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Abstract
The mTORC2 pathway plays a critical role in promoting tumor progression in human colorectal cancer
(CRC). The regulatory mechanisms for this signaling pathway are only partially understood. We
previously identi�ed UBXN2A as a novel tumor suppressor protein in CRCs and hypothesized that
UBXN2A suppresses the mTORC2 pathway, thereby inhibiting CRC growth and metastasis. We �rst used
murine models to show that haploinsu�ciency of UBXN2A signi�cantly increases colon tumorigenesis.
Induction of UBXN2A reduces AKT phosphorylation downstream of the mTORC2 pathway, which is
essential for a plethora of cellular processes, including cell migration. Meanwhile, mTORC1 activities
remain unchanged in the presence of UBXN2A. Mechanistic studies revealed that UBXN2A targets Rictor
protein, a key component of the mTORC2 complex, for 26S proteasomal degradation. A set of genetic
and pharmacological studies showed that UBXN2A regulates cell proliferation, apoptosis, migration, and
colon cancer stem cells (CSCs) in CRC. CRC patients with a high level of UBXN2A have signi�cantly better
survival, and high-grade CRC tissues exhibit decreased UBXN2A protein expression. UBXN2A induction in
tumor organoids suppresses the mTORC2 pathway. These �ndings provide new insights into the
functions of an ubiquitin-like protein by inhibiting a dominant oncogenic pathway in CRC.

Introduction
Dysregulation of the mTORC2 pathway has been identi�ed as an oncogenic factor in CRC initiation and
progression (1). In addition, mTOR complexes develop drug resistance in both colon (2, 3) and rectal
cancers (4). With two distinct complexes called mTORC1 and mTORC2, the mTORC pathway contributes
to diverse signaling pathways in physiological and pathological conditions (5). The essential roles of
mTORC1 in key physiological functions (6, 7) and associated negative feedback loops activated upon its
inhibition (8, 9) have limited the bene�t of using mTORC1 inhibitors for the treatment of CRC (10–15).
However, recent reports have demonstrated a distinct role for mTORC2 in several solid cancers (1, 16–
18). Well-supported studies have illustrated that a selective mTORC2 inhibitor can function as an
effective anti-tumorigenic agent while sparing mTORC1 signaling (1, 16–22). Rictor is a critical member
of the mTORC2 complex whose overexpression is associated with tumor progression, metastasis, and
poor prognosis (23, 24). The driving role of Rictor protein in epithelial-mesenchymal transition (EMT) and
chemosensitivity (25, 26) has turned Rictor protein into a potential targeted therapy for CRC (27, 28).

In the present study, we report that UBXN2A ubiquitinates Rictor protein for 26S proteasomal degradation,
resulting in repression of the mTORC2 pathway in colon cancer cells while mTORC1 remains intact. Gain-
and loss-of-function approaches revealed that UBXN2A interferes with the mTORC2's downstream protein
pathways, including apoptosis, epithelial-mesenchymal transition, vascular endothelial growth factor
(VEGF), cancer cell migration, and regeneration of colon cancer stem cells (CSCs). Better survival of CRC
patients with a higher level of UBXN2A and reduction of UBXN2A proteins in poorly differentiated (high-
grade) human tumor tissues further con�rmed that UBXN2A functions as a dominnat tumor suppressor
protein in CRC (29–31). Our �ndings uncovered a novel regulatory pathway capable of suppressing the
mTORC2 pathway and its downstream protein targets. Hence, the enhancement of UBXN2A is a
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promising targeted therapy to overcome CRC metastasis and drug resistance mediated by the hyperactive
mTORC2 pathway.

Results
Haploinsu�ciency of the UBXN2A tumor suppressor gene promotes tumorigenesis in the UBXN2A (+/-)
mouse

We generated a UBXN2A heterozygous mouse (+/-) that expresses half the amount of endogenous
UBXN2A compared with WT littermates (32). UBXN2A-/- is embryonic lethal due to its role in embryonic
development (33). Tumor development by the azoxymethane/dextran sodium sulfate protocol (34) is
accelerated in UBXN2A+/- mice (Fig. 1A-E). Figure 1E shows several high-grade dysplasia adenomas that
have initiated invading the muscularis mucosa of the colon, the earliest morphologically de�nable stage
of human CRC (35). Figure 1F shows a signi�cant increase of adenomatous areas with high-grade
dysplasia in heterozygous mice. Next, proliferating cells in the tumor tissue were stained by
immunohistochemistry of Ki-67 (Fig. 1G). Tumors extracted from UBXN2A +/- mice showed intense
nuclear staining of Ki-67 versus tumors removed from WT littermates. The rapid progression of pre-
malignant high-grade dysplasia in the heterozygous UBXN2A +/- mouse model suggests key anti-
proliferative functions for UBXN2A.

Induction of UBXN2A interferes with the mTORC2 pathway without affecting mTORC1

Based on the in vitro anti-growth, anti-migration, and anti-invasion functions of UBXN2A (32, 36), we
hypothesized that UBXN2A interferes with a major tumorigenic pathway in CRC. To �nd the tumorigenic
pathway(s) regulated by UBXN2A, we examined the status of several tumorigenic pathways (37) involved
in CRC initiation, progression, and metastasis in the presence of induced UBXN2A. Among studied
pathways, we found that UBXN2A signi�cantly interferes with the mTORC2 pathway (38), which has been
implicated in CRC cell migration, invasion, and metastasis (39–43). Tet-On inducible HCT-116 cells were
incubated with DOX to express GFP or GFP-UBXN2A and analyzed by �ow cytometry using Alexa Fluor
pAKT-Ser473 and pAKT-Thr308. Induction of UBXN2A signi�cantly decreased pAKT-S473 and pAKT-T308
(Fig. 2A-E). Similarly, UBXN2A signi�cantly decreased pAKT-S473 in colon adenocarcinoma SW480 cells.
However, UBXN2A showed no signi�cant effect on AKT-T308 in SW480 cells (Fig. 2F). Phosphorylation of
AKT at S473 requires the mTORC2 complex containing Rictor protein (44). These results indicate potent
inhibition of the pAKT-Ser473 signaling pathway by UBXN2A, irrespective of their cancer cell
classi�cations. As previously reported, phosphorylation at both T308 and S473 can simultaneously be
affected in a cell-type-dependent manner (45). In the next set of experiments, xenograft mice carrying Tet-
On inducible HCT-116 cells were fed doxycycline as previously reported (46), followed by tumor extraction
and western blot (WB) experiments (Fig. 2G-H). WB con�rmed that UBXN2A dominanatly decreases the
level of pAKT-Ser473 in xenograft tumors (Fig. 2I). To determine whether UBXN2A selectively targets the
mTORC2 pathway, we checked the effect of induced UBXN2A on phospho-p70 S6 kinase (T389), which is
located downstream of mTORC1 (47). ELISA (Fig. 2J) and WB experiments (Fig. 2K-L) indicated that
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induced UBXN2A has no signi�cant effect on phosphorylation and activation of p70S6K protein. Finally,
we used �ow-cytometry technology to gain a deeper insight into the levels of phospho-p70 S6 kinase
(T389) per cell (10000 events per sample) in the presence and absence of UBXN2A. Panel M shows a
small but signi�cant elevation of phospho-p70 S6 kinase (T389) in cells overexpressing UBXN2A due to
the overlapping function of mTORC1 and mTORC2 in selected pathways. Results presented in Fig. 2
indicate that UBXN2A can selectively inhibit the mTORC2 complex while leaving the mTORC1’s
downstream protein targets mostly intact.

Induction of UBXN2A targets the mTORC2 pathway

Phosphorylation of AKT at S473 is dominantly regulated by Rictor protein, a key member in the mTORC2
complex (44). In the next experiment, we used �ow cytometry analysis to determine the effect of UBXN2A
on Rictor in HCT-116 cells. Figure 3A-C shows that UBXN2A overexpression leads to a signi�cant
reduction of Rictor protein. A set of WB experiments con�rmed the overexpressed UBXN2A signi�cantly
decreases the protein level of Rictor (supplemental Fig. 1A-B). A similar Rictor reduction was observed in
SW48 and SW480 cells transiently transfected with GFP-UBXN2A (Fig. 3D and supplemental Fig. 1C-D).
Based on previous reports regarding the role of UBX domain-containing protein in protein turnover (32, 48,
49), we examined the turnover of Rictor protein in Tet-On UBXN2A inducible HCT-116 cells in the presence
of the bortezomib, a selective proteasome inhibitor. Figure 3E-F shows that UBXN2A induction leads to a
signi�cant reduction of Rictor protein while the presence of bortezomib preserves the level of Rictor
protein in the presence of UBXN2A. A set of immunoprecipitation experiments further veri�ed that
UBXN2A binds to Rictor protein (Fig. 3G), suggesting UBXN2A binds to and increases the turnover of
Rictor protein, and this effect is blocked by inhibition of the proteasome complex. Next, we looked at the
K-48-linked ubiquitin chain of Rictor in the presence of GFP-empty or GFP-UBXN2A overexpression in
transiently transfected SW480 and SW620 colon cancer cells (Fig. 3H). We used the K48 Tandem
Ubiquitin Binding Entities (TUBEs) magnetic beads kit (32). Panel I in Fig. 3 shows that UBXN2A
increases K48-linked chain ubiquitination of Rictor protein in both colon cancer cell lines, particularly
metastatic SW620 colon cancer cells.

In contrast, UBXN2A induction led to the reduction of K63-linked ubiquitinated Rictor protein, which is a
proactive form of Rictor protein (50) pulled down by K63 TUBE magnetic beads (Fig. 3J). The reduction
of p63-chain ubiquitinated Rictor protein could be due to the reduction of total Rictor in the presence of
UBXN2A (Fig. 3K). Interestingly, the turnover of mTOR protein, another key member of the mTORC2
complex (1), remained stable in the presence of induced UBXN2A (Fig. 3L-M). Finally, Fig. 3N shows that
induced GFP-UBXN2A decreases phosphorylation of PRAS40 (proline-rich AKT substrate) at Thr246,
which is a key target of the phosphorylated AKT pathway (51, 52), indicating that UBXN2A-dependent
suppression of the Rictor-AKT pathway leads to e�cient inhibition of downstream mTORC2-AKT activity.

The absence of UBXN2A leads to the overactivation of the mTORC2 pathway

To further con�rm that the presence of UBXN2A is essential for the regulation of Rictor-mTORC2-AKT
activities, we generated two stably expressed knockout (KO) UBXN2A HCT-116 colon cancer cell lines
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(Clone 3 and Clone 9) using CRISPR technology. WT and KO cells were subjected to �ow cytometry
analysis using an anti-Rictor antibody. Figure 4A shows the elevation of Rictor protein in the absence of
UBXN2A in clones 3 and 9. A set of �ow-cytometry analyses further con�rmed that the absence of
UBXN2A leads to a signi�cant elevation of mean �uorescent intensity (MFI) of Rictor protein in HCT-116
cells (Fig. 4B-D). A set of immunocytochemistry experiments con�rmed that the absence of UBXN2A can
signi�cantly increase the level of Rictor protein (Fig. 4E-G-upper panel). Alexa Fluor 546 secondary
�uorescent antibody was used to capture and measure corresponding Rictor signals (Fig. 4H). Alexa
Fluor 488 secondary antibody combined with Z stack imaging, which captured all Rictor signals per cell,
further demonstrated the elevated level of total Rictor protein (free and associated with mTORC2
complex) in cytoplasmic compartments in the absence of UBXN2A (Fig. 4E-G, lower panels). As
previously described for CRISPR-Cas9 technology (53), Rictor signals per individual cell revealed
heterogeneity among cells in terms of elevated Rictor levels in UBXN2A KO cells. The ubiquitination and
proteasomal-dependent turnover of Rictor in the presence of UBXN2A (Fig. 3) and its elevation in UBXN2A
KO cells encouraged us to examine Rictor's ubiquitination level in UBXN2A KO cells versus WT cells. Cell
lysates were subjected to K48-magnetic bead pulldown experiments. Panel I in Fig. 4 revealed that the
K48-linked chain ubiquitinated ladder of Rictor protein decreases in the absence of UBXN2A, con�rming
that UBXN2A binds and ubiquitinates Rictor protein for proteasomal degradation. As previously shown
for UBX domain-containing proteins, the total level of ubiquitinated proteins showed a reduction in
UBXN2A KO cells (Fig. 4J). In the next step, we decided to examine whether the elevated level of Rictor in
UBXN2A KO cells can lead to activation of the downstream pathway of the mTORC2 pathway. The
mTORC2 signaling pathway regulates several pathways, including cell apoptosis and proliferation. A set
of colony formation assays (Fig. 4K-N) and caspase-3 �ow cytometry assays (Fig. 4O) con�rmed the
elevated Rictor in the absence of UBXN2A leads to signi�cantly higher cell proliferation (Fig. 4N) and less
cell death (signi�cant in UBXN2A KO clone 9, Fig. 4O), respectively. On the other hand, overexpression of
UBXN2A in HCT-116 cells led to a signi�cant elevation of early and late apoptosis (supplemental Fig. 2A-
F). As previously shown by a dual mTORC1/2 inhibitor (54), we observed elevation of PUMA and BAX in
the presence of overexpressed UBXN2A (supplemental Fig. 2G). Figure 4P con�rms that the elevated level
of Rictor in UBXN2A KO cells can increase pAKT-473, which propagates a wide range of downstream
signaling events. Finally, we used a set of WB experiments to recon�rm that the absence of UBXN2A
alters the protein level of pAKT1, p-PRAS40, and cleaved PARP (Fig. 4Q). pAKT1, p-PRAS40, and cleaved
PARP are downstream protein targets of the mTORC2-Rictor complex (17).

UBXN2A-dependent suppression of mTORC2 complex impairs its downstream metastatic pathways

It has been shown that mTORC2 inactivation suppresses vascular endothelial growth factor (VEGF), a key
element in tumor neovascularization (55, 56). In addition, siRNA silencing of Rictor protein leads to
elevation of E-cadherin and reduction of N-cadherin, two key proteins in epithelial-mesenchymal transition
(EMT) (57). Flow cytometry experiments indicate that the presence of UBXN2A decreases the level of
VEGF in HCT-116 (Fig. 5A and 5C) and LoVo cells (Fig. 5B and 5D). Similarly, transient overexpression of
UBXN2A decreases VEGF in SW620, a metastatic colon cancer cell line (Fig. 5E and supplemental Fig. 3).
Next, the level of two EMT markers, E-cadherin and N-cadherin, were determined in the UBXN2A Tet-On
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inducible HCT-116 cell line after 72 hours of UBXN2A-induction with DOX. WB results con�rmed the
presence of UBXN2A can signi�cantly elevate E-cadherin (Fig. 5F-G). While the protein levels of N-
cadherin were not signi�cantly affected by UBXN2A, it does show a reduction in response to UBXN2A. To
further verify the inhibitory effect of UBXN2A on EMT, the expression levels and subcellular localization of
E-cadherin and N-cadherin were examined by immuno�uorescent confocal microscopy. Measurement of
individual cells (N = 150) in 5 different areas of the HCT-116 cell slide revealed that induction of UBXN2A
oppositely switches the levels of E-cadherin (Fig. 5H-I) and N-cadherin (Fig. 5J-K), which can weaken
EMT.

UBXN2A suppresses cell adhesion and migration of colon cancer cells

It has been shown that disruption of the Rictor-mTORC2 pathway suppresses cell adhesion and migration
in cancer cells (58, 59). We determined whether adhesion and migration can be affected by the presence
or absence of UBXN2A in colon cancer cells. We �rst used a 16-well E-Plate format within the
xCELLigence RTCA instrument to optimize the number of HCT-116 cells for the migration assay as well as
to measure cell adhesion as previously described (60). Figure 6A-B shows that induction of GFP-UBXN2A,
but not GFP alone, signi�cantly decreases cancer cell adhesion monitored by E-Plates. To determine
whether UBXN2A expression suppresses colon cancer migration, 16-well CIM plates within the
xCELLigence RTCA instrument were used (61, 62). Figure 6C-D shows that the expression of GFP-UBXN2A
signi�cantly decreases cell migration. To further verify that UBXN2A functions as a suppressor of colon
cancer migration, we used a pharmacological tool, veratridine (46), to increase the level of endogenous
UBXN2A in HCT-116 cells expressing GFP-UBXN2A. Results (Fig. 6C-D, blue column) con�rmed that
induction of endogenous UBXN2A further decreases cell migration, suggesting a dominant role for
UBXN2A in colon cancer cell migration. Panel E in Fig. 6 con�rmed Dox robustly induces expression of
GFP or GFP-UBXN2A at similar levels. Finally, we examined the migration of clone 3 and clone 9 CRISPR
UBXN2A KO HCT-116 cells versus control cells. Panels F and G in Fig. 6 show signi�cant elevation of
migration in the absence of UBXN2A, con�rming the UBXN2A-dependent suppression of Rictor protein
shown in Fig. 4 leads to a signi�cant elevation of cell migration due to elevated stability of Rictor protein
in the absence of UBXN2A.

UBXN2A decreases positive cancer stem cell populations in human colon cancer cells

It is well accepted that cancer stem cells (CSCs) are the drivers of tumor progression and drug resistance
(63). A recent report indicates that the mTORC2 signaling pathway regulates CSCs via the hedgehog
pathway (64). We used �ow cytometry to determine whether the expression of UBXN2A can decrease CSC
populations. We used LGR5, CD44, and CD133 to examine the effect of UBXN2A in CSCs in two colon
cancer cell lines. Figure 7A-F and statistical analysis of recorded positive cells (Fig. 7G-H and
supplemental Fig. 4A-F) revealed UBXN2A signi�cantly decreases the level of CD44- and LGR5-positive
CSCs in HCT-116 cells. Both CD44 and LGR5 are involved in local and liver metastasis in colorectal
cancer (65). As previously reported in HCT-116 cells (66), we had no changes in CD-133 CSCs (Fig. 7I and
supplemental Fig. 4G-L). Figure 7J-L shows overexpression of UBXN2A signi�cantly decreases positive
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CSCs for CD-133, CD-44, and LGR5 in SW480 cells (supplemental Figs. 5, 6, and 7). It has been reported
that the CD-133 + CSC population in SW480 colon cancer cells can generate tumor sphere‐forming
e�ciency in vitro, and they increase tumorigenicity in animal models (67). In addition, colon CSCs are
highly tumorigenic, aggressive, and chemoresistant, and they are a critical factor in the metastasis and
recurrence of CRC (68). These data suggest that UBXN2A can regulate the stemness of colon cancer cells
via the mTORC2-hedgehog axis, potentially resensitizing cancer cells to 5-FU. Finally, we hypothesized
that UBXN2A suppresses mTORC2 in 5-Fluorouracil (5-FU) resistant colon cancer cells enriched in CSCs.
We generated 5-FU HCT-116 resistant cells carrying Tet-on empty or UBXN2A as previously described (69).
Supplemental Fig. 8 shows that induction of UBXN2A signi�cantly decreases the pAKT473 in 5-FU-
resistant cells.

Tumor suppressor protein UBXN2A acts by shutting down the function of the overactivated mTORC2
pathway in CRC tumor tissues

We have previously shown that UBXN2A is elevated in ~ 50% of human CRC tissues (46). To determine
the status of UBXN2A expression in a different stage of CRC, we conducted a set of
immunohistochemistry (IHC) experiments on human CRC tissues at three different stages. Figure 8A
shows a basal expression of UBXN2A in normal colon tissue. We stained well-differentiated (N = 26),
moderately differentiated (N = 74), and poorly differentiated (N = 23) CRC tumors by polyclonal anti-
UBXN2A antibodies. Scored signals revealed a signi�cant upregulation of UBXN2A in well-differentiated
tumor tissues in comparison to normal colon tissue. However, the level of UBXN2A signi�cantly
decreased in moderately and poorly differentiated tumor tissues (Fig. 8B-E). As previously observed in
several tumor suppressor proteins (29, 70, 71), UBXN2A protein levels predominantly upgrade during the
early stage of tumor development (Fig. 8F). According to IHC results, we further explored the prognostic
relevance of UBXN2A expression in CRC using the OncoLnc online tool. From the reanalysis of the
available Kaplan–Meier survival analysis data in TCGA, survival analysis shows a consistent effect of
UBXN2A on colorectal cancer. However, when analyzing colon and rectal adenocarcinoma, we found
inconsistency in survival rates between these two subtypes of colon cancer adenocarcinoma (COAD) and
rectal cancer adenocarcinoma (READ). As in overall colorectal cancer survival analysis, an elevated
UBXN2A level in COAD correlated with higher survival rates in patients (log-rank p-value = 0.0361, Fig.
8G). This could not be said conclusively about READ, as the survival curve analysis showed a modest
survival rate correlation (log-rank p-value = 0.811, Fig. 8H). Calculation of the 5-year survival rate for
patients with colon cancer (Fig. 8G) and rectal cancer (Fig. 8H) revealed that those who had tumors
expressing high levels of UBXN2A experienced better overall survival compared to those with tumors
expressing low levels of UBXN2A. To further �nd the prognostic value of UBNX2A in COAD patients, we
downloaded the gene expression and clinical patient data from TCGA for alive patients and processed
the level of UBXN2A expression. Analysis of UBXN2A expression in the alive patient cohort shows a
prognostic bene�t of high UBXN2A with improved overall survival (Fig. 8I).

To further con�rm that elevation of UBXN2A can target the mTORC2 pathway in human cancer tissues,
we used two sets of patient-derived human tumor organoids (see materials and methods) treated with
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and without the UBXN2A enhancer veratridine (VTD) (72) for 72 hours. As previously reported, VTD
increased the level of UBXN2A protein roughly by 2-fold (Fig. 8J). WB analysis of lysates revealed that
enhancement of UBXN2A can decrease the level of Rictor, which consequently leads to elevation of E-
cadherin and reduction of VEGF and phosphorylated PRAS40 proteins (Fig. 8K). In summary, a
hyperactive form of mTORC2 in CRC stimulates and maintains several tumorigenic pathways such as
EMT, angiogenesis (VEGF), and CSCs. A high level of UBXN2A observed in 50% of patients with CRC or
pharmacological stimulation of UBXN2A can interrupt developing metastatic pathways in CRC patients
by targeting and degrading Rictor protein, a key member of the mTORC2 pathway (Fig. 8L).

Discussion
In this study, we demonstrated a negative regulatory interaction between UBXN2A tumor suppressor
protein and Rictor protein. Rictor is a key member of the mTORC2 complex. Activation of Rictor plays a
critical role in CRC formation and progression (1). A combination of genetic and pharmacological tools
revealed that the presence of UBXN2A regulates the proteasomal degradation of Rictor protein in colon
cancer cells. UBXN2A-dependent regulation of Rictor protein affects phosphorylation of AKT protein and
its downstream pathways, including VEGF, EMT markers, and apoptosis, as well as cancer cell adhesion
and migration. Results indicate that the reduction of VEGF was moderate in response to UBXN2A which
can be due to the fact that mTORC2 regulates angiogenesis independent of AKT/mTORC1 (55). A
moderate reduction of VEGF by UBXN2A can ideally avoid triggering of compensatory mechnisems
observed with current VEGF inhibitors (73). This study revealed that suppression of the mTORC2-Rictor
pathway by UBXN2A can signi�cantly decrease CSCs in the colon cancer cells that are responsible for
tumor metastasis and drug resistance (74).

Analyzing the TCGA dataset with the optimal cutoff value revealed that the survival rate is signi�cantly
better for colon cancer patients with high expression of UBXN2A than for those with low expression.
Based on this set of patient genomics data, we used IHC to determine the level of UBXN2A in different
stages of colon cancer. In this study, we showed that the UBXN2A protein level was highly upregulated in
colon tumor tissues with low invasiveness corresponding to the early stages of colon cancer. More
importantly, UBXN2A was downregulated in colon tumor cells with high invasiveness (poorly
differentiated tumors) corresponding to later stages of colon adenocarcinoma. Similar examples are
retinoblastoma and MCIP1 tumor suppressor proteins; their expressions have been shown to increase
during the early stages of tumor development and then to be reduced or absent in later stages of cancer
(75, 76). As previously reported for selected tumor suppressor proteins (29, 77, 78), UBXN2A may
inversely regulate the migration and metastasis of colon adenocarcinoma cells in the early stages of
cancer. The loss or downregulation of UBXN2A found in later stages of colon cancer could happen in
response to overall genetic alternations developed in late-stage CRC, including the UBXN2A gene.
Alternatively, low UBXN2A levels in late-stage CRC tumors could be due to post-translational modi�cation.

In conclusion, we have demonstrated UBXN2A as a novel inhibitor of the mTORC2 signaling pathway.
UBXN2A suppresses several metastatic signaling pathways downstream of the mTORC2 pathway via
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proteasomal degradation of Rictor protein. It is highly plausible that the UBXN2A-Rictor-mTORC2 axis
may be altered during the progression of colon cancer, determining the prognosis for patients (Fig. 8L).
Understanding the physiological and therapeutic potential of UBXN2A in human colon cancer will open a
new platform for developing selective anti-mTORC2 drugs that leave the mTORC1 pathways mostly
intact.

Materials And Methods
Mice

The UBXN2A-null mouse line (Ubxn2atm1(KOMP)Mbp) was engineered by the Knockout Mouse Project
(KOMP, www.KOMP.org) in the C57BL/6 background. We used an AOM (Azoxymethane) and DSS
(Dextran sodium sulfate, MP Biomedicals LLC, Irvine, CA) mouse model of colon cancer. Mice were �rst
treated with one dose of AOM and subsequently administered DSS (2% in drinking water) for one week,
as previously established (34). Our AOM/DSS protocol generated a polypoid growth of adenoma-
carcinoma sequence predominantly in the distal colon mimicking human CRC (79). The xenograft mouse
model with HCT-116 colon cancer cells expressing DOX TET-inducible GFP-empty or GFP-UBXN2A has
previously been described (46)  

Histopathological Examination

Isolated colon samples (swiss rolled) were �xed instantly with 10% formalin and kept in 70% ethanol. The
para�n-embedded samples were sectioned to 5 mm thickness and stained with H&E and periodic acid-
Schiff (PAS). The degree of hyperplasia for low- and high-grade adenoma were determined by a
pathologist, who was blinded to group identity. 

Cell culture

We purchased the colon cancer cells used in this study (HCT-116, SW480, SW620, LoVo) from American
Type Culture Collection (VA, USA) and grew them in the recommended medium. All examined cell lines
were in passages limited to 10 and, per the manufacturer’s protocol, were routinely checked for
mycoplasma contamination using the PCR Mycoplasma Detection Kit (ABM). We constructed the CRISPR
expression plasmids against UBXN2A, followed by the generation of a stable pool of HCT-116 cells, using
0.5 mg/ml puromycin for 2 days. Genotyping followed by WB demonstrated two successful UBXN2A
knockout HCT-cells lines which were used for conducted experiments.  

Western Blot, Immunoprecipitation, Ubiquitin-pull down, immuno�uorescent and crystal violet staining
method assays: 

Mouse colon tissues were dissected and cleaned in ice-cold PBS. Following snap freezing in liquid
nitrogen, they were stored at -80°C. 60mg colon tissue was subsequently prepared and placed in a
digitonin lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1% Digitonin (Sigma-Aldrich, St. Louis, MO)

http://www.komp.org/
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plus 1x mammalian complete protease inhibitor (Research Products International Corp). Silicon/Zirconia
Beads (2.3mm) were then added to the tube containing the lysis buffer, and cells were mechanically
homogenized for 30 seconds with the MiniBead Beater (Biospec Products). Following homogenization
(two hours gentle rocking at 4°C), tissue lysates were subjected to centrifugation at 13000RPM for 10min
at 4°C, and the supernatant was moved to a fresh Eppendorf tube in preparation for WB. Cell lysates used
in WB were normalized for equal loading by NanoDrop using direct absorbance at 280 nm (ThermoFisher
Scienti�c). We loaded the samples onto SDS-PAGE 4-20% gradient gel. We performed protein transfer
using an iBlot 2 system for probing with the corresponding antibodies. For a detailed list of antibodies
used in this experiment, see the supplemental materials. Immunoprecipitation, Ubiquitin-pull down, and
immuno�uorescent assays were conducted as previously described (32). The cytotoxicity test protocol
using a crystal violet staining method has been described previously (36). 

Tissue Specimens, Immunohistochemistry and Immunohistochemical Analysis

We procured tissue microarrays (TMAs) containing colon cancer tissues of various grades and adjacent
normal tissues from patients from AccuMax (catalog number A203 [VI]; catalog numbers A203 [III] and
A203 [IV] ISU Abxis Co., Ltd., San Diego, CA). In addition, we obtained archived colon cancer samples
from Sanford Health. The �nal number of colon cancer tissue spots suitable for analysis was 123. We
processed the slides for immunohistochemistry (IHC) analysis using a polymer-based MACH4 IHC kit
(Biocare Medical; Concord, CA) according to the manufacturer's recommendation (unless indicated, all
reagents were purchased from Biocare Medical) (80). All slides were studied using an Olympus BX 41
microscope (Olympus Corporation; Center Valley, PA). We performed quantitative analysis of
immunoreactivity by calculating the composite score, which is a function of the percentage of cancer
cells positively immunostained multiplied by the UBXN2A staining intensity (range, 0–16). For rating the
intensity of the staining, we scored the percentage of cancer cells positively stained for UBXN2A on a
scale of 0 to 4 as follows: 1=minimal, 2=moderate, 3=strong, and 0 if there is no staining. In addition, the
score for the number of stained cells was as follows: 1 = 1-25% staining, 2 = 26-50% staining, 3 = 51 -75%
staining, 4 = 76-100% staining, and 0 if there was no staining. The mean composite score (MCS) of
UBXN2A staining was calculated based on total immunoreactivity localized to the cytoplasm or nucleus.
All recorded signals was scored by an independent pathologist blinded to the pathology reports. This type
of semi-quantitative analysis (i.e., MCS), which takes into account both intensity of staining as well as
the extent of tumor cells stained, has been widely used for the quanti�cation of protein expression
obtained from IHC (80).

UBXN2A effect survival analysis in COAD, READ, and CRC

We used two interactive survival analysis online tools (Human protein atlas and www.oncolnc.org) to
perform UBXN2A survival analysis in COAD, READ, and CRC. The human protein atlas contains 3 sets of
datasets: 1) RNA-seq tissue data in mean transcripts per million from HPA, 2) RNA-seq data in median
reads per kilobase per million mapped reads from GTEx dataset, and 3) cap analysis gene expression in
tags per million data from FANTOM5 dataset. OncoLnc contains data from 8647 patients on 21 cancer
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studies from the Cancer Genome Atlas (TCGA). The Kaplan-Meier plots were created based on speci�c
gene (UBXN2A) expression levels among the subjects in these datasets

Statistical analysis

We analyzed all statistical values presented in this study with the software GraphPad Prism 9. The
difference between groups was analyzed by Student's t-test or the one-way ANOVA. A p-value of ≤0.05
was used to compare mean values and signify a statistically signi�cant result. Data are presented as the
mean ± standard deviation (SD). 
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Figure 1

Haploinsu�ciency of the UBXN2A tumor suppressor gene promotes colon cancer progression. A-D:
Colorectal tumors developed in all AOM/DSS treated C57BL/6 mice. E-F: Tumors were stained with
hematoxylin and eosin (H & E). Low expression of UBXN2A in heterozygote mice (+/-) signi�cantly
increased both low- and high-grade adenomas. Green arrow = low grade adenoma, red arrow = high grade
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adenoma (n = 11 per genotype, male and female, Welch's t test, *p<0.05, mean ± SD). G: IHC showed a
higher level of cell proliferation in UBXN2A +/- (scale bar, 1mm).

Figure 2

Induction of UBXN2A interferes with the mTORC2 pathway but not the mTORC1 signaling pathway. Tet-
On inducible HCT-116 cells were incubated with DOX to express GFP or GFP-UBXN2A and analyzed by
�ow cytometry using Alexa Fluor pAKT-Ser473 and pAKT-T308. Induction of UBXN2A signi�cantly
decreased pAKT-Ser473 and pAKT-Thr308 (A-E). Similarly, UBXN2A signi�cantly decreased pAKT-Ser473
in SW480 cells. However, UBXN2A induction showed no effect on pAKT-Thr308 in SW480 suggesting
UBXN2A affects mTORC2 in a cell-dependent manner (F). Xenograft mice carrying Tet-On inducible HCT-
116 cells were fed doxycycline (G), followed by tumor extraction and WB experiments (H). Representative
WB of three mice with similar results (one GFP-empty tumor and one GFP-UBXN2A tumor per mouse)
con�rmed UBXN2A decreases the level of pAKT-S473/T308 in xenograft tumors (I). ELISA assays (J) and
WB of phospho-p70 S6 kinase (T389) in HCT-116 cells (K and L) combined with �ow-cytometry analysis
of the total level of p70 S6 kinase (M) revealed that elevated UBXN2A has no signi�cant effect on
phosphorylation and activation of phospho-p70 S6 kinase (T389), which is located downstream of
mTORC1 (n=3, * p< 0.05, **** p< 0.0001, mean +/- SD). 
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Figure 3

UBXN2A binds to Rictor protein and promotes its proteasomal degradation. Flow-cytometry analysis of
HCT-116 cells transiently transfected with GFP-empty or GFP-UBXN2A vectors for 48 hours revealed
UBXN2A overexpression signi�cantly decreases Rictor protein (A-C). Similar to the HCT-116 cell line,
transient transfection of SW48 cells with GFP-empty or GFP-UBXN2A vectors for 48 hours followed by
�ow-cytometry analysis showed UBXN2A can signi�cantly decrease the protein level of Rictor (D).
Induction of UBXN2A in HCT-116 treated with DOX for 72 hours decreased the half-life of Rictor, while the
presence of a proteasome inhibitor (bortezomib, 50nM) rescues rapid turnover of Rictor (red box in panel
E; quantitated signals in panel F). A b-actin antibody and Revert 700 total protein stain were used as the
loading control. HCT-116 cells were transfected with DDK-Empty or DDK-UBXN2A plasmid for 48 hours
followed by immunoprecipitation using anti-DDK antibody immobilized on magnetic IgG beads. DDK-
UBXN2A pulled down Rictor protein indicating UBXN2A binds to Rictor protein. Two bands tagged with
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one # and two ## are light and heavy chains, respectively (G). In another set of experiments, K48 TUBE
HF magnetic beads were used to pull down ubiquitinated Rictor in SW480 and SW620 (a metastatic
colon cancer cell line) transiently transfected with GFP-empty or GFP-UBXN2A vectors for 48 hours (H).
GFP-UBXN2A increases the K48-linked ubiquitination ladder (#) of Rictor protein (I) particularly in SW620.
The K48 pull-down experiment was repeated with same results trend. &, &&, and &&& are protein
molecular markers for 250 kDa, 130, kDa, and 95 kDa, respectively. In contrast, K63 magnetic beads
revealed induced UBXN2A decreases pulled down K63 linked chain of Rictor protein (n=3, Panels J-K) due
to the reduction of total Rictor protein shown in Panel E. A set of �ow-cytometry analyses in HCT-116 cells
transiently overexpressing GFP-empty of GFP-Rictor proteins showed the presence of UBXN2A has no
signi�cant effect on mTOR protein, another protein member of the mTORC2 complex (L and M). Finally,
the Tet-on inducible GFP-empty and GFP-UBXN2A were treated with DOX for 72 hours. Cell lysates were
subjected to WB using anti-PRAS40 (total protein and P-PRAS40, a phosphorylated form of protein) as
well as a GFP antibody. A triplicate WB revealed that UBXN2A decreases the protein level P-PRAS40,
activated by the Rictor-mTORC2 signaling pathway (N). Together, these �ow-cytometry, K48/k63 linked
chains, and WB results indicate UBXN2A selectively targets and degrades Rictor proteins via ubiqioton-
proteasome pathway in colon cancer cells,(** p< 0.01, *** p< 0.001, mean +/- SD).
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Figure 4

Absence of UBXN2A leads to elevation of Rictor resulting in inhibition of mTORC2's downstream protein
targets. Two stable CRISPR UBXN2A KO HCT-116 cells generated by CRISPR/Cas9 genome editing were
validated by WB (A) and �ow-cytometry analysis (B-D). Valdated clone 3 and clone 9 UBXN2A KO were
subjected to confocal microscopy study (E-H), TUBE K48-linked ubiquitin chain magnetic beads pull-
down (I-J), and crystal violet cell viability assay (K-N). These data demonstrate that the absence of
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UBXN2A in HCT-116 (clones 3 and 9) signi�cantly elevates the level of Rictor protein measured by �ow-
cytometry and immunocytochemistry (D and H). Furthermore, the absence of UBXN2A decreases the K48
ubiquitinated form of Rictor in HCT-116 cells (I-J). The absence of UBXN2A and simultaneous elevation
of Rictor leads to higher cell proliferation and less apoptosis stained and quantitated by crystal violet
assay (K-N). Flow-cytometry analysis of Caspase-3 (O) and the elevation of pAKT473 (P) further
con�rmed the inverse relationship between UBXN2A and Rictor protein levels and Rictor's downstream
pathways responses. A set of WB experiments revealed that the absence of UBXN2A (clones 3 and 9)
leads to elevation of pAKT1 and P-PRAS40, as well as reduction of cleaved PARP (cPARP), which are
regulated by the activated mTORC2 pathway (Q). A b-actin antibody and Revert 800 total protein stain
were used as the loading control (* n≥3, p<0.05, ***p<0.001, ****p<0.0001, mean ± SD).  
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Figure 5

UBXN2A expression leads to the reduction of VEGF proteins in metastatic colon cancer cells. To
determine the effects of UBXN2A expression on the VEGF protein level, we transiently transfected HCT-
116 (A and C) and LoVo (B and D) colon cancer cells with GFP-empty and GFP-UBXN2A. Flow-cytometry
experiments revealed that GFP-UBXN2A and not GFP-Empty decreases the level of VEGF proteins (C and
D). A similar signi�cant reduction of VEGF was measured in SW620 metastatic colon cancer cells (E).
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Cell lysates of HCT-116 cells transiently transfected with GFP-empty or GFP-UBXN2A were subjected to
WB and probed with anti-E-cadherin and anti-N-cadherin antibodies (F). To con�rm that UBXN2A
regulates functional E-cadherin and N-Cadherin at the plasma membrane, we conducted a set of
immunocytochemistry experiments (H and J). The quantitation of E-cadherin and N-cadherin bands
normalized by b-actin in WB results (G). Measurerd �uorescent signals (I and K) revealed UBXN2A
overexpression can switch the E-cadherin and N-cadherin which potentially suppress EMT. These results
indicate that UBXN2A expression can directly interfere with the two major metastatic pathways
(angiogenesis and EMT) activated by the Rictor-mRORC2 pathway (n≥, * p<0.05, ***p<0.001,
****p<0.0001, mean ± SD).
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Figure 6

Genetic and pharmacological regulation of UBXN2A suppress colon cancer migration. HCT-116 GFP-
empty or GFP-UBXN2A treated with DOX for 72 hours, were plated in 16-wells E-plate or CIM-plate
(xCELLigence Real-Time technology) and monitored in real-time for cell adhesion (A-B) and migration (C-
D). A and C are representative graphs comparing the rate of adhesion and migration using the calculated
cell index (see methods section). B and D show calculated slopes for these two events during critical time
points marked with blue and red lines in the A and C diagrams. Interestingly, enhancement of UBXN2A
endogenous protein by the pharmacological tool, veratridine, further decreases HCT-116 cancer cell
migration (D, blue column versus green column). E shows eqaul overexpression of exogenous GFP and
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GFP-UBXN2A in HCT-116 with the Tet-on promoter system subjected to xCELLigence analysis. To
examine the physiological effect of UBXN2A in cell migration, HCT-116 UBXN2A KO cells (clones 3 and 9)
were subjected to a set of xCELLigence migration assays (F). Results shown in G indicate that the
UBXN2A's loss of function leads to signi�cant cell migration indicating that negative interaction of
UBXN2A with Rictor affects downstream signaling pathways regulated by the mTORC2-Rictor pathway.
Experiments were repeated two times with N of 4 per cell line per experiment (****P<0.0001, mean ± SD).

Figure 7

UBXN2A induction decreases cancer stem cell populations in human colon cancer cells. CSCs positive for
Lgr5, CD44, and CD133 are regulated by the mTORC2-hedgehog axis in cancer cells and are potentially
responsible for the high recurrence rates of CRC. HCT-116 (A-I) and SW480 (J-L) colon cancer cells were
transfected with DDK-tag empty vector or DDK-tag UBXN2A. After 48 hours, cells were subjected to �ow
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cytometry analysis using three CSC markers (Lgr5, CD44, and CD133). As previously described for HCT-
116 cells, overexpression of UBXN2A has no signi�cant effect on CD133 (I). UBXN2A overexpression led
to a signi�cant reduction of Lgr5 (J) and CD44 (K) as well as CD133 (L), which exhibits increased tumor
sphere‐forming e�ciency and increased tumorigenic potential in the SW480 cell line (N=4, **** p< 0.0001,
mean +/- SD). 

Figure 8

UBXN2A protein levels predominantly upgrade during the early stage of tumor development and improve
survival rates in colorectal cancer patients  

A shows UBXN2A's medium protein expression level in normal colon tissues. A peptide-blocking assay
con�rmed the speci�city of the antibody against the UBXN2A protein in the IHC study. B-D: IHC staining
was used to stain cytoplasmic and nuclear UBXN2A in well-differentiated (n=26), moderately (n=74), and
poorly differentiated (n=24 tumor tissues) human colon tumor tissues. E: UBXN2A expression levels of
colon cancer tissues were manually scored. The quantitative scoring system revealed that UBXN2A, as a
tumor suppressor protein, signi�cantly upregulates in the early stage of colon cancer and shows a
signi�cant reduction in a higher stage of colon cancer. The reduction of UBXN2A is associated with a
poorer prognosis in higher stages of CRC. (F). Kaplan–Meier's analysis of extract survival data from
TCGA shows COAD, a subtype of colorectal cancer, indicates a correlation of higher survival rate with
higher UBXN2A expression. The 5-year survival rate is ~20% higher than patients with low expression of
UBXN2A in tumors (G). READ, a subtype of colorectal cancer Kaplan–Meier's analysis, shows a favorable
survival outcome in high UBXN2A expression. Patients with rectal cancer with a high level of UBXN2A
show ~30% elevation of 5-year survival (H). Panel G and H were produced using the Human Protein Atlas



Page 30/30

and ONCL tools. For ONCL, we used 33 low and 33 high percentiles parameters. Further analysis shows a
signi�cantly larger portion of alive patients with COAD had higher UBXN2A expression compared to lower
expression of UBXN2A indicating a longer progression-free survival than those with low UBXN2A in the
TCGA (I). PDOs generated from surgically removed CRC tumors (n=2) were treated with the UBXN2A
enhancer Veratridine (VTD, 100mM) for 72 hours. Two individual PDOs showed VTD elevates the level of
UBXN2A protein expression by approximately two-fold (J) and simultaneously decreases Rictor resulting
in alteration of mTORC2 protein targets, including reduction of P-PRAS40 and VEGF proteins as well as
elevation of E-cadherin (K). Schematic diagram showing the mechanistic inhibitory action of UBXN2A on
mTORC2 tumorigenic pathway through selective proteasomal degradation of Rictor protein. The absence
of a fully functional mTORC2 complex leads to the inhibtion of several downstream metastatic pathways
(L).  
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