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Abstract 

The Ubiquilin family of proteins (UBQLN) consists of five related proteins (UBQLN1-4 and UBQLNL) that all contain ubiquitin- 
like (UBL) and ubiquitin-associated (UBA) domains. UBQLN1 and UBQLN2 are the most closely related and have been the most 
well-studied, however their biochemical, biological and cellular functions are still not well understood. Previous studies from our 
lab reported that loss of UBQLN1 or UBQLN2 induces epithelial mesenchymal transition (EMT) in lung adenocarcinoma cells. 
Herein, we showed that loss of UBQLN1 and/or UBQLN2 induces cellular processes involved in tumor progression and metastasis, 
including proliferation, clonogenic potential and migration in lung adenocarcinoma cells. In fact, following simultaneous loss of 
both UBQLN1 and UBQLN2 many of these processes were further enhanced. To understand the molecular mechanisms by which 

UBQLN1 and UBQLN2 loss could be additive, we performed molecular, biochemical and RNAseq analyses in multiple cellular 
systems. We identified overlapping and distinct gene sets and pathways that were altered following loss of UBQLN1 and/or UBQLN2. 
We have also begun to define cell type specific gene regulation of UBQLN1 and UBQLN2, as well as understand how loss of either 
gene can alter differentiation of normal cells. The data presented here demonstrate that UBQLN1 and UBQLN2 perform similar, 
but distinct molecular functions in a variety of cell types. 
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Introduction 

Ubiquilin1 (UBQLN1) and Ubiquilin2 (UBQLN2) belong to a family
of proteins that have been suggested to be involved in various proteostatic
processes, including endoplasmic reticulum-associated protein degradation
(ERAD). It has been reported that UBQLN1 and UBQLN2 have
been associated with various neurological disorders [1–3] however their
biochemical, biological and cellular functions remain largely unknown,
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specially across various cell types including lung cancer cells. Previous
ork from our lab reported that, apart from their role in ERAD,

hey play an important role in induction of epithelial mesenchymal
ransition (EMT) in lung adenocarcinoma cells. Moreover, we showed 
hat UBQLN1 is frequently lost and under expressed in lung cancer cell
ines as well as human lung adenocarcinomas [4] . These observations
ave recently been confirmed by Zhang and Colleagues in A549 lung
ancer cells [5] . Besides these findings, the role of UBQLN1 and
BQLN2 in regulating different cellular processes have been poorly 
nderstood. 

In the present study, we provided evidence that loss of UBQLN1 and
BQLN2 induce EMT, increase cell proliferation, clonogenic potential 

nd cell migration in lung adenocarcinoma cells. Interestingly, we observed
urther increase in many cellular processes following combined loss of both
BQLN1 and UBQLN2. Further, by performing immunoprecipitation 

xperiment, we confirm work from others that UBQLN1 and UBQLN2
nteract in cells. These data suggest a potential role for the hetero-multimers
n cellular functions. 

https://doi.org/10.1016/j.neo.2021.11.010
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neo.2021.11.010&domain=pdf
mailto:Levi.Beverly@Louisville.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.neo.2021.11.010
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With an effort to understand different cellular processes altered by
UBQLN1 and UBQLN2 in different cell types, we performed bulk RNAseq
analysis following siRNA-mediated loss of UBQLN1 and UBQLN2 in A549
(lung cancer) and SK-N-BE(2) (neuroblastoma), human induced pluripotent
stem cells (iPSCs) and mouse embryonic stem cells (mESCs). In addition,
we performed single cell RNAseq (scRNAseq) following differentiation of
mES cells into either neuronal cells or epithelial cells with or without
knockdown of UBQLN1. We identified unique genes that were significantly
altered following loss of UBQLN1 in iPSCs and iPSCs differentiated
either neuronal (iPSC-neuro) or epithelial (iPSC-epi) cells. Interestingly,
t-Distributed Stochastic Neighbor Embedding (t-SNE) analysis revealed
that knockdown of UBQLN1 drastically changed the identity of cells
differentiated down the epithelial lineage, but neuronal differentiation was
less altered. 

Our data clearly demonstrate that both UBQLN1 and UBQLN2 have
overlapping and distinct cellular functions including cell proliferation,
clonogenic potential and cell migration and perform similar and distinct
molecular functions in a variety of cell types. 

Materials and methods 

siRNA sequences used for study 

All siRNAs used for study were ordered from Thermo Fisher Scientific
Biosciences Inc. Lafayette, CO 80026, USA. 

Non targeting siRNA (si_NT): UAAGGCUAUGAAGAGAUACAA 

Kif11 siRNA (si_Kif11): Cat. No. AM4639 
UBQLN1 siRNA (si_U1): GAAGAAAUCUCUAAACGUUUUUU 

(si_U1-2): GUACUACUGCGCCAAAUUU 

UBQLN2 siRNA (si_U2-5): CCUGGUAUCUCUAAGUAUAUU 

(si_U2-6): GUAGAAUCUGAGUGUAAUAUU 

Antibodies used for study 

UBQLN1 #14526, UBQLN2 #85509, E-cadherin #3195, Vimentin
# 5741, ZEB1 #3396, Snail #3879, Integrin β3 #4702, p-Akt #9271,
Akt #9272, GAPDH #2118, (Cell Signaling Technologies Inc. Danvers,
MA 01923); Flag #F1804, (Sigma); pan-Ubqln polyclonal was made by
inoculating rabbits with a peptide specific to the c-terminus of Ubqln1
(Yenzym Antibodies LLC). 

Cell culture, siRNA transfection and protein analysis 

Human lung adenocarcinoma cell line A549, neuroblastoma cell line SK-
N-BE(2) and IMR90 fetal lung fibroblasts were purchased from American
Type Culture Collection (ATCC, Rockville, MD, USA) and cultured in
RPMI medium supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA, USA) and 1% antibiotic/antimycotic (Sigma, St Louis, MO,
USA). The cell lines were routinely tested for mycoplasma and subcultured
every 3–4 days. All siRNA transfections were performed using Dharmafect1
#T-2001-03 (Thermo Fisher Scientific Inc, Pittsburgh, PA, USA) as per
manufacturer’s protocol. After total 72 hrs of transfection cells were harvested
in CHAPS lysis buffer (1% CHAPS detergent, 150mM NaCl, 50mM Tris
pH 7, 5mM EDTA). Protein was quantitated by using Pierce’s BCA Protein
Assay Reagent Kit (# 23227) from Pierce Biotechnology, Rockford, IL, USA
as per manufacturer’s protocol. 

Cell migration assay or wound healing assay 

A549 and HOP62 cells were plated on 6-well plates in triplicates and
after 24 hrs of siRNA transfections, wound were made using the pipette tip
ollowing replacement with fresh media. Cells were examined successively 
fter 24 hrs and 48 hrs of wound formation and photographed. 

oyden chamber cell migration and cell invasion assay 

BD BioCoatTM Matrigel Invasion Chambers (#354480), with 8.0 μm 

ET Membrane 24-well Cell Culture Inserts packaged ready-to-use in BD 

alcon TM Companion Plates (#40480) and Growth Factor Reduced BD 

atrigel TM Matrix, (#354230) (BD Biosciences, San Jose, CA, USA) were 
sed in Matrigel invasion assay. Boyden chamber cell migration and cell 

nvasion assay was performed as described previously [4] . Briefly, transwells 
ere coated with Matrigel and then kept in an incubator at 37 °C for
hr. After 24 hrs of transfections of A549 cells either with non-targeting 
iRNA (si_NT) or with siRNAs targeting UBQLN1 (si_U1), siRNA 

argeting UBQLN2 (si_U2-5) or combined siRNAs targeting UBQLN1 and 
BQLN2 (si_U1 + si_U2-5) cells were trypsinized, washed once with PBS, 

esuspended in serum-free medium, and then seeded in Transwells (25,000 
ells per Transwell). In the lower chamber of Transwells 10% fetal bovine 
erum medium was added and cells were allowed to grow on Transwells. 
ollowing total 72hrs of transfections, cells that were migrated or invaded 
hrough the matrigel to the reverse side of the inserts were rinsed with PBS,
xed in 4% formaldehyde for 30 min at room temperature, and stained with
ema 3 stain (#122-911) (Thermo Fisher Scientific Inc. Kalamazoo, MI, 
SA). The cells were then mounted and photographed. Total number of cells
igrated or invaded through matrigel were counted and relative number of 

ells following loss of UBQLN1 (si_U1), UBQLN2 (si_U2-5) and combined 
oss of UBQLN1 and UBQLN2 (si_U1 + si_U2-5) were calculated. 

mmunoprecipitation assay 

293T cells were transfected either with empty vector (EV) or with 
LAG-UBQLN1 (PCS2-PLIC1) and FLAG-UBQLN1 (PCS2-PLIC1-CL) 
or cross linking. 48 hours post transfection, cells were harvested using a cell
craper in ice-cold 1X PBS. Cells were centrifuged at 3000 rpm for 3 minutes
t 4 °C and PBS was aspirated out. DSP (dithiobis (succinimidyl propionate)) 
r Lomant’s reagent (ThermoScientific 22585) was used as the cross-linking 
gent. Following crosslinking, cells were lysed in 0.1% CHAPS lysis buffer 
ith protease and phosphatase inhibitors. For co-immunoprecipitation, 
50ul of FLAG-M2 Affinity Gel Matrix (Sigma A2220) were washed with ice
old 1X PBS four times, followed by one wash in 0.1% CHAPS lysis buffer.
amples were then heated either at 65 °C or 95 °C, followed by western blot
nalysis with the indicated antibody. Where indicated immunoprecipitation 
ith anti-FLAG conjugated agarose beads was performed to determine 
BQLN1 interacting complexes. 

esults 

oss of UBQLN1 or UBQLN2 increases cell viability, clonogenic 
otential and cell migration in lung adenocarcinoma cells 

Previous work from our lab reported that, loss UBQLN1 or UBQLN2 
nduce epithelial mesenchymal transition (EMT) in lung adenocarcinoma 
ells [4] . During EMT, epithelial cells lose their polarity, cell to cell contacts
nd gain migratory and invasive properties [ 6 , 7] . In the present study, we
xamined siRNA-mediated knockdown of UBQLN1 and/or UBQLN2 in 
ell viability, clonogenic potential and cell migration of lung adenocarcinoma 
ells. Interestingly, we observed that loss of either UBQLN1 or UBQLN2 
ncreases cell viability and clonogenic potential in lung adenocarcinoma 
ells ( Fig. 1 A–C). Next, we were interested to see whether combined
oss of UBQLN1 and UBQLN2 exhibits additive effect on cell viability, 
lonogenic potential or cell migration in A549 cells. As expected, we observed 
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Fig. 1. Loss of UBQLN1 and UBQLN2 increases cell viability, clonogenic potential and combined loss of UBQLN1 and UBQLN2 exhibits additive effect 
on cell viability, clonogenic potential and induces EMT in A549 cells. Loss of UBQLN1 and UBQLN2 increases cell migration in A549 and HOP62 cells 
and combined loss of UBQLN1 and UBQLN2 exhibits additive effect on cell migration and cell invasion in A549 cells. (A) Cell viability assay in A549 cells. 
Cells (500,000) were seeded on 60mm plate and were transfected with either non targeting (si_NT) siRNA or positive control Kif11 (si_Kif11), two different 
siRNAs targeting UBQLN1 (si_U1 and si_U1-2), two different siRNAs targeting UBQLN2 (si_U2-5 and si_U2-6) and also combining two different siRNAs 
of UBQLN1 and UBQLN2 (si_U1 + si_U2-5, si_U1-2 + si_U2-6). After 24 hrs of transfection, cells were trypsinized and 1000 cells were reseeded in 96 well 
plates and cell viability was assessed for consecutive 4 days. Relative number of cells were compared by performing students’ t -test. ∗ = significance compared 
to NT ( ∗P < 0.05; ∗∗P < 0.005). (B) Clonogenic assay in A549 cells. Cells were prepared as described in A. After 24 hrs of transfection, cells were trypsinized 
and 1000 cells were reseeded on 6 well plates in triplicates. Following the 10 days, cells were fixed and stained. (C) Quantification of relative number of colonies 
formed per 1000 number of cells seeded in B. Number of colonies formed were compared by performing students’ t-test. ∗ = significance compared to NT 

( ∗P < 0.05; ∗∗P < 0.005). (D) Western blot analysis of proteins involved in EMT. Cells were prepared as described in A. After 72 hrs of transfection, cells 
were harvested and analyzed for protein involved in EMT. ∗ - UBQLN1; + - UBQLN2. (E) Cell migration assay/scratch assay in A549 and HOP62 cells. 
Representative bar graph showing percentage wound closure following loss of either UBQLN1, UBQLN2 or combined loss of UBQLN1 and UBQLN2. 
Cells were prepared as described in A. 24 hrs post siRNA transfections a pipette tip was used to scratch the dish to make a “wound”. Cells were examined 
after wound has been formed and successively for 24hr and 48hr post wound formation, photographed and quantified. Wound closure was analyzed using a 
Two-way ANOVA followed by a Tukey post-hoc test. ∗ = significance compared to NT, $ = significance compared to U1, ̂  = significance compared to U2. 
One symbol denotes a p -value < 0.05, two symbols denote a p -value < 0.005. (F) Boyden chamber cell migration and invasion assay in A549 cells. Cells were 
prepared as described in A and 24 h after siRNA transfection cells were seeded into Boyden chambers without or with matrigel. The lower chamber contained 
media with serum, whereas the upper chamber containing the cells was without serum. 48 h later cells on the underside of the membrane were fixed and 
stained. (G) Quantification of relative number of cells migrated or invaded through matrigel. Migration and invasion was analyzed using a one way ANOVA 

followed by a Tukey post-hoc test. ∗ = significance compared to NT, $ = significance compared to U1, ̂  = significance compared to U2. One symbol denotes 
a p -value < 0.05, two symbols denote a p -value < 0.005. 
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further increase in cell viability, clonogenic potential with combined loss
of UBQLN1 and UBQLN2 compared to UBQLN1 or UBQLN2 alone
( Fig. 1 A–C). Consistent with these findings, we also observed further decrease
in expression of epithelial markers including E-cadherin and increase in
expression of mesenchymal markers including N-cadherin, Zeb1, Snail
and Slug and activation of β-catenin in A549 cells. Interestingly, we also
observed further increase in phosphorylation of Akt following combined loss
of UBQLN1 and UBQLN2 compared to UBQLN1 or UBQLN2 alone
( Fig. 1 D). These results provide evidence that both UBQLN1 and UBQLN2
exhibit some redundant functions in blocking tumorigenic processes in
lung adenocarcinoma cells. In the present study, we observed loss of either
UBQLN1 or UBQLN2 increases cell viability, clonogenic potential and we
lso observed further increase in cell viability, clonogenic potential and EMT
arkers following combined loss of UBQLN1 and UBQLN2 ( Fig. 1 A–
). Next, we were interested to see the role of UBQLN1 and UBQLN2

n cell migration and invasion. We performed scratch migration/wound 
ealing assays after silencing UBQLN1 and/or UBQLN2 in A549 cells. A549
ells were transfected with either non-targeting siRNA (si_NT) or siRNAs
argeting UBQLN1 (si_U1) or siRNAs targeting UBQLN2 (si_U2-5) and 
ombined siRNA targeting UBQLN1 (si_U1) and UBQLN2 (si_U2-5). 
4hrs post transfection, scratch was made using pipette tip and cells were
bserved for migration for consecutive two days. Interestingly, we observed
hat siRNA mediated knockdown of UBQLN1 or UBQLN2 increases cell
igration compared to cells transfected with control siRNA ( Fig. 1 Ei).
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Fig. 2. UBQLN1 and UBQLN2 interacts with each other. (A) Representative chart showing number of unique peptides identified each time following IP 

MS/MS. 293T cells were transfected with FLAG-UBQLN1 (PCS2-PLIC1). Immunoprecipitation was performed by using flag conjugated beads to pull down 
UBQLN1 and endogenous UBQLN2 followed by mass spectrometry analysis. Experiment was performed four separate times and each time unique peptides 
were identified following IP MS/MS were represented in chart. (B) Western blot analysis of UBQLN1 interaction with UBQLN2. 293T cells were transfected 
either with empty vector (EV) or with FLAG-UBQLN1 (PCS2-PLIC1) and FLAG-UBQLN1 (PCS2-PLIC1-CL) following crosslinking with formalin by 
heating protein lysates in SDS at indicated temperatures. 72 h post transfection cells were lysed, and western blots were performed with the indicated antibody. 
Where indicated immunoprecipitation with anti-FLAG conjugated agarose beads was performed to determine UBQLN1 interacting complexes. 
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This observation was confirmed in an additional lung cancer cell line,
HOP62 ( Fig. 1 Eii). Combined loss of UBQLN1 and UBQLN2 further
increased migration of both cell lines (p-value < 0.005). Increase in cell
migration following loss of UBQLN1 or UBQLN2 was further confirmed
by performing boyden chamber cell migration and invasion assay ( Fig. 1 F).
Consistent with cell migration, we also observed increase in cell invasion in
A549 cells following loss of either UBQLN1 or UBQLN2 ( Fig. 1 G). Similar
to cell migration, we observed further increase in cell invasion following
combined loss of UBQLN1 and UBQLN2 ( p -value < 0.005). These results
provide clear evidence that, UBQLN1 and UBQLN2 plays important role
in blocking cell proliferation, clonogenic potential and cell migration of lung
adenocarcinoma cells. 

UBQLN1 and UBQLN2 interact with each other and potentially with 
different client proteins 

UBQLN family proteins are known to play important role in protein
trafficking and proteostasis in cells, especially in cells of neuronal origin
[ 8 , 9 ]. We and others have demonstrated that UBQLN1 and UBQLN2 are
capable of forming hetero- and homo- multimers [ 10 , 11 ]. However, the
extent to which hetero- and homo-multimers interact with substrate proteins
within cells has been difficult to assess. If hetero-multimers of UBQLN1
and UBQLN2 interact with different substrates than either homo-multimer,
this could be a potential mechanism by which loss of both UBQLN1 and
UBQLN2 have a more dramatic phenotype than loss of either individual
gene. We previously performed a number of immunoprecipitations followed
by mass spectrometry identification of UBQLN1 interacting proteins [12] .
In every experiment, using FLAG-UBQLN1 as bait, we identified multiple
unique peptides corresponding to UBQLN2, indicating hetero-multimer
formation ( Fig. 2 A). Dozens, if not hundreds, of additional proteins were
also identified, thus it is not possible to know what combination of
UBQLN1/UBQLN2/substrate are in a single complex or many different
complexes. It is possible that multimers break apart following interaction
with substrate or homo-multimers interact differently with substrates than
hetero-multimers. To gain initial insight into these possibilities we transfected
cells with FLAG-UBQLN1 and either left cells untreated or treated cells
with crosslinking reagent. Cell lysates were prepared and either boiled or not
and then FLAG immunoprecipitations were performed. Western blots were
one with FLAG, UBQLN1 or UBQLN2 specific antibodies. Interestingly, 
BQLN2 containing complexes migrated much slower on the gel, suggesting 

hat UBQLN1/UBQLN2 containing complexes may interact with a different 
epertoire of substrates within cells ( Fig. 2 B). This observation warrants 
urther biochemical and biophysical investigation. 

xamination of mRNA expression changes following loss of UBQLN1 

nd/or UBQLN2 in lung cancer cells 

In the present study we utilized RNAseq technology to identify gene 
xpression alterations following loss of UBQLN1 or UBQLN2 in A549 cells. 
e performed siRNA mediated knockdown of UBQLN1 and UBQLN2. 
omparison of gene expression profiles in A549 identified 2262 overlapping 
enes differentially expressed following UBQLN1 or UBQLN2 knockdown 
 Fig. 3 A). Furthermore, we identified 2723 unique gene expression changes 
ollowing UBQLN1 knockdown and 1586 unique gene expression changes 
ollowing UBQLN2 knockdown in A549 cells. The top 10 most up- or 
own-regulated genes specific to either loss of UBQLN1 or UBQLN2 are 
hown in Fig. 3 . RT-PCR validation of a handful of genes demonstrated
imilar regulation following loss of UBQLN1 in another lung cancer cell line 
 Fig. 3 F). These genes were significantly altered following loss of UBQLN1.
mportantly, there was a very strong correlation between the directionality 
f gene regulation following loss of UBQLN1 or UBQLN2, such that when 
ene expression was up in UBQLN1 loss, it was also up in UBQLN2 loss and
ice versa (Fig. S1). Furthermore, to identify classes of genes that were over-
epresented within overlapping 2262 genes following loss of UBQLN1 and 
BQLN2 in A549 cells, we performed Gene set enrichment analysis (GSEA). 
he top data sets that were found to be enriched with the overlapping
BQLN1/UBQLN2 genes were E2F1, G2M checkpoint and Interferon 

amma signaling (Fig. S2). 
Role of UBQLN family proteins, especially UBQLN1 and UBQLN2 

n neurological disorders has been well established [ 13 , 14 ]. We have been
urious about cell-type specificity of UBQLN1 and UBQLN2 function. 
herefore, we also performed RNAseq analysis of neuroblastoma cell line 
K-N-BE(2) following knockdown of UBQLN1 or UBQLN2. Comparison 
f gene expression profiles in SK-N-BE(2) cells identified 416 unique 
verlapping genes altered following UBQLN1 or UBQLN2 knockdown. 491 
enes were found to be significantly altered following specifically UBQLN1 
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Fig. 3. RNAseq comparisons of overlapping genes differentially expressed upon UBQLN1 and UBQLN2 knockdown in A549 and SK-N-BE(2) cells. (A) 
Representative Venn diagram showing comparisons of overlapping genes differentially expressed upon UBQLN1 and UBQLN2 knockdown in A549 cells 
following RNAseq analysis. (B) Representative list of top 10 genes down-regulated specifically by siUBQLN1. (C) Representative list of top 10 genes down- 
regulated specifically by siUBQLN2. (D) Representative list of top 10 genes up-regulated specifically by siUBQLN1. (E) Representative list of top 10 genes 
up-regulated specifically by siUBQLN2. (F) Representative bar graph showing confirmation of genes that were significantly altered following loss of UBQLN1 
in A549 and HOP62 cells. (G) Representative Venn diagram showing comparisons of overlapping genes differentially expressed upon UBQLN1 and UBQLN2 
knockdown in SK-N-BE(2) cells following RNAseq analysis. (H) Representative Venn diagram showing comparisons of overlapping genes differentially 
expressed upon UBQLN1 and UBQLN2 knockdown in A549 and SK-N-BE(2) cells following RNAseq analysis. 
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knockdown and 1020 genes were found to be significantly altered following
specifically UBQLN2 knockdown ( Fig. 3 G). Interestingly, when we then
compared the 416 UBQLN1/UBQLN2 commonly regulated genes in SK-N-
BE(2) cells with the 2262 UBQLN1/UBQLN2 commonly regulated genes
in A549 cells we find 192 overlapping genes within both cell types ( Fig. 3 A).
We further confirmed our findings regarding some common significantly
altered genes following loss of UBQLN1 or UBQLN2 by performing
western blot analysis (Fig. S3). We observed consistent upregulation of
BRCA2, CCL2 and CXCL2 across the lung adenocarcinoma cell lines
following loss of UBQLN1 and UBQLN2. It has been shown that CCL2
[15] and CXCL2 [16] overexpress in many cancers with CCL2 be linked to
resistance to checkpoint inhibitor therapy [15] . Interestingly, we identified
similarity in results with additional lung adenocarcinoma cell lines including
HOP62 and H2009 (Fig. S3). These results clearly provide evidence
that both UBQLN1 and UBQLN2 exhibits overlapping gene expression
regulation. 

RNAseq comparisons of overlapping genes differentially expressed upon 

UBQLN1 knockdown in differentiated human iPS cells and murine ES
cells 

There is very limited data regarding the role for UBQLN1 or UBQLN2
in normal development or in normal cell types of different origin. To begin
to address this void in our understanding, we utilized human induced
pluripotent stem cells (hiPSCs) and mouse embryonic stem (mES) cells,
which both have the ability to differentiate into a variety of cell types,
including epithelial and neuronal cells. First, we used the hiPSCs and
transfected them with siRNA against UBQLN1 or non-targeting siRNA.
We then differentiated cells into either neuronal or epithelial precursors
and then RNAseq was performed ( Fig. 4 A). Data were compared between
UBQLN1 deficient non-differentiated hiPSCs, neuronal precursors and
pithelial precursors. Similar to previous data ( Fig. 3 ), there was not a major
verlap in gene expression changes between cell types of different origin. We
id, however, identify 17 genes that were significantly altered following loss of
BQLN1 in the three cell types ( Fig. 4 A). Within these 17 genes were 2 genes

hat were also significantly changed in A549 cells following loss of UBQLN1
r UBQLN2, COL1A1 and SDC1 ( Fig. 4 B). Next, in order to examine if
here are species specific functional similarities within different cell types, we
erformed RNAseq analysis following knockdown of UBQLN1 in mouse 
mbryonic stem cells (mESCs). The mESC we used harbor doxycycline
nducible shRNA against UBQLN1, and cells were differentiated into 
ither neuronal precursors or epithelial precursors (Fig. S4). Data analyzed
ound that 21 overlapping genes were found to be significantly altered
ollowing shRNA mediated knockdown of UBQLN1 in unmanipulated 
ESC, differentiated neuronal mESC and epithelial mESC ( Fig. 4 C). Next,
e utilized the same mES cells expressing the inducible shRNA against
BQLN1 and performed single cell RNA sequencing to determine if loss

f UBQLN1 alters differentiation of cells. shUBQLN1 was induced in
ES cells and then cells were differentiated to mature neuronal cells or

pithelial cells ( Fig. 5 A). We confirmed shUbqln1 mES cells differentiation
nto Neuronal or Epithelial-like cells by RT-PCR analysis (Fig. S5). At
he end of the differentiation protocol ( Fig. 5 B), cells were harvested and
ubjected to single cell RNA sequencing. t-Distributed Stochastic Neighbor 
mbedding (t-SNE) analysis was performed on the data to identify similarity
nd differences within the cell population ( Fig. 5 C). Interestingly we observed
hat knockdown of UBQLN1 almost completely changed the identity of
ells differentiated to epithelial lineage. Conversely, loss of UBQLN1 in cells
ifferentiated into neuronal cells revealed nearly identical cell populations. 
 Fig. 5 C). It should be noted that knock-down of UBQLN1 in the neuronal
ells was not as robust as knock-down in the epithelial cells, perhaps due to the
OSA26 promoter driving the expression of the tetracycline transactivator 

Fig. S5B). 
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Fig. 4. RNAseq comparisons of overlapping genes differentially expressed upon UBQLN1 knockdown in differentiated iPSC-WNT and mESC-EGFR cells. 
(A) Representative Venn diagram showing comparisons of overlapping genes differentially expressed upon UBQLN1 knockdown in unmanipulated iPSC 

and differentiated iPSC-WNT epithelial and iPSC-EGF neuronal cells following RNAseq analysis. (B) Representative list of overlapping 17 genes that were 
significantly altered following UBQLN1 knockdown in unmanipulated iPSC, differentiated iPSC-WNT epithelial and iPSC-EGF neuronal cells following 
RNAseq analysis. ( ∗ = found in A549 UBQLN1/UBQLN2 knockdown common signature). (C) Representative Venn diagram showing comparisons of 
overlapping genes differentially expressed upon UBQLN1 knockdown in unmanipulated mESC, differentiated mESC-WNT epithelial and mESC-EGF 

neuronal cells following RNAseq analysis. (D) Representative list of overlapping 21 genes that were significantly altered following UBQLN1 knockdown in 
unmanipulated mESC, differentiated mESC-WNT epithelial and mESC-EGF neuronal cells following RNAseq analysis. 

Fig. 5. shUbqln1 mES cells Differentiation into Neuronal or Epithelial-like cells. Schematic presentation of UBQLN1 and UBQLN2 having different cell 
type specific functions. (A) Schematic of doxycycline inducible UBQLN1 shRNA differentiation into mouse embryonic stem cell neuronal (mESN) and mouse 
embryonic stem cell epithelial (mESE) cells. (B) Representative microscopy images of unmanipulated mES cells and mES cells following doxycycline induction. 
(C) Representative t-Distributed Stochastic Neighbor Embedding (t-SNE) plots of unmanipulated neuronal/differentiated neuronal and unmanipulated 
epithelial/differentiated epithelial cells. Neuronal cells revealed identical transcriptional profile throughout the cell populations (green vs black spots) while 
loss of UBQLN1 found to alter differentiation of epithelial cells (blue vs red spots). (D) Schematic presentation of UBQLN1 and UBQLN2 having different 
cell type specific functions. UBQLNs has N-terminal UBL domain (ubiquitin-like), C-terminal UBA domain (ubiquitin-associated) and STI regions in the 
middle. Ubiquilin2 has an additional collagen-like domain between the fourth STI and UBA domains. 
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These data suggest that UBQLN1 and UBQLN2 have different cell type
specific functions, with modest cell type independent functions. 

Discussion 

Ubiquilin family proteins consists of five protein members (UBQLN1-
4, UBQLN-L), which are all closely related. Previous studies from other
groups, reported that Ubiquilin family members have been associated with
pathogenesis of numerous neurodegenerative diseases [17] . Apart from
their role in neurological disorders, we showed that loss of UBQLN1 and
UBQLN2 causes EMT like changes in lung adenocarcinoma cells [4] . EMT
is often associated with uncontrollable increase in cell proliferation and
migration [ 18 , 19 ]. During metastasis, tumor cells lose their polarity, cell to
cell contact and migrate and colonize to secondary site [ 20 , 21 ]. Consistent
with these findings, we observed loss of UBQLN1 and UBQLN2 increases
cell proliferation and clonogenic potential in lung adenocarcinoma cells
( Fig. 1 A–C). Interestingly, we observed further increase in all these cellular
processes following combined loss of UBQLN1 and UBQLN2 in A549 cells
( Fig. 1 A–D). 

In an effort to find the UBQLN1 and UBQLN2 interacting protein
partners, we performed IP-MS analysis. Interestingly, we identified number
of unique interacting peptides with UBQLN1 and UBQLN2 ( Fig. 2 A ).
Previous work from our lab demonstrated a role for UBQLN1 in regulating
the stability of the anti-apoptotic BCL2 family member, BCLb/BCL2L10
[12] . Further, we have identified Ubiquilin1 (UBQLN1) as a novel
interaction partner of IGF1R [22] . Moreover, UBQLN has been well studied
for its function in regulating cell surface receptors including Presenilins [ 23 ,
4 ] and GPCRs [25] . In the present study, we identified overlapping functions
of UBQLN1 and UBQLN2 in regulating cell proliferation, clonogenic
potential and cell migration in lung adenocarcinoma cells. Interestingly, we
observed further increase in all cellular processes following loss of UBQLN1
and UBQLN2. So, we hypothesize that UBQLN1 and UBQLN2 interacts
with each other and their interaction is crucial for regulating these cellular
functions. We performed immunoprecipitation experiment by overexpressing
UBQLN1 and immunoprecipitating endogenous UBQLN2 in 293T cells.
Interestingly, following immunoprecipitation and western blot analysis we
observed that UBQLN1 and UBQLN2 interacts with each other ( Fig. 2 B). 

RNAseq is used widely for its application in the field of understanding
transcriptomic dynamics [26] . In an attempt, to explore the overlapping
functions and gene signatures regulated by both UBQLN1 and UBQLN2,
we performed RNAseq analysis. We performed siRNA mediated knockdown
of UBQLN1 and UBQLN2 in A549 cells. Interestingly, we found 2262
overlapping genes that were altered following UBQLN1 and UBQLN2 in
A549 cells. 2723 genes were found to be altered by UBQLN1 knockdown
and 1586 genes were found to be altered by UBQLN1 knockdown alone. We
also identified top 10 genes that were significantly downregulated following
loss of either UBQLN1 or UBQLN2. Interestingly most of them known to
play important role in modulation of membrane structures and cytoskeletal
reorganization including PPL, KRT23 and TFF1. Recently, expression of
PPL has been shown to be associated with breast cancer risk in Tunisian
population [27] and TFF1 has been shown to promotes EMT-like changes
through an auto-induction mechanism [28] . We also identified top 10 genes
that were significantly upregulated specifically by UBQLN1 or UBQLN2
including CMPK2, LAMP3 and LRRIQ1 in A549 cells. We performed gene
set enrichment analysis (GSEA) of representative gene sets from overlapping
2262 genes following loss of UBQLN1 and UBQLN2 in A549 cells.
Interestingly, we identified gene sets enriched in genes that are significantly
associated with a phenotype including E2 factor (E2F) family of transcription
factors, G2/M DNA damage checkpoint and genes involved in interferon
(IFN)-mediated innate immune response (Fig. S2). 

We observed overlapping important functional enriched genes sets
following loss of UBQLN1 or UBQLN2. Next, we were interested whether
his is cell type specific. To answer this question, we use neuroblastoma SK-
-BE(2) cells. We performed RNAseq analysis following loss of UBQLN1

nd UBQLN2. Interestingly, comparison of gene expression profiles in SK-
-BE(2) cells transfected with either siRNA targeting UBQLN1 (si_U1) 

r siRNA targeting UBQLN2 (siU2-5) identified a set of 416 unique
verlapping genes differentially expressed upon UBQLN1 and UBQLN2 
nockdown ( Fig. 3 G). 491 and 1020 genes were found to be differentially
xpressed following specifically UBQLN1 and UBQLN2 knockdown. 
nterestingly, when we compared gene expression profiles of A549 and SK-N-
E(2) cells we observed unique 192 overlapping genes that were differentially
xpressed following loss of UBQLN1 and UBQLN2. This data further
rovides evidence of functional similarities of UBQLN1 and UBQLN2 in
ifferent cell types. 

Next, we performed comparisons of overlapping genes differentially 
xpressed upon UBQLN1 knockdown in unmanipulated iPSC and 
ifferentiated iPSC-WNT epithelial and iPSC-EGF neuronal cells following 
NAseq analysis. Interestingly, we found 17 genes were significantly altered

ollowing loss of UBQLN1 in unmanipulated iPSC and differentiated iPSC-
NT epithelial and iPSC-EGF neuronal cells. Among the top 17 genes,
e identified COL1A1 and SDC1 genes were most significantly altered in
549 and iPSCs following loss of UBQLN1 or UBQLN2. Collagen type
 α 1 (COL1A1) is a major component of collagen type I and has been
eported to be overexpressed in a variety of tumor tissues and cells. Recently,
OL1A1 has been shown to promote metastasis in colorectal cancer by

egulating the WNT/PCP pathway [29] . Syndecan 1 is a protein which
n humans is encoded by the SDC1 gene. SDC1 involves in intracellular
nd extracellular matrix adhesion and regulates the activation of growth
actor receptors. Recently, it has been shown that SDC1 knockdown induces
pithelial–mesenchymal transition and invasion of gallbladder cancer cells 
ia the ERK/Snail pathway [30] . Moreover, Syndecan-1 induction in lung
icroenvironment has been reported to support the establishment of breast

umor metastases [31] . We also performed comparisons of overlapping 
enes differentially expressed upon UBQLN1 knockdown in unmanipulated 
ESC, differentiated mESC-WNT epithelial and mESC-EGF neuronal 

ells following RNAseq analysis. Interestingly, we found 21 genes were
ignificantly altered following loss of UBQLN1 in unmanipulated mESC, 
ifferentiated mESC-WNT epithelial and mESC-EGF neuronal cells. This 
ata clearly demonstrates the functional similarities of UBQLN1 between 
euronal and lung adenocarcinoma cells. We further confirmed our results, by
sing doxycycline inducible shUBQLN1 mESCs. We performed doxycycline 

nducible shUBQLN1 mESCs reprogramming into either epithelial or 
euronal cells followed by RNAseq analysis. Neuronal cells revealed identical
ranscriptional profile throughout the cell populations while loss of UBQLN1
ound to alter differentiation of epithelial cells. 

onclusions 

In conclusion, in the present study we provide evidence that UBQLN1
nd UBQLN2 share common cellular functions including cell proliferation, 
lonogenic potential and cell migration in driving EMT in lung
denocarcinoma cells. Interestingly, loss of both UBQLN1 and UBQLN2 
urther potentiate their tumor suppressive functions ( Fig. 5 D). Future work
ill explore in-depth analysis of signaling pathways contributed by UBQLN1

nd UBQLN2 in lung cancer progression and metastasis with the hope of
locking these pathways can potentially halt the metastasis. 
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