 overexpressing cells
compared to the control cells (Fig. 4L). On the other hand, the rate of degradation of cyclin
D1 mRNAs was higher in DZIP3 stable knockdown cells compared to the control cells (Fig.
4M). Altogether, these results suggest that DZIP3 interacts and stabilizes cyclin DI mRNA.
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The RNA binding KR motif of DZIP3 is important for its interaction with RNA (13). To
validate the specificity of DZIP3-cyclin D1 mRNA interaction and to confirm that the KR
motif is important for this interaction, we deleted the KR motif in DZIP3 (Fig. 4N) and
compared this protein with the wild-type DZIP3 for its ability to bind and stabilize the cyclin
DI mRNA. In biotin RNA-pulldown assay, the KR motif deleted DZIP3 (DZIP3-AKR) was
defective in its ability to interact with 3'UTR of cyclin DI mRNA (Fig. 40) and also failed
to stabilize the cyclin D1 transcripts in actinomycin D chase assays (Fig. 4P). These results
are significant as the deletion of a small region (~90 bp) containing the KR motif in the
DZIP3 protein (3624 bp gene) crippled its RNA binding and RNA stabilizing potential. The
data suggest that the KR motif of DZIP3 plays an important role in DZIP3-cyclin D1 mRNA
interaction and stability.

DZIP3 interacts, co-localizes, and stabilizes Cyclin D1 in G1 phase

DZIP3 localizes in both the nucleus and cytoplasm in four different cell lines we tested (Fig.
5A, Supplementary Fig. S5A-C). In the cytoplasm, DZIP3 was found in perinuclear regions
as well as in punctuated structures (Fig. 5A, Supplementary Fig. S5A-C). DZIP3 is a
bonafide E3-ubiquitin ligase, and several of the E3-ligases are known to modulate the
stability of cell cycle proteins (36,51-53). Next, we tested whether DZIP3, in addition to
controlling the stability of cyclin DI mRNA, can modulate the Cyclin D1 protein levels. We
synchronized the cells by serum starvation and then performed cycloheximide chase
experiments both in DZIP3 overexpressing HEK293 cells (Fig. 5B) and DZIP3-depleted
MCFT7 cells (Fig. 5C), and monitored the stability of the endogenous Cyclin D1 proteins
over a period of time. In the DZIP3 overexpressing cells, Cyclin D1 was well stabilized till 8
h. On the other hand, in control vector-transfected cells, Cyclin D1 was degraded rapidly
within 2 h and almost entirely degraded by 6 h (Fig. 5B). In DZIP3 stable knockdown cells,
the degradation of the Cyclin D1 proteins was faster as compared to the control cells (Fig.
5C). The data suggest that DZIP3 provides stability to the Cyclin D1 at the protein levels
also.

To understand how DZIP3 impart stability to Cyclin D1 at protein levels, we first tested
whether DZIP3 interacts with Cyclin D1. We performed immunoprecipitation (IP) assays
with endogenous as well as overexpressed proteins. In endogenous IP assays, we used IgG
and Cyclin D1 antibodies for immunoprecipitation, and the immunoblotting was performed
with the DZIP3 antibody (Fig. 5D).

The Cyclin D1 but not 1gG antibody was able to pull-down DZIP3, suggesting a specific
interaction between DZIP3 and Cyclin D1 (Fig. 5D). Next, we overexpressed HA-Cyclin D1
and Flag-DZIP3 and performed co-IP assay with HA-antibody. A strong interaction between
DZIP3 and Cyclin D1 was observed (Fig. 5E). Next, using Flag antibody-tagged beads, we
performed pull-down assays with cells overexpressing Flag-DZIP3. We used stringent
conditions (6 times NP-40 buffer) for washing the beads to remove weak interactions with
DZIP3. The Flag-DZIP3 was eluted from beads using Flag-peptide, and western blotting
was performed with the Cyclin D1 antibody. We observed a single band of endogenous
Cyclin D1 suggestive of a strong interaction between DZIP3 and endogenous Cyclin D1
(Supplementary Fig. S5D).
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Proximity Ligation Assay (PLA) is a powerful quantitative technique that allows /n-situ
detection of protein-protein interactions with high specificity and sensitivity (54). Since the
PLA positive signals (puncta's) are detected only when the two proteins are at close
proximities of < 40 nm, such protein interactions are most likely to be the direct interactions
(54). In PLA assays, we found a robust increase in the number of PLA positive puncta's in
the cells expressing DZIP3 and Cyclin D1, suggestive of direct interactions between DZIP3
and Cyclin D1 (Fig. 5F and G). To further strengthen the direct interaction data, we tested
whether purified GST-DZIP3 (CCD-RING domain) directly interact with Cyclin D1 /n vitro.
For this, we performed GST-pull down assays with purified GST-DZIP3 (CCD-RING
domain) and /n vitro translated Cyclin D1 in the cell-free milieu. A direct and specific
interaction was observed between DZIP3 and Cyclin D1 (Fig. 5H). Taken together, several
lines of evidence suggest that DZIP3 directly interacts with Cyclin D1.

Next, we asked whether DZIP3 interacts with Cyclin D1 constitutively or in a cell cycle
phase-dependent manner. For this, we overexpressed DZIP3 and Cyclin D1 proteins and
then synchronized the cells in the G1 phase, S phase, and G2 phase by using serum
starvation, single thymidine block, and nocodazole block, respectively. Serum starvation
blocks the cell cycle at the G1 phase, whereas thymidine in the early S phase and
nocodazole at the border of the G2 and M phase. The synchronized cells were used in co-IP
assays. DZIP3 interacts with Cyclin D1 preferentially during the G1 phase of the cell cycle,
suggesting that DZIP3 interacts and stabilizes the Cyclin D1 typically during the G1 phase
(Fig. 51). We also performed the PLA assay in serum synchronized G1 arrested cells. We
observed a significant increase in the number of puncta's in synchronized cells than in
unsynchronized cells, strengthening our conclusions that DZIP3 interacts with and regulates
Cyclin D1 predominantly in the G1 phase of the cell cycle (Fig. 5F and G). This is an
interesting finding that DZIP3 interacts with Cyclin D1 only when the latter is required to be
stabilized for the cell cycle progression.

Since Cyclin D1 is localized in the nucleus during the G1 phase (55), next, we performed
immunofluorescence assays with the G1 phase (serum starvation) synchronized cells to
monitor the localization of DZIP3 and Cyclin D1. DZIP3 was found to be completely co-
localized with nuclear Cyclin D1 in G1 phase synchronized cells (Fig. 5J). Interestingly, in
immunohistochemistry of xenograft tumor tissues, Cyclin D1 showed increased
immunoreactivity in the nucleus of the control tumor cells. Whereas considerably less
Cyclin D1 nuclear immunostaining was observed in DZIP3 depleted tumors cells (Fig. 5K).
The data indicate that DZIP3 is not only required for the stability of Cyclin D1 but might
also for its nuclear localization.

CCD and RING domains of DZIP3 are important for its interaction with Cyclin D1

DZIP3 contains three coiled-coiled domain (CCD), a RING domain, and an RNA-binding
KR motif (Fig. 5L). To identify the domain/s of DZIP3 required for interaction with Cyclin
D1, we generated several DZIP3 domain deletion variants (Fig. 5L). The deletion constructs
were co-expressed with HA-Cyclin D1, and co-IP assays were performed. To reduce the
effect of DZIP3-mediated stability on Cyclin D1-DZIP3 interaction, in this experiment, we
have adjusted the ratio of Cyclin D1 to equalize it in the input, and then the IP was run in the
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same ratio. There was no apparent change in binding affinity of DZIP3-Cyclin D1 upon KR
domain deletion (Fig. 5M). RING domain deletion reduced the interaction, and it was
further reduced on the deletion of the CCD2/3 domain (Fig. 5M), suggesting that both
domains are important of DZIP3-Cyclin D1 interactions. However, where the RING domain
itself cannot interact with Cyclin D1, an interaction was observed between the CCD2/3
domain and Cyclin D1 (Fig. 5M), suggesting that the CCD2/3 domain provides a primary
interface for the interaction and the RING domain assist in increasing the interactions.

DZIP3 enhances K63-linked ubiquitination of Cyclin D1

DZIP3 is a RING domain-containing E3 ubiquitin ligase (13,14). Next, we examined
whether DZIP3 can modulate the ubiquitination status of Cyclin D1. K48-linked
ubiquitination of proteins is associated with proteasomal degradation, while K63-linked
ubiquitination plays a proteasomal degradation independent role and is shown to be
important in signaling, trafficking, sorting, and stabilization of the proteins (36,56-59).
DZIP3 and Cyclin D1 were co-expressed in HEK293 cells along with the two ubiquitin
variants, HA-K48 and HA-K63. In HA-K48 ubiquitin, all lysine residues were mutated
except at amino acid position 48 (K48). In HA-K®63, all lysine residues were mutated except
at amino acid position 63 (K63). The co-IP assays were performed to understand whether
DZIP3 ubiquitinates Cyclin D1. DZIP3 considerably increased the K63-linked
ubiquitination of Cyclin D1 with minimally effecting K48-linked ubiquitination (Fig. 6A).
Next, to reduce the effect of DZIP3-mediated stability on Cyclin D1-DZIP3 interaction, we
repeated the experiment, where we have adjusted the ratio of Cyclin D1 to equalize it in the
inputs and then the IP sample are run in the same ratio. Here also, we observed considerably
increased K63-linked ubiquitination of Cyclin D1 in the presence of DZIP3 (Fig. 6B).

Since in the above experiments, we have performed IP with Cyclin D1 and western blot with
HA (ubiquitin), it could be argued that DZIP3 is not directly ubiquitinating Cyclin D1 but
possibly one of the Cyclin D1-interacting protein. To eliminate this possibility and also to
determine whether DZIP3 directly induce the ubiquitination of Cyclin D1, we performed a
classical experiment. The His-K63-Ub (Ubiquitin mutated for all lysines except 63
positions) was co-expressed with Cyclin D1 in the absence and presence of DZIP3. His-
K63-Ub was pulled down with Ni-NTA agarose beads and probed with the Cyclin D1
antibody. Since the Ni-NTA affinity pull-down assays were performed in highly denaturing
conditions (6M guanidine-HCI), a state in which no protein-protein interaction can exist, any
increase in ubiquitination of Cyclin D1 depict direct conjugation of ubiquitin. We found a
considerable increase in the direct conjugation of K63-linked ubiquitin of Cyclin D1 (high
molecular weight) in the presence of DZIP3 (Fig. 6C), showing that indeed DZIP3 enhances
K63-linked ubiquitination of Cyclin D1.

To determine whether DZIP3 controls K63-linked ubiquitination of endogenous Cyclin D1,
next, we performed immunoprecipitation with K63-linkage specific polyubiquitin antibody
from the lysates of control and DZIP3 knockdown cells. The results demonstrate that upon
DZIP3 depletion, K63-linked ubiquitination of endogenous Cyclin D1 is considerably
reduced (Fig. 6D). Note that to avoid the artifact of DZIP3-mediated Cyclin D1 stability, we
have loaded the IP samples in a ratio that can equalize the Cyclin D1 in inputs. So more IP
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samples were loaded in the second lane. Still, we found that the ubiquitination was less in
DZIP3 knockdown cells suggesting that indeed DZIP3 plays a significant role in K63-linked
ubiquitination of Cyclin D1.

DZIP3 interacts with Cyclin D1 in a cell cycle phase-specific manner, predominantly in the
G1 phase. So, we asked whether the DZIP3 mediated K63-linked ubiquitination of Cyclin
D1 is also phase-specific. For this, we overexpressed DZIP3, Cyclin D1, and HA-K63 and
then synchronized the cells in the G1 phase, S phase, and G2 phase. Indeed, we found that
DZIP3 mediated K63-linked ubiquitination of Cyclin D1 was increased primarily in the G1
phase (Fig. 6E). Altogether, the results suggest that DZIP3 interactions with Cyclin D1
proteins and subsequent K63-linked ubiquitination are cell cycle phase-specific events.

The RING domain of DZIP3 is important for the K63-linked ubiquitination and stability of

Cyclin D1

The RING domain of DZIP3 was shown to be essential for auto-ubiquitination and
ubiquitination of other proteins (13,14). The RING domain deleted DZIP3 (Flag-ARING
DZIP3) variant was found to be inefficient in increasing the K63-linked ubiquitination of the
Cyclin D1 proteins (Fig. 6F), suggesting that the RING domain of DZIP3 is absolutely
required for enhancing K63-linked ubiquitination of Cyclin D1. Next, we asked whether the
RING domain is important for the stability of Cyclin D1. RING-deleted DZIP3 was not able
to increase the stability of Cyclin D1 (Fig. 6G), whereas, to our surprise, overexpression of
the RING domain itself was sufficient to increase the stability of Cyclin D1 (Fig. 6H).
Overall, the data suggest that DZIP3 utilizes its RING domain to increase the K63-linked
ubiquitination and stability of the Cyclin D1.

Further, we tested whether the presence of DZIP3 protects from proteasomal degradation.
The control and DZIP3 shRNA stable cell lines were treated with MG132, a proteasomal
degradation inhibitor (Fig. 61). The MG132 treated control cells, as compared to untreated
cells, showed ~2 fold induction of Cyclin D1, whereas DZIP3 knockdown cells showed ~8
fold induction (Fig. 61), indicating a considerably higher proteasomal degradation flux of
Cyclin D1 in the absence of DZIP3.

DZIP3 controls E2F target genes

The Cyclin D1-CDK4/6 complex phosphorylates the tumor suppressor retinoblastoma (RB)
protein and inactivates it, leading to the release of E2F transcription factors (60). E2F's then
activate a large number of genes required for cellular proliferation, including the genes
essential for the G1/S phase transition and DNA replication (61) (Fig. 7A). We performed
gRT-PCR for several E2F target genes, including CCNE1, CCNA2, CDK1, CHK1, SKP2,
RBL1, E2F5, AURKB, RAD17, and RAD52, in control and DZIP3 knockdown cell lines
(Fig. 7B and C). The data show that the depletion of DZIP3 significantly reduces the
expression of E2F regulated cell proliferation-related genes, including the genes required for
cell cycle progression. The expression of some of these genes were also validated in tumors
(Supplementary Fig. S6A). In addition, we performed western blotting experiments with few
of the E2F regulated cell cycle genes, including Cyclin A2, Cyclin E1, CDK1, CDK2, and c-
MYC in control and DZIP3 depleted xenograft tumors and cell lines (Fig. 7D and E,
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Supplementary Fig. S6B). A marked reduction in expressions of all these essential cell cycle
proteins was observed in DZIP3 depleted conditions. In contrast, the overexpression of
DZIP3 induced the expression of these proteins (Fig. 7F). Further, the complementation of
DZIP3 depleted cells with Flag-DZIP3 restored the levels of Cyclin E1 and Cyclin A2,
demonstrating the specificity of the control (Fig. 7G). Taken together, the data show that
DZIP3 controls Cyclin D1-E2F axes to regulate cell growth and cell cycle progression.

In this study, we found that DZIP3 is a novel regulator of cell cycle progression by
controlling the expression of Cyclin D1 in a unique manner. DZIP3 using its RNA binding
domain, interacts with AU-rich elements in 3'UTR of Cyclin D1 mRNA to increase its
stability (Fig. 7H). Additionally, using its RING domain, DZIP3 increases the K63-linked
ubiquitination of Cyclin D1 protein and stabilizes it (Fig. 7H). Predominantly, the interaction
and stabilization of Cyclin D1 take place during the G1 phase of the cell cycle, the phase
during which Cyclin D1 is required for the progression of the cell cycle (Fig. 7H). By
maintaining the expression of Cyclin D1, DZIP3 is an important regulator for E2F-mediated
transcription of genes required for proliferation and cell cycle progression (Fig. 7H). In
agreement, DZIP3 is necessary for cell cycle progression, cell growth, and cell migration/
invasion of cancer cells and thus promotes tumor progression and metastasis (Fig. 7H).
Overall, this study identifies DZIP3 as a novel driver of cell cycle and cancer progression.

Discussion

DZIP3 is a developmentally important gene with a capability to suppress differentiation in
mouse embryonic stem cells and hematopoietic stem cells (15,16). The mice homozygous
for an ENU-induced mutation in the DZIP3 allele exhibit embryonic lethality (http://
www.informatics.jax.org/marker/MGI:1917433), suggesting that DZIP3 may be critical for
embryonic development. This study, for the first time, underscores the importance and
functional relevance of DZIP3 in the progression of cell cycle and cancer.

Cyclin D1 is a critical regulator of cell cycle progression in the G1/S phase, and thus,
overexpression or amplification of Cyclin D1 is associated with unregulated cell growth and
oncogenic transformations (18-22). A large number of studies identify Cyclin D1 as a
protooncogene. This study provides evidence that DZIP3 controls cell cycle and cell growth
by controlling the expression of Cyclin D1. DZIP3 is a member of RNA-binding RING E3-
ligases (RBRL), a unique class of E3-ligases with the capability to interact with both RNA
and protein. The presence of both RNA binding domain and E3-ligase domain in RBRL
proteins provides them the capability to perform unique combinatorial spatial and temporal
functions. The RBRLs, MEX3B, and DZIP3 were shown to interact with a long noncoding
RNA, HOTAIR, to induce K48-linked ubiquitination and degradation of Ataxin-1 and
Snurportin-1, respectively (14). Another RBRL, MEX3C, interacts with 3'UTR of HLA-AZ2
MRNA and causes its RING-dependent degradation (7). One more interesting kind of
regulation is mediated by MDM2. MDM2 promotes polyubiquitination and proteasomal
degradation of p53. On the other hand, it also binds to p53 mMRNA to stabilize it, resulting in
a balance of the p53 expression (62). A recent study showed that the mRNA binding activity
of TRIM25 induces its ubiquitination capacity suggesting a kind of regulation where the
RNA level of one protein can regulate its own proteasomal degradation or degradation of
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other related proteins (63). In the present study, we revealed another unique kind of
regulation by RBRL, where DZIP3 binds with mRNA and protein of the same gene to
maintain their stability. The factors involved in phase-specific degradation of cyclins are
very well defined; however the factors, which stabilize the cyclins during the specific cell
cycle phase, remain elusive. Here, we describe one of such factor and one such mechanism.
Further, we also demonstrate that DZIP3, via Cyclin D1, controls the expression of E2F
transcription factor regulated genes, including Cyclins (A2 and E1) and CDKs.

Cyclins are regulated at both RNA and protein levels. The HuR protein is known to interact
with 3'UTR of pan-cyclin mRNA and impart stability (24-27), whereas AUF1 binds with
Cyclin D1 mRNA and increases its degradation (49,64). DZIP3 is similar to HuR in the
regulation of the stability of cyclins mRNAs. Several other proteins, including E3 ubiquitin
ligases, were shown to interact with cyclin proteins and mediate their degradation or
stabilization. The best examples are the APC/C complex and Skp1-Cull-F-box (SCF) family
of E3 ubiquitin ligases. They mediate the degradation of cyclins for the controlled
progression of the cell cycle (23). The Cullin-3 mediates ubiquitination and degradation of
Cyclin E (65). Hecl interacts with Cyclin B1 during the early M phase and protects it from
degradation by the APC/C complex, however at the late M phase, interaction is broken
resulting in the destruction of Cyclin B1 (53). A recent study shows that ERLIN2 stabilizes
Cyclin B1 in the G2/M phase by inducing its K63-linked ubiquitination (36). In future
studies, it will be interesting to determine whether DZIP3 could cooperate or antagonize
activities of some of the known cell cycle regulatory factors to orchestrate Cyclin D1 protein
levels during cell cycle progression.
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Figure 1. DZIP3 drives growth, migration, and invasion of cancer cells.
(A) MTT assays were performed in MCF7 breast cancer cells transfected with control and

DZIP3 siRNA. Data is presented as mean + SD, n=3, *p<0.05, ***p<0.0005.

(B) Clonogenic assay was performed with MCF7 control and DZIP3 stable knockdown cells
with an initial plating density of 5000 and 10000 cells.

(C) Clonogenic assay was performed in HEK293 cells transiently transfected with control

and HA-DZIP3.
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(D) Wound healing or scratch assay was performed to examine migration capacity in control
and DZIP3 stable knockdown MCF7 cells.

(E and F) Transwell migration and matrigel invasion assay were performed in UM-UC3
control and DZIP3 stable knockdown cells. Data in bar graph is presented as mean + SD,
n=3, **p<0.005, ***p<0.0005.

(G) Soft agar colony formation assay was performed to check tumorigenicity of UM-UC3
control and DZIP3 stable knockdown cells. Data in bar graph presented as mean + SD, n=3,
***n<0.0005.

(H) Oncomine analysis of DZIP3 mRNA expression levels in different cancer types
(liposarcoma, lung carcinoma, gastric adenocarcinoma, and breast carcinoma) as compared
with normal tissues. Fold change and p-values are indicated in the graph.

(1) DZIP3 mRNA expression in tumors and normal control patient samples were evaluated
in the TCGA dataset using the GEPIA2 platform. TPM (Transcripts Per Million), Log2FC]|
Cutoff=1; p-value Cutoff=0.01

(J and K) (J) Representative images of tissue microarray analysis of DZIP3 protein
expression in normal breast tissue (n = 22) and invasive human breast cancer tissue (n = 164)
samples. (K) The intensity of staining was scored using a four-tier scale and defined as
follows: 0, 0%-20%; 1, weak staining (20%-50%); 2, moderate staining (50%—75%); and 3,
strong staining (75%-100%). Based on these scores, the number of tissue samples in each
group of tissue array (Normal, Invasive, and Metastatic) having these scores were plotted.
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Figure 2. DZIP3 promotestumor growth and metastasisin animal models.

(A) The graph depicts tumor volumes (mm3) of UM-UC3 control and DZIP3 stable
knockdown cells.

(B) Images of tumors formed in the nude mice and pictures of the dissected tumors.

(C) The graph represents the final tumor volume. n=7, mean£SE, ***p<0.0005.

(D and E) (D) Immunohistochemical analysis was performed with the Ki-67 cell
proliferation marker in control and DZIP3 stable knockdown tumor sections. (E) The graph
represents % of cells with Ki-67 positive staining. >400 cells were analyzed from different
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sections from different animals, mean +SD, **p < 0.005. The white arrowhead indicates the
Ki-67 positive mitotic cells.

(F and G) (F) Representative images of Ki-67 positive mitotic cells. (G) The graph
represents % of Ki-67 positive mitotic cells in control and DZIP3 stable knockdown tumors
in IHC's microscopic fields. >10 microscopic fields were analyzed from different sections
from 3 different animals, mean £SD, **p < 0.005

(H-J) (H) Representative images of lungs of mice injected (tail-vein) with MDA-MB-231
control and DZIP3 stable knockdown cell line. (1) The average number of nodules were
counted manually. n=3 mean +SD, **p < 0.005. (J) Representative lung sections showing
metastatic foci in control groups.

(K and L) (K) Lateral view of fluorescent transgenic [Tg(flil:nEGFP)] zebrafish embryos at
Day 0 and Day 5 injected with Dil-Red stained MDA-MB-231 control and DZIP3 stable
knockdown cells. (L) The tumor growth was assessed by an increase in fluorescence
intensity on the 5th day compared to the day of injection. n=10, mean +SD, **p < 0.005 The
quantitation of fluorescence intensity was performed using ImageJ software and represented
as % mean fluorescence intensity where day 0 reading was taken as baseline.
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Figure 3. DZIP3 controlscell cycle progression and cell growth by regulating the expression of

Cyclin D1.

(A) Cell cycle analysis of MCF7 control and DZIP3 stable knockdown cell line. The graph
represents the percentage of cells in different cell cycle phases. mean + SD, n=3, **p<0.005.
(B-C) (B) Cell cycle analysis of UM-UC3 control and DZIP3 stable knockdown cells. (C)
Pie charts represent the percentage of cells in different cell cycle phases.
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(D-E) Western blot analysis of (D) MCF7 control and DZIP3 shRNA cell lysates probed
with indicated antibodies. (E) Control and DZIP3 siRNA transfected MCF7 cell lysates
probed with indicated antibodies.

(F-G) Western blot analysis of (F) HEK293T (G) MCF7, control, and DZIP3 CRISPR
knockout clones cell lysates probed with indicated antibodies.

(H) Western blot analysis of UM-UC3 control and DZIP3 shRNA tumor lysates probed with
indicated antibodies.

(1) Western blot analysis of control and HA-DZIP3 plasmids transfected HEK293 cell
lysates probed with indicated antibodies.

(J) Western blot analysis of cell lysates of indicated plasmids transfected MCF7 control and
DZIP3 shRNA cells probed with indicated antibodies.

(K) Clonogenic assay was performed with control, DZIP3 stable knockdown cells, and
knockdown cells complemented with HA-Cyclin D1 or Flag-DZIP3. The graph depicts the
average number of colonies in these conditions. mean + SE, n=3, **p<0.005, ***p<0.0005.
(L) Cell proliferation was evaluated by performing MTT assay in MCF7 control, DZIP3
stable knockdown, and Cyclin D1 complemented DZIP3 knockdown cells. Data is presented
as mean = SD, n=2, *p<0.05, **p<0.005.

(M) Migration assay was performed with MCF7 control, DZIP3 stable knockdown, and
Cyclin D1 complemented DZIP3 knockdown cells. Data are presented as mean + SE, n=3,
***p<0.0005.

(N) Matrigel invasion assay was performed with UM-UC3 control, DZIP3 stable
knockdown, and Cyclin D1 complemented DZIP3 knockdown cells. Data are presented as
mean * SE, n=3, ***p<0.0005.
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p-value = 1.4e-24

Figure4. DZIP3interactswith Cyclin D1 mRNA and stabilizesit.
(A) The graphs depict the correlation of mMRNA expression of DZ/P3and Cyclin D1 in

different cancer types. r, Spearman'’s rank correlation coefficient. TPM (Transcripts Per
Million). THY, Thymoma; BRCA, Breast invasive carcinoma; KIRC, Kidney renal clear cell
carcinoma; KICH, Kidney Chromophobe; PRAD, Prostate adenocarcinoma
(B and C) (B) qRT-PCR analysis of enrichment of Cyc/lin DI mRNA in RNA
Immunoprecipitation assay using IgG and DZIP3 antibody. The fold enrichment was
calculated by taking 1gG values as a baseline. Data is presented as mean + SD, n=3,
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**p<0.005. (C) Agarose gel analysis of Cyclin D1 RT-PCR product from the same
experiment.

(D) gRT-PCR analysis of enrichment of Cyclin DI mRNA in RNA Immunoprecipitation
assay using Flag antibody. The fold enrichment was calculated by taking control values as a
baseline. Data is presented as mean + SD, n=3, ***p<0.0005

(E) Schematic representation of different RNA fragments of Cyc/in DI mRNA 3'-UTRs and
5-UTR used in RNA pull-down assays. The black bars in 3'UTR represent the AU-rich
elements.

(F) The biotinylated 5'UTR region and 3'UTR's of Cyc/in D1 transcripts were incubated
with lysates of HEK293T cells followed by pull-down with streptavidin-tagged beads. The
pulldown complexes were subjected to western blotting with Flag antibody. Bead control
does not contain RNA.

(G) The biotinylated 3'UTR's of Cyc/in D1 transcripts were incubated with lysates of 3X
Flag vector or Flag-DZIP3 expressing HEK293T cells followed by pull-down with
streptavidin-tagged beads. The pull-down complexes were subjected to western blotting with
Flag antibody.

(H-K) (H) The nucleotide sequence of the 3D region of 3'UTR of Cyc/in DI mRNA
containing four ATTTA sites. (I) The mutation of ATTTA to AGGGA were introduced in all
the four sites in indicated 3D region. (J) The biotinylated 3'-UTR of Cyclin D1 -D fragment
(3D) wild type and its mutant were incubated with Flag-DZIP3 expressing HEK293T cell
lysates followed by pull-down with streptavidin-tagged beads. The pull-down complexes
were subjected to western blotting with Flag antibody. (K) Graph depicts the ratio of binding
affinity of 3D and 3D-mut regions for Flag-DZIP3 as measured by image J analysis of
western blots of biotin-pull down assays (panel J). Data is presented as mean * SD, n=3,
***p<0.0005

(L and M) (L) Control HA-vector and HA-DZIP3 transiently transfected HEK293T cells
and (M) control and DZIP3 shRNA stable knockdown MCF7 cells were serum-starved for
16 h and released into a full medium for 3 h and treated with actinomycin D (5 pg/ml) for
indicated time points. The total RNA was isolated and subjected to gRT-PCR with Cyclin
D1 specific primers. Data are normalized with GAPDH (transcript levels of GAPDH was not
affected by actinomycin D). Data are presented as mean + SD, n=3, *p<0.05, **p<0.005.
(N) Schematic representation of wild type (WT) and lysine-rich (KR) deletion mutant of
DZIP3.

(O) Biotinylated 5' and 3'D UTR's of Cyclin D1 were used for RNA Pull-down experiments
with lysates of HEK293T cells transiently transfected with vector control, wild type Flag-
DZIP3 and Flag- DZIP3-AKR and subjected to western blot analysis with Flag antibody.

(P) Actinomycin D chase assay and gRT PCR assays were performed with HEK293T cells
transiently transfected with control, Flag-DZIP3, and Flag DZIP3-AKR. Data are presented
as mean + SD, n=3, **p<0.005.
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Figure 5. DZIP3 interacts, co-localizes, and stabilizes Cyclin D1.
(A) Representative confocal images of DZIP3 localization in UM-UC3.

(B and C) Western blot analysis of cycloheximide chase experiment performed with (B)
HEK?293T transiently transfected with indicated plasmids (C) shControl and shDZIP3
MCF7 cells.

(D and E) Immunoprecipitation analysis of the interaction between (D) endogenous DZIP3
and endogenous Cyclin D1 (E) Flag-DZIP3 and HA-Cyclin D1.
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(F-G) (F) Representative images of proximity ligation assay performed with unsynchronized
and serum synchronized HeL a cells that were transfected with indicated plasmids. (G) The
graph represents the number of puncta's present per 100 cells. Data, mean = SD, n=3,
*p<0.05 ***p<0.0005.

(H) GST pull-down assay using purified GST or GST-tagged DZIP3 (CCD-RING domain)
and in-vitro-translated and $3°- labelled HA-Cyclin D1.

(1) The western blot analysis of co-IP assays performed with HEK293 cells transiently co-
transfected with Flag-DZIP3, HA-Cyclin D1, and synchronized in G1 (serum starvation),
G1/S (single thymidine block) or G2/M (nocodazole block) phases.

(J) Representative confocal images of DZIP3 and Cyclin D1 protein localization in serum
synchronized MCF7 cells.

(K) Representative confocal images of immunofluorescence analysis of Cyclin D1
expression in tumor xenograft sections.

(L) The domain organization map of DZIP3 and its truncated mutants cloned as Flag-tagged
proteins.

(M) Co-immunoprecipitation analysis to map the domain interaction between Flag-DZIP3
constructs and HA-Cyclin D1.
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Figure 6. DZIP3increases the K63-linked ubiquitination of Cyclin D1 to stabilizeit.

(A-B) Western blot analysis of co-1P experiments performed with lysates of HEK293T cells
transiently transfected with Flag-DZIP3, Cyclin D1, HA-K48-Ubiquitin and HA-K63-
Ubiquitin plasmids (variants of ubiquitin which can only be ubiquitinated at either lysine 48

(K48) or lysine 63 (K63))

(C) Western blot analysis of Cyclin D1 ubiquitination in the absence and presence of DZIP3
by Ni-NTA pull-down assays using transiently transfected plasmid constructs as indicated.
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His-tagged ubiquitin (His-K63 was mutated at all lysines except at 63 position) was used in
these assays. (SE, short exposure; LE, long exposure)

(D) Western blot analysis of endogenous Cyclin D1 ubiquitination in MCF7 Control and
DZIP3 knockdown cells. (IP was run in a ratio of adjusted equalized inputs to reduce the
artifact of DZIP3 mediated stability).

(E) Western blot analysis of co-IP experiments performed with HEK293T cells transiently
transfected with Flag-DZIP3, Cyclin D1, HA-K48-Ubiquitin, and HA-K63-Ubiquitin
plasmids, and synchronized in G1 (serum starvation), G1/S (single thymidine block) or
G2/M (Nocodazole block) phases. (IP was run in a ratio of adjusted equalized inputs to
reduce the artifact of DZIP3 mediated stability).

(F) Western blot analysis of co-1P experiments performed with HEK293T cells transiently
transfected with Flag-DZIP3, FLAG ARING DZIP3, Cyclin D1, and HA-K63-Ubiquitin
plasmids. (IP was run in a ratio of adjusted equalized inputs to reduce the artifact of DZIP3
mediated stability).

(G) Western blot analysis of Cyclin D1 in HEK293T cells overexpressing Flag-DZIP3 and
FLAG ARING DZIP3.

(H) Western blot analysis of Cyclin D1 in HEK293T cells overexpressing Flag-DZIP3 and
FLAG-DZIP3-RING.

(1) Western blot analysis of MG132 untreated or treated, shcontrol, and shDZIP3 MCF7
cells lysates probed with indicated antibodies. The imageJ quantification of western band
intensity was performed and fold change was depicted, where MG132 untreated samples
were used as baseline.
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Figure 7. DZIP3 controls Cyclin D1-E2F axes.

(A) Schematic representation of DZIP3 controlling E2F downstream genes via Cyclin D1.
(B-C) A gRT-PCR analysis to evaluate the expressions of indicated genes from the total
RNA of MCF7 control and DZIP3 stable knockdown cells. Data is presented as mean + SE,

n=3, *p<0.05, **p<0.005, ***p<0.0005.

(D) Western blot analysis of UM-UC3 control and DZIP3 stable knockdown tumor
xenograft lysates probed with indicated antibodies
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(E) Western blot analysis of MCF7 control and DZIP3 stable knockdown cell lysates probed
with indicated antibodies

(F) Western blot analysis of HEK293 control and HA-DZIP3 transiently transfected cell
lysates with indicated antibodies.

(G) Western blot analysis of MCF7 control and DZIP3 stable knockdown cells transfected
with indicated plasmids and probed with indicated antibodies.

(H) Schematic presentation of work presented in this study.
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