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Cancer-associated fibroblast-induced IncRNA UPK1A-AS1
confers platinum resistance in pancreatic cancer via efficient

double-strand break repair
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The tumor stroma of pancreatic ductal adenocarcinoma (PDAC) is characterized by an abundant and heterogeneous population of
cancer-associated fibroblasts (CAFs), which are critically involved in chemoresistance. However, the underlying mechanism of CAFs
in chemoresistance is unclear. Here, we show that CAF®, a CAF subset derived from platinum-resistant PDAC patients, assumes an
iCAF phenotype and produces more IL8 than CAF® isolated from platinum-sensitive PDAC patients. CAF®-derived IL8 promotes
oxaliplatin chemoresistance in PDAC. Based on long noncoding RNA (IncRNA) profiling in tumor cells incubated with CAF-CM, we
found that UPK1A-AS1, whose expression is directly induced by IL8/NF-kappa B signaling, functions as a chemoresistance-
promoting IncRNA and is critical for active IL8-induced oxaliplatin resistance. Impressively, blocking the activation of UPK1A-AS1
expression increases the oxaliplatin sensitivity of tumor cells in vivo. Mechanistically, UPK1A-AS1 strengthens the interaction
between Ku70 and Ku80 to facilitate nonhomologous end joining (NHEJ), thereby enhancing DNA double-strand break (DSB) repair.
Clinically, UPKTA-AS1 expression is positively correlated with IL8 expression, a poor chemotherapeutic response and a shorter
progression-free survival (PFS) time in advanced PDAC patients. Collectively, our study reveals a IncRNA-mediated mechanism of

CAF-derived paracrine IL8-dependent oxaliplatin resistance and highlights UPK1A-AS1 as a potential therapeutic target.
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INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is an extremely lethal
disease despite the application of multiple therapeutic strategies
[1]. Targeting the tumor microenvironment (TME) is a very popular
strategy in cancer therapy, while strategies aiming to degrade the
desmoplastic stroma have been generally disappointing due to
the highly complex interplay between cancer cells and the TME
[2, 3]. During chemotherapy or radiotherapy, cancer cells adapt to
selective pressure by self-mutation or transformation [4], but the
ability to modulate various components of the TME in response to
chemo- and radiotherapy is incompletely elucidated.
Cancer-associated fibroblasts (CAFs), a major component of the
stroma that undergoes transformation and exhibits heterogeneity
during cancer evolution, can perform both tumor-promoting and
tumor-suppressive or homeostatic functions in PDAC [5]. Different
CAF populations with distinct phenotypes, epigenetic character-
istics, immunogenicity, and transduction signatures have been

recently identified in pancreatic cancers [6-8], and reshaping the
CAF population can improve the efficacy of current standard
therapies [9, 10]. Previously, researchers identified two types of
CAFs using mouse and human pancreatic cancer models. One
subgroup named inflammatory CAFs (iCAFs) is mainly character-
ized by the secretion of inflammatory factors (such as IL-6, LIF, IL-1,
etc) and is relatively far from tumor cells, while the other
subpopulation, named myofibroblastic CAFs (myCAFs), expresses
characteristic proteins, such as a-SMA, TGFf3, and ECM, and is
distributed adjacent to tumor cells [9, 11]. Furthermore, recently,
through a single-cell analysis, a subgroup of CAFs (named antigen-
presenting CAFs (apCAFs)) that mainly function to mediate the
immune response of pancreatic cancer has also been found and is
mainly characterized by the expression of MHC class Il molecules
and CD74 [7]. Therefore, to precisely target the CAF subpopula-
tions that support tumor growth, it is necessary to enhance our
understanding of their functions and mechanisms.
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Given that over 80% of PDACs are nonresectable at the time
of diagnosis [12], chemotherapy is the major treatment option
for most PDAC patients. However, drug resistance is an
inevitable problem that arises in almost all patients [13].
Recently, chemotherapeutic resistance mediated by the TME
has attracted increasing attention. Although increasing evi-
dence has demonstrated the associations between the CAF
subtypes and drug resistance [13, 14], neither the CAF
subpopulation responsible for drug sensitivity nor its mechan-
ism has been identified. Existing evidence shows that CAFs
confer chemotherapeutic resistance by inducing a desmoplastic
reaction that interferes with drug delivery, and the complex
mechanisms of cytokine, chemokine, and growth factor
secretion are also involved in the drug response [15]. Recently,
platinum-based chemotherapy has gradually attracted atten-
tion because patients with PDAC and germline or somatic
pathogenic variants in BRCA or PALB2 are highly sensitive to
platinum chemotherapies and poly (adenosine diphosphate-
ribose) polymerase (PARP) inhibitor (PARPi) therapy [16, 17].
Platinum molecules crosslink with the purine bases of DNA and
interfere with DNA replication and transcription, thereby
triggering DNA damage and degradation [18]. In patients with
pancreatic cancer, homologous recombination (HR) deficiency
may lead to the inability to effectively repair double-strand
breaks (DSBs), and these patients are particularly sensitive to
platinum-based chemotherapy [19]. However, only 21% of
pancreatic cancer patients are sensitive to platinum-based
chemotherapy, and the objective response rate to platinum-
based regimens is only ~50%, even among pancreatic cancer
patients with germline BRCA or PALB2 mutations [20]. Regard-
ing the mechanisms of platinum resistance, possible causes,
such as secondary mutations restoring DNA repair pathways,
factors restricting the crosslinking of a drug molecule with its
target, and pathways eliminating damage from the target, have
been studied [21]. The CAF-mediated modulation of platinum
resistance via the prevention of sufficient drug delivery plays a
key role in modulating platinum resistance in PDAC [22].
Recently, Natalia et al. demonstrated that the blockade of
TGFpB-activated kinase 1 (TAK1) and TGFBR1 removes the
chemoprotection conferred by proinflammatory factor-
mediated CAF activation, thereby rendering tumor cells more
sensitive to platinum therapy in colorectal cancer [23]. In
addition, Wang et al. showed that CAFs mediated a nongenetic
mechanism by regulating thiol metabolism to confer cisplatin
resistance in ovarian cancer [24]. However, the precise role of
CAFs in the mediation of platinum resistance in pancreatic
cancer tissues remains to be elucidated.

Long noncoding RNAs (IncRNAs) constitute a heterogeneous
class of transcripts longer than 200 nucleotides and are involved
in multiple cellular processes by interacting with DNA, chromatin,
proteins and RNAs [25]. Recently, substantial evidence has
indicated that IncRNAs are involved in the chemoresistance of
pancreatic cancer cells [26]; for instance, a report showed that the
IncRNA HOTTIP confers cisplatin resistance on PDAC cells by
regulating miR-137 expression [27]. Furthermore, Deng et al.
revealed that the IncRNA CCAL derived from CAFs drives
oxaliplatin resistance in colorectal cancer cells by modulating
the mRNA stability of B-catenin. Nevertheless, the roles of CAF-
derived IncRNAs in inducing platinum resistance in pancreatic
cancer are poorly understood.

Here, we sought to gain a better understanding of the
mechanisms by which CAFs support platinum resistance in
PDAC cells. Furthermore, we studied the role of CAF-induced
IncRNAs associated with platinum resistance and explored the
underlying mechanisms while aiming to develop rational
strategies that combine conventional cytotoxic agents and
selectively target the protumorigenic functions of CAFs and
IncRNAs.
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RESULTS

CAFs were correlated with platinum resistance in PDAC

To investigate the inherent heterogeneity of CAFs in chemoresis-
tance, we adopted a clinical model of platinum-based chemother-
apy for advanced pancreatic cancer to monitor the diverse
response of tumors to drugs. Paired tumor samples were obtained
from 75 PDAC patients before and after chemotherapy. The
baseline characteristics of the enrolled patients were showed in
Table 1. Then, an immunofluorescence analysis of different CAF
populations was performed (iCAF: PDPNa "IL6"; myCAF:
PDPN*aSMA*; apCAF: PDPNTMHCII™) [9, 22] (Figs. 1A, STA
and Q). The results showed that the proportion of iCAFs was
significantly increased in the tissue from the chemoresistant
patients before and after chemotherapy (Fig. 1B), while the
amounts of myCAFs and apCAFs did not differ between the
chemoresistant and chemosensitive patients (Fig. S1B and D).

To determine whether CAFs contribute to chemoresistance,
CAFs were isolated from PDAC tissues collected before platinum-
based chemotherapy. All CAF cell lines were identified by FSP-1
immunofluorescence, and tested negative for EpCAM, CD31 and
CD45 by a flow cytometry analysis (Fig. STE, F). Then pancreatic
cancer cell lines (Panc-1 and MIAPaCa-2) were treated with
conditioned medium from CAFs isolated from two different
chemoresistant patients (CAF?1-CM and CAFf2-CM) and CAFs
isolated from two different chemosensitive patients (CAF°1-CM
and CAF°2-CM). Interestingly, compared to the CAF*-CM treat-
ment, the CAFR-CM treatment contributed to an approximately
twofold increase in the IC50 value of oxaliplatin in the tumor cells
(Figs. 1C-E and S2A-C). Consistent with this result, upon the
treatment with CAF®-CM, colony formation was promoted in the
tumor cells, and more colonies survived after the oxaliplatin
exposure (Figs. 1F, G and S2D, E). To further confirm the
contribution of CAFs to oxaliplatin-induced cell death, a flow
cytometry-based Annexin-V/propidium iodide (Pl) apoptosis assay

Table 1. Baseline characteristics of the patients.

Chemoresistant
patients (n = 54)

Chemosensitive
patients (n =21)

Characteristic

Age at randomization — yr

Median 53 58
Range 41-70 37-82
Male sex — no (%) 10 (48) 36 (67)

TNM stage — no (%)

1] 7 (33) 23 (43)

1\ 14 (67) 31 (57)
First-line platinum-based chemotherapy — no. (%)

mFOLFIRINOX 18 (86) 42 (78)

GemOx 1(5 7 (13)

GP 2 (10) 5(9)
Rounds of mFOLFIRINOX

Median 1 35

Range 6-12 1-6
Rounds of GemOx

Median 8 3

Range 8 2-4
Rounds of GP

Median 7

Range 6-8 3-4
Germline BRCA or PALB2 mutation — no. (%)

BRCA1 0 (0) 0 (0)

BRCA2 2 (10) 0 (0)

PALB2 2 (10) 0 (0)
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was performed. Apoptosis of tumor cells was suppressed under
the culture with CAF®-CM, and the apoptosis-inducing effect of
oxaliplatin on the tumor cells was abrogated by the CAFF-CM
treatment compared with normal medium or the CAF°-CM
treatment (Figs. TH, | and S2F, G). Taken together, our data
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showed that CAFR-CM conferred oxaliplatin resistance on pan-
creatic tumor cells.

Subsequently, to determine whether CAF® assumes an iCAF
phenotype, we performed next-generation RNA sequence
(GSE192907) to compare the transcriptome differences between

Oncogene (2022) 41:2372-2389



Fig. 1
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CAFs were correlated with a poor survival and platinum resistance in pancreatic cancer patients. A Representative

immunofluorescence images of advanced pancreatic cancer biopsies before and after chemotherapy. Arrows indicate iCAFs: PDPN *IL6™.
Scale bar = 50 pm. Quantification of the presence of iCAFs (B). Panc-1 and MIAPaCa-2 cells were cultured under CAF®1-CM or CAF®1-CM for
3 days and then subjected to the indicated experiments. C-E Cells were treated with oxaliplatin for 48 h. Cell viability was measured by CCK-8
and the IC50 value was calculated. F, G Colony formation assay and (H, I) flow cytometry apoptosis analyses were performed to evaluate the
chemoresistance of pancreatic cancer cells in each group. J Volcano plot of differentially expressed genes from the mRNA transcriptomes of
CAF*1-CM and CAFR1-CM. Three biological replicates of each CAF cell line were used for the RNA sequencing. K Expression level of specific
genes in CAF°1-CM and CAFR1-CM. L GSEA of significantly upregulated pathways in CAFR1 compared with CAF>1. The results are presented as
the mean + SD of three technical replicates. *P < 0.05; **P < 0.01; ***P < 0.001, ns no significance.

CAF®1 and CAF°1. We found a cluster of genes differentially
expressed in either CAF®1 or CAF°1, Specifically, cytokines, such as
IL1, IL6, IL8, LIF and CSF3 were uniquely upregulated in CAF®1.
However, the smooth muscle %ene ACTG2 and various collagen
genes were upregulated in CAF1 (Fig. 1J, K). Furthermore, a gene
set enrichment analysis (GSEA) of CAFR compared with CAF°1
confirmed the upregulation of the inflammatory response path-
way and IL6-JAK-STAT3 signaling pathway, which is consistent
with previous study (Fig. 1L) [9]. In addition, we performed PCR
and sequencing to detect whether the most frequent mutations in
PDAC exist in these CAF cell lines. The results showed that there
were no mutations of KRAS, TP53, and SMAD4 and homozygous
deletion of CDKN2A in the CAF cell lines (Fig. S2H, I).

Paracrine IL8 was essential for CAFR-induced oxaliplatin
resistance in tumor cells
To reveal the mechanism by which CAFs contribute to chemoresis-
tance, we compared the cytokine profiles of CAF*1-CM and CAF*1-CM
by using a human cytokine antibody array and identified a panel of
cytokines with high levels in CAF?1-CM (Fig. 2A). Among these
cytokines, HGF, IL6, IL8 and CCL2 have been documented to induce
chemoresistance [28-31]. By adding neutralizing antibodies against
each candidate cytokine, we further identified the potential cytokines
responsible for inducing oxaliplatin resistance. The cell viability assays
revealed that the anti-IL8 antibody but not the other three
neutralizing antibodies against HGF, IL6 and CCL2 successfully
abrogated the ability of CAFf1-CM and CAFF2-CM to induce
oxaliplatin resistance (Figs. 2B, C and S3A, B). Moreover, human
recombinant IL8 protected tumor cells against oxaliplatin in a dose-
dependent manner (Fig. 2D). An ELISA was further performed to
measure the concentration of IL8 in CAF*-CM and CAF>-CM extracted
from 4 different chemoresistant and chemosensitive gatients. As
expected, CAFRs secreted much more IL8 than CAF’s (Fig. 2E).
Furthermore, in the colony formation assays, the disruption of
IL8 signaling by the addition of anti-IL8 antibodies reduced tumor cell
colony formation and survival, which were promoted by CAF*-CM
(Figs. 2F, G and S3C, D). In addition, anti-IL8 antibodies increased
oxaliplatin-induced tumor cell apoptosis, which was repressed by
CAF®-CM (Figs. 2H-1 and S3E, F).

Collectively, these data suggest that IL8 was predominantly
produced by CAFRs and that the functional disruption of IL8
abrogated CAFR-induced oxaliplatin resistance in tumor cells.

CAF® facilitated oxaliplatin resistance by activating the
expression of the IncRNA UPK1A-AS1 in pancreatic cancer
Emerging evidence has shown that IncRNAs strongly participate in
the regulation of oxaliplatin resistance [26]. To explore the
mechanism underlying the regulatory role of CAFs in the
chemoresistance of tumor cells, whole-transcriptome profiling
(GSE183779) was performed in Panc-1 cells treated with CAF®1-CM
and CAFR1-CM. Of the 173 differentially expressed IncRNAs, 163
were upregulated (Fig. 3A, B). Then, we selected the ten most
significantly upregulated IncRNAs for further validation by qRT-PCR.
UPK1A-AS1 was dramatically upregulated in both Panc-1 and
MIAPaCa-2 cells treated with CM from 4 different CAF"s, compared
with CAF°-CM (Fig. 3C, D). Moreover, similar to CAF®-CM, human
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recombinant IL8 increased the expression level of UPK1A-AS1, while
CAFR-CM-induced activation of UPK1A-AS1 expression was attenu-
ated by the anti-IL8 neutralizing antibodies (Figs. 3E and S4A).

To explore the influence of UPK1A-AS1 on oxaliplatin resistance in
tumor cells, UPK1A-AS1 was overexpressed by transfection of a
pcDNA3.1-based vector and knocked down by 2 specific siRNAs in
Panc-1 and MIAPaCa-2 cells (Fig. S4B, C). An empty vector/scrambled
SiRNA (siNC) was used as a control. The UPK1A-AS1 induction
contributed to an approximately twofold increase in the IC50 value of
oxaliplatin (Figs. 3F, H, S4D, F), while the knockdown of UPK1A-AS1
significantly decreased the IC50 (Figs. 3G, H, S4E, F). Consistent with
these results, the forced expression of UPK1A-AS1 promoted colony
formation and reduced the suppressive effect of oxaliplatin on tumor
cells (Fig. 31 and S4G). However, the UPK1A-AS1 knockdown
suppressed colony formation and contributed to reduced colony
survival after oxaliplatin exposure (Figs. 3J and S4H). Consistent with
this result, the baseline apoptosis was reduced and oxaliplatin-
induced apoptosis was abrogated by UPK1A-AS1 overexpression in
tumor cells (Figs. 3K and S4l). However, the knockdown of UPK1A-AS1
enhanced baseline apoptosis and rendered the tumor cells more
vulnerable to oxaliplatin-induced apoptosis (Figs. 3L and S4J).

Finally, we observed that the knockdown of UPK1A-AS1
decreased the oxaliplatin resistance of tumor cells induced by IL8
as shown by cell viability assays (Fig. S4K, L), colony formation
assays (Fig. S4M, N) and Annexin-V/PI apoptosis assays (Fig. S40, P).
Based on these data, we elucidated that CAF®s conferred oxaliplatin
resistance on tumor cells by activating UPK1A-AS1 expression in an
IL8-dependent manner.

The NF-kappa B (NF-kB) pathway was activated by IL8 from
CAF®, and UPK1A-AS1 is a transcriptional target of p65

To further reveal the mechanism by which CAF® activates
UPK1A-AS1, the promoter regions of UPK1A-AS1 were analyzed,
and the potential binding sites of several transcription factors
downstream of IL8 activation, including HIF-1, p65, and STAT3
[32], in the promoter regions upstream of the transcription start
site of UPK1A-AS1 were individually predicted. In addition, the
KEGG pathway analysis showed enrichment of NF-kB signaling
in Panc-1 cells treated with CAFR1-CM (Fig. 4A). Moreover, the
treatment with an inhibitor of NF-kB activation (caffeic acid
phenethyl ester, CAPE) significantly reversed CAF®-CM-induced
UPK1A-AS expression (Fig. 4B). In addition, similar to the
treatment with CAFR-CM, the treatment with IL8 successfully
activated the NF-kB pathway in the tumor cells, and adding
anti-IL8 antibodies attenuated the effect of CAF?1-CM and
CAFR2-CM (Figs. 4C and S5A). We further confirmed the level of
p-p65 in human pancreatic cancer tissues and found that the
phosphorylation of p65 was upregulated in the tumor samples
from the platinum-resistant patients but not in those from the
platinum-sensitive patients (Fig. 4D). Luciferase reporter assays
showed increased luciferase activity in the UPK1A-AS1 promo-
ter in the IL8-treated Panc-1 cells compared with the negative
control (siNC) cells, and inhibiting p65(sip65#1 and sip65#2)
abrogated the above transcription-enhancing effect of IL8 (Fig.
4E). Three potential binding sites in the genomic sequences of
the promoter regions of the UPK1A-AS1 locus—namely, P1, P2

SPRINGER NATURE

2375



X. Zhang et al.

2376

C
B Panc-1 MIAPaCa-2
mnormal media+lgG mnormal media+lgG
OCAFR1-CM+IgG OCAFR1-CM+IgG
ECAFR1-CM+Anti-IL6 ECAFR1-CM+Anti-IL6
»  ECAFR1-CM+Anti-IL8 . . HBCAFR1-CM+Anti-IL8
A 10 ,l‘ir‘ ECAFR1-CM+Anti-CCL2 1.0 1 BCAFR1-CM+Anti-CCL2
"1 ECAFR1-CM+Anti-HGF >08 ECAFR1-CM+Anti-HGF
CAF?1 §06
204
[0}
©0.2
0.0
M 20uM 2uM 10uM
oxaliplatin oxaliplatin
D OlgG
s OIL8(25ng/ml)
CAF mIL8(50ng/ml) _
HIL8(75ng/ml) €
HIL8(100ng/ml) k=)
0.5- ok 2 *
—— 31000
= 800
o
s 600
‘a 400
1:HGF 2:IL6 3:IL8 4:CCL2 5:IGFBP-3 =
6:TSP-1 7:0PN g 200
c 0
[e]
o N V2 o™ N ) o o
Panc-1 MIAPaCa-2 0‘?(50?(50‘?(50?(50‘?(50‘?(50?(50‘?{(
(20uM oxaliplatin (10uM oxaliplatin
for 48h) for 48h)
F , G .
mnormal media+lgG MIAPaCa-2 Onormal media+lgG
Panc-1 mnormal media+IL8 ' mnormal media+IL8
normal media CAFR1-CM W CAFR1-CM+IgG normal media CAFR*1-CM W CAFR1-CM+IgG
IgG IL8 IgG Antl IL8 H CAFR1-CM+Anti-IL8 IgG IL8 IgG  Anti-IL8 = CAFR1-CM+Anti-IL8
7 ) : ST AT ; 150
- # = =
5 > 3
c g
= 3 £
5 2 'z
T 2 '3
X o o
UT oxaliplatin UT oxaliplatin
H Panc-1 | MIAPaCa-2
hormal media CAFFI-CM — Onormal media+lgG normal media CAFR1-CM___ @normal media+lgG
|gG L8 |gG Antl "_8 .normal media+IL8 IgG IL8 IgG Antl L8 .normal media+IL8
o ECAFR1-CM+IgG = MCAFr1-CM+IgG
— ‘y 4 }.» #e o |4 e ECAFR1-CM+Anti-IL8 5 ) l ECAFR1- CM+Ant| |L8
S o .
c i ﬁ ! " : |- 40 wk
£ 2 c
£ R IrRE
B 2201 * 2
m R kst —
1514 810lfl [ P
Annexin V- 9 Annexin V 0
UT oxaliplatin UT oxaliplatin

Fig. 2 Paracrme IL8 was essential for CAFR-induced oxaliplatin resistance in tumor cells. A Cytokine antibody array of CAF®1-CM or
CAFR1-CM. CAF?1-CM with different neutralizing antibodies was used to culture Panc-1 (B) and MIAPaCa-2 (C) cells for 3 days. After 48 h of
oxaliplatin exposure, cell viability was measured by CCK8. D Panc-1 and MIAPaCa-2 cells were cultured with different concentrations of human
recomblnant IL8 for 3 days and subsequently treated with oxaliplatin for 48 h. Cell viability was measured by CCK8. E ELISA analysis of the IL-8
levels in CAF®-CM and CAFR® CM of four different chemosensitive and chemoresistant CAF cell lines. Panc-1 and MIAPaCa-2 cells were cultured
with IL8 (100 ng/ml) or CAF®1-CM with an anti-IL8 neutralizing antibody (250 ng/ml) for 3 days. Colony formation assay (F, G) and flow
cytometry apoptosis analysis (H, 1) were performed to evaluate the chemoresistance of pancreatic cancer cells in each group. The results are
presented as the mean + SD of three technical replicates. *P < 0.05; **P < 0.01; ***P < 0.001; ns no significance.
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and P3 (Fig. 4F, G)—were predicted with the JASPAR database.
The chromatin immunoprecipitation (ChIP) assay revealed that
p65-P1 directed binding to the UPKA1-AS promoter (—1557 nt/
—1566 nt) in the IL8-treated Panc-1 cells (Fig. 4H). In addition,
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only the reporter containing the p65-P1 binding site exhibited
significantly increased luciferase activity in the IL8-treated
Panc-1 cells (Fig. 4l). Based on these results, we identified
UPK1A-AS1 as a direct transcriptional target of p65.

SPRINGER NATURE



X. Zhang et al.

2378

Fig. 3 CAF® facilitated oxaliplatin re5|stance by activating the expressmn of the IncRNA UPK1A-AS1 in pancreatic cancer. A Heatmap of

the dlfferentlally expressed IncRNAs (|Log,"

| >1, Q value < 0.05) in the IncRNA sequencing data of Panc-1 cells treated with CAF*1-CM or

CAFR1CM. Three biological replicates of each CAF cell line were used for the RNA sequencing. B Volcano plot showing the dlfferentlallﬁy
expressed INcRNAs between the groups. UPK1A-AS1 expression levels in Panc-1 (C) and MIAPaCa-2 (D) cells treated with CAF°-CM and CAF

CM of four different chemosensmve and chemoresistant CAF cell lines. E UPK1A-AS1 expression levesl in Panc-1 and MIAPaCa-2 cells cultured
under IL8 (100 ng/ml) or CAFR1-CM with an anti-IL8 neutralizing antibody (250 ng/ml) for 3 days. UPK1A-AS1 was overexpressed or knocked
down in Panc-1 cells and oxaliplatin was given. F-H CCK-8 assay, (I-J) colony formation assay and (K-L) flow cytometry apoptosis analyses
were performed to evaluate the chemoresistance of Panc-1 cells in each group. The results are presented as the mean + SD of three technical

replicates. *P < 0.05; **P < 0.01; ***P < 0.001.
<

UPK1A-AS1 regulated CAF®-induced oxaliplatin resistance

in vivo

We established a xenograft model of Panc-1 cells with the stable
knockdown of UPK1A-AS1 (sh-UPK1A-AS1) or mock Panc-1 cells (sh-
Neg) (Fig. 5A) by subcutaneous injection in nude mice. All mice were
treated with oxaliplatin after the tumors reached 3 mm in diameter
(Fig. 5B). Our data demonstrate that in the sh-Neg groups, the tumors
in the group coinjected with CAF®1 grew faster than those in the
control group (Panc-1 alone) or those coinjected with CAF°1, while
the anti-IL8 neutralizing antibodies attenuated its effect. However, sh-
UPK1A-AS1 markedly reduced the tumor volume and abrogated the
chemoprotective effects of CAF™ (Fig. 5C, D). In addition, the
characteristics of animal tumor tissue were studied (Fig. S6A), less
collagen deposition (Fig. S6B) and a more abundant iCAF population
(Fig. S6C) were observed in the tumors coinjected with CAF"1.
Consistently, the immunofluorescence analysis of yh2ax (Fig. S6D) and
the TUNEL assay (Fig. S6E) showed that, only in the sh-Neg group,
there was less DSBs and apoptosis in the tumor coinjected with
CAF™1, which was attenuated by the anti-IL8 neutralizing antibodies.
However, the chemoprotective effects of CAF*1 was abrogated by
UPK1A-AS1 knockdown (Fig. S6D, E).

Furthermore, we analyzed the effect of UPK1A-AS1 in an orthotopic
xenograft model. Luciferase-labeled Panc-1 cells were orthotopically
implanted into the pancreas of nude mice, and oxaliplatin
chemotherapy was administered 12 days after the pancreatic
implantation (Fig. 5E). We observed that all groups initially exhibited
the same level of IVIS (in vivo imaging system) signal on day 12 (Fig.
5F, G), while on day 27, in the sh-Neg groups, the mice that received
the CAF®1 coinjection exhibited stronger fluorescence intensity in the
pancreas and harbored larger tumors than the control mice or the
mice received the CAF®1 coinjection, and this effect was attenuated
by the anti-IL8 neutralizing antibodies (Fig. 5F, H, ). Conversely, sh-
UPK1A-AS1 exhibited the opposite effect and abrogated the
chemoprotective effects of CAFR1 (Fig. 5F, H, I). In addition, the
characterization of the orthotopic tumor tissues of each group
remained the same as that of the subcutaneous model (Fig. S6F-J).
Collectively, these results support the idea that the secretion of IL8 by
CAFR activated the NF-kB pathway in the pancreatic cancer cells,
resulting in the upregulation of UPK1-AS1 and thereby facilitating
oxaliplatin resistance in pancreatic cancer.

UPK1A-AS1 interacted with the DSB repair proteins Ku70 and
Ku80

To further examine the subcellular localization of UPK1A-AST,
subcellular fractionation and fluorescence in situ hybridization (FISH)
assays were conducted. Most UPK1A-AS1 transcripts were localized
in the nuclear region (Fig. 6A, B). To explore whether UPK1A-AS1
binds nuclear protein partners involved in platinum resistance, we
performed an RNA pull-down assay with nuclear extract by using a
biotinylated UPK1A-AS1. The results showed that two apparent
bands at ~70 kDa and 90 kDa were enriched by biotinylated UPK1A-
AS1 (Fig. 6C). The apparent bands were validated as Ku70 (XRCC6)
and Ku80 (XRCC5) by mass spectrometry (Fig. 6D), and further
confirmed by western blotting analysis (Fig. 6E). Ku70 and Ku80
form a key element, the Ku heterodimer, to initiate rapid recognition
of DSBs in the nonhomologous end joining (NHEJ) pathway [33].
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The enrichment of UPK1A-AS1 by Ku70 and Ku80 was confirmed by
RNA immunoprecipitation (RIP), validating the interaction between
the Ku heterodimer and UPK1A-AS1 (Fig. 6F). Furthermore, the serial
deletion analysis confirmed that the 600-813 nt and 200-400 nt
regions of UPK1A-AS1 were indispensable for its direct interaction
with Ku70 and Ku80, respectively (Fig. 6G). The sequence analysis
with POSTAR2 indicated two sequence motifs and the structural
preference of the binding sites for Ku70 and Ku80, which were
located in the 704-769 nt (region A) and 252-308 nt (region B)
regions of UPK1A-AS1 and formed a stem-loop structure (Fig. 6H).
The RIP assay also showed that the enrichment of UPK1A-AS1 by
Ku70 and Ku80 was attenuated after site-directed mutagenesis of
regions A and B (Fig. 6l).

The CAF®/IL8/UPK1A-AS1 axis regulated the efficiency of
NHEJ-dependent DSB repair

Given that UPK1A-AS1 binds the Ku heterodimer, which is
responsible for sensing DSBs in the NHEJ pathway [33], next, we
examined whether DSB repair was altered by the CAF¥/IL8/UPK1A-
AS1 axis. A neutral comet assay was performed 10 h after the
treatment with oxaliplatin. Shorter comet tails were observed in
the human recombinant IL8- and CAFR-CM-treated groups, while
the anti-IL8 neutralizing antibodies and UPK1A-AS1 knockdown
attenuated the effect of CAF?1-CM and CAF?2-CM on reducing the
lengths of the comet tails (Figs. 7A and S7A), as determined by
measuring the tail moment (Figs. 7B and S7B). This finding was
further confirmed by the difference in the level of yh2ax at
different time points after the oxaliplatin treatment. The level of
yh2ax 1 h after the oxaliplatin treatment suggested that the same
amount of DSBs was generated. While the levels of yh2ax in the
IL8- and CAF®-CM-treated groups were lower than those in the
control group 10 h after the oxaliplatin induction, the yh2ax levels
remained high in the anti-IL8 neutralizing antibody-treated group
and UPK1A-AS1 knockdown group (Figs. S7C, D). In addition, the
number of yh2ax-positive foci 10 h after the oxaliplatin induction
validated this result (Figs. 7C, D and S7E, F).

To further determine whether NHEJ is the pathway affected by
UPK1A-AS1, we performed pimEJ5-GFP reporter assays, in which
DSBs in the reporter plasmid induced by the |-Scel endonuclease
can be repaired only via NHEJ, and GFP fluorescence is observed
after the repair of DSBs [34]. A significant increase in the number
of GFP-positive cells was detected by flow cytometry when the
tumor cells were transduced with UPK1A-AS1, indicating that
NHEJ-dependent DSB repair was promoted (Fig. 7E). Taken
together, these results suggest that the CAF?/IL8/UPK1A-AS1 axis
facilitated NHEJ-dependent DSB repair.

UPK1A-AS1 served as a molecular scaffold for Ku70 and Ku80
To further explore the mechanism by which UPK1A-AS1 regulates
the NHEJ pathway, we examined the influence of UPK1A-AS1 on
the interaction between Ku70 and Ku80 by co-immunoprecipitation
(co-IP). In the UPK1A-AS1-overexpressing cells, there was a stronger
interaction between Ku70 and Ku80 after the oxaliplatin treatment
(Fig. 7F). However, site-directed mutagenesis of both regions A and
B attenuated the effect of UPK1A-AS1 overexpression (Fig. 7F). Next,
we examined the localization of yh2ax and UPK1A-AS1 by FISH.
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Fig. 4 CAF"-derived IL8 activated the NF-kB signaling pathway to upregulate UPK1A-AS1. A Top 20 upregulated pathways were plotted
based on the enriched gene ratio and p value in Panc-1 cells treated with CAF®1-CM compared to CAF°1-CM. B UPK1A-AS1 expression in Panc-
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p65, and p-p65 protein expression in Panc-1 and MiaPaCa-2 cells treated with CAFR1-CM or IL8. A neutralizing antibody against IL8 was used
to deplete IL8 in CAFR1-CM. D Western blot analysis of p65, and p-p65 protein expression in PDAC tissues from platinum-resistant patients and
platinum-sensitive patients. E Luciferase reporter assays of Panc-1 cells transfected with a reporter plasmid containing the UPK1A-AS1
promoter, and treated with IL8 or p65 depletion. F, G A conserved p65-binding motif was predicted by JASPAR and schematic images of the
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Surprisingly, the localization of yh2ax overlapped with that of
UPK1A-AS1 (Fig. 7G). In addition, repair factors, including DNA-PKcs
and XRCC4, are recruited to DSB sites following the initiation of
NHEJ by the Ku heterodimer [35]. Chromatin-bound nuclear extract
(CNET) was obtained after the oxaliplatin induction. Significant
increases in Ku70, Ku80, DNA-PKcs, and XRCC4 binding to

Oncogene (2022) 41:2372-2389

chromatin were observed in the UPK1A-AS1-overexpressing cells
immediately and 5 h after the drug treatment (Fig. 7H), while the
total levels of these factors remained stable and similar between
the vector and overexpression groups (Fig. 7l). Based on these
results, we elucidated that UPK1A-AS1 enhanced the interaction
between Ku70 and Ku80 and was required for both effective DSB
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sensing and the binding of the Ku heterodimer to damaged
chromatin during NHEJ-dependent DSB repair.

Inhibition of the NHEJ pathway overcame UPK1A-AS1-induced
resistance to oxaliplatin

Since  UPKTA-AS1 was demonstrated to regulate oxaliplatin
resistance and the NHEJ pathway, we further studied the effect

Oncogene (2022) 41:2372-2389

of SCR7 [36], an NHEJ pathway inhibitor, on the oxaliplatin
resistance conferred by UPK1A-AS1. SCR7 was used alone or in
combination with oxaliplatin. In both cancer cell lines, compared
to the vector-transfected cells, the UPK1A-AS1-overexpressing
cells exhibited fewer yh2ax foci after the oxaliplatin exposure, as
expected. The SCR7 treatment alone had almost no effect on the
tumor cells. However, the SCR7 treatment successfully sensitized
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Fig. 6 UPK1A-AS1 interacted with the DSB repair proteins Ku70 and Ku80. A Representative FISH images showing the cellular localization
of UPK1A-AS1. The UPK1A-AS1 probe was labeled with Cy3 (red), and the nuclei were stained with DAPI (blue). Scale bar = 10 um. B qRT-qPCR
analysis following subcellular fractionation of UPK1AS-AS1. C Silver staining of UPK1A-AS1-associated nuclear proteins. Two specific bands
(arrow) were excised and subjected to mass spectrometry (D) MS identification of UPK1A-AS1-binding proteins. E Western blot analysis of
Ku70 and Ku80 using protein samples enriched by biotinylated UPK1A-AS1 sense and antisense RNAs. F Fold enrichment of UPK1A-AS1 in
RNA samples precipitated with Ku70, Ku80 or IgG antibody in Panc-1 cells. G Western blot analysis of Ku70 and Ku80 using protein samples
enriched by serial deletions of UPK1A-AS1. H RNAalifold predicted the secondary structure of UPK1A-AS1. The insects indicated Ku70 and
Ku80 binding stem-loop structures in UPK1A-AS1. | Fold enrichment of UPK1A-AS1 in RNA samples precipitated with Ku70, Ku80 or 1gG
antibody after site-directed mutagenesis of region A and region B of UPK1A-AS1 in Panc-1 cells. The results are presented as the mean + SD of

three technical replicates. **P < 0.01; ***P < 0.001.

these resistant cells to oxaliplatin, as shown by the nonsignificant
difference in the number of yh2ax foci between the vector- and
UPK1A-AS1-overexpressing cells under the combination treatment
with SCR and oxaliplatin (Fig. S8A-D). This result was confirmed by
a western blot analysis (Fig. S8E, F). Taken together, these results
again suggest the involvement of UPK1A-AS1 in DSB repair and
that treatment with an NHEJ pathway inhibitor might overcome
UPK1A-AS1-induced oxaliplatin resistance.

UPK1A-AS1 overexpression was correlated with a poor
prognosis in PDAC

To demonstrate the clinical implications of IL8 and UPK1A-AS1 in
platinum-based chemotherapy, we selected a cohort of 75
patients with advanced PDAC who received platinum-based
chemotherapy. Consistent with the in vitro observations, in situ
hybridization (ISH) and immunohistochemical (IHC) staining
showed that the platinum-resistant patients expressed higher
levels of IL8 and UPK1A-AS1 than the platinum-sensitive patients
(Fig. 8A-C). In addition, IL8 expression was positively correlated
with UPK1A-AS1 expression (Fig. 8D). Continuous monitoring of
the serum IL8 levels in the patients undergoing platinum-based
chemotherapy demonstrated that the platinum-resistant patients
had higher serum IL8 levels than the platinum-sensitive patients,
and that the IL8 levels in the platinum-resistant patients gradually
increased (Fig. 8E). Based on the dataset collected from Sun Yat-
sen Memorial Hospital and Guangdong Province People’s Hospital,
the Kaplan-Meier analysis indicated that the patients with higher
UPK1A-AS1 expression had a shorter PFS than those with lower
UPK1A-AS1 expression (Fig. 8F). Interestingly, importantly, there
was no significant difference in PFS regardless of the UPK1A-AS1
level in the patients who received other chemotherapeutic
regimens without platinum (Fig. 8G). Collectively, these findings
indicate that CAF regulates the NHEJ pathway via IL8 paracrine-
dependent activation of UPK1A-AS1 expression to induce
platinum resistance in pancreatic cancer (Fig. 8H).

DISCUSSION

Chemotherapeutic resistance is a great challenge in the treatment
of pancreatic cancer patients. Emerging evidence suggests that
the TME confers innate resistance to chemotherapy [37]. As the
major cell population in the tumor stroma, CAFs are largely
responsible for the increased chemoresistance in PDAC. Recently,
we found that CAFs promote gemcitabine resistance in pancreatic
cancer via the TGF-$1/SMAD2/3 pathway and ABCC1 transactiva-
tion [38] and revealed that epigenetic modification mechanisms
drive gemcitabine resistance in PDAC via LLGL1-associated
phosphorylation of ER signaling pathway components [39].
However, prior to this research, knowledge regarding how
IncRNAs in the TME mediate platinum resistance in PDAC was
limited. Here, we identified that a higher iCAF density after
platinum-based chemotherapy was associated with a worse
prognosis in pancreatic cancer patients and that primary CAFs
isolated from samples from chemoresistant patients conferred
oxaliplatin resistance on pancreatic cancer cell lines. Furthermore,
using antibody microarrays of CAFs from pancreatic cancer
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patients who received platinum-based chemotherapy, we demon-
strated that paracrine IL8 is essential for CAF-induced oxaliplatin
resistance in PDAC cells. Mechanistically, CAF-derived IL8 modu-
lated the NF-kb/UPK1A-AS1 axis, thereby further enhancing the
efficiency of NHEJ repair of DNA damage in pancreatic cancer cells
to confer platinum resistance. To the best of our knowledge, this
report is the first to provide insight into IncRNA-mediated
epigenetic crosstalk between CAFs and pancreatic cancer cells
to mediate oxaliplatin resistance, and our findings emphasize that
the IL8/UPK1A-AST axis may constitute a novel therapeutic target
for overcoming platinum resistance in pancreatic cancer patients.

Contrast studies have revealed that CAFs may play opposite
tumorigenic roles in cancer development and are derived from
pancreatic stellate cells, resting fibroblasts and bone marrow-
derived precursors, indicating diversity and heterogeneity in CAF
fate and function [40]. To identify a platinum chemotherapy-
associated CAF subset in human pancreatic cancer, we compared
the cytokine profiles of CAFs from tumors that were sensitive or
resistant to platinum-based chemotherapy. A CAF subset with a
high level of IL8 secretion that was particularly abundant in
chemoresistant tumors was identified. This subset of CAFs was
found to induce oxaliplatin resistance in pancreatic cancer cells by
CM treatment in vitro and in a coinjection orthotopic xenograft
model in vivo. Consistent with our findings, Jing et al. showed that
IL8 derived from CAFs from patients with advanced gastric cancer
was associated with a poor response to platinum-based neoadju-
vant chemotherapy [29]. Su et al. further revealed that a new
highly protumorigenic subset of CAFs promoted chemoresistance
in cancer cells by upregulating the expression of IL8 and IL-6,
which formed a protective layer surrounding cancer stem cells
[28]. In the present study, we found that the serum IL8 level in
pancreatic cancer patients with resistance to platinum-based
chemotherapy was higher than that in chemosensitive patients,
and that the administration of platinum-based adjuvant che-
motherapy resulted in more significant differences in the IL8 level
between the two groups of patients. Our data suggest that the
serum level of IL8 may indicate both intrinsic and acquired
chemoresistance and may be a potential marker to evaluate the
response to platinum-based chemotherapy in pancreatic cancer.
The association between the CAF subtypes and platinum
resistance in pancreatic cancer has not been reported. We
revealed for the first time that CAFs from patients with
platinum-resistant pancreatic cancer are mainly characterized as
iCAF subtype, suggesting that the precise targeting of iCAFs may
facilitate to the improvement in platinum resistance in pancreatic
cancer. Interestingly, Giulia et al. provided a novel idea that
targeting iCAFs may be beneficial in the following two ways: first,
depleting iCAFs could directly reduce the secretion of inflamma-
tory factors, including IL-6and LIF factors, thereby eliminating their
effect on the activation of the JAK/STAT pathway in PDAC cells,
and second, it may be possible to induce a suppressive effect on
PDAC by converting the iCAF subtype to the myCAF subtype [41].
Our study emphasizes that the precise targeting of iCAFs also
provides an opportunity to improve platinum resistance via the
inhibition of IL8-induced DSB repair in PDAC cells. Exploring and
confirming whether improvement in platinum resistance in the
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future can be combined with the inhibition of iCAF subtype
agents, including JAK inhibitors or some activators of TGF-
signaling, requires further research. Whether platinum-based
regimens combined with inhibitors of iCAF subtype, such as JAK
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inhibitors or TGF-f3 signaling agonists, can improve the prognosis
of pancreatic cancer patients requires further exploration. Inter-
estingly, in our cohort of 75 PDAC patients, we found germline
mutations BRCA2 or PALB2 in 4 patients (Table 1), all of whom
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Fig. 7 The CAF®/IL8/UPK1A-AS1 axis facilitated NHEJ pathway via the scaffold function of UPK1A-AS1. IL-8 (100 ng/ml), an anti-IL8
neutralizing antibody (250 ng/ml), and CAF®-CM were given to each group as indicated for 3 days. Panc-1 and MIAPaCa-2 cells were treated
with 50 uM oxaliplatin and 30 pM oxaliplatin, respectively, in all experiments. A Oxaliplatin-induced DNA damage in control and UPK1A-AS1
knockdown Panc-1 and MIAPaCa-2 cells was measured by neutral comet assay. Scale bar =10 pm. B Levels of oxaliplatin-induced DNA
damage, quantified by the tail moment in the neutral comet assay. In total, 70 cells per group are counted. C Representative pictures of
yH2AX-positive foci in each group. Scale bar = 10 pm. D Quantification of the number of yh2ax positive foci in each group. At least 40 cells per
group are counted. E NHEJ-mediated DNA repair efficiency was measured by a pimEJ5-GFP reporter assay, in Panc-1 and MIAPaCa-2 cells
transfected with control vector or UPK1A-AS1, and three technical replicates were performed. F Levels of Ku70 and Ku80 in the complex
pulled down by Ku80 (upper panel) and Ku70 (lower panel) specific antibodies, in Panc-1 cells transfected with control vector, UPK1A-AS1 and
mutated UPK1A-AS1 of region A and region B. G Fluorescence assessment of UPK1A-AS1 and yH2AX colocalization in Panc-1 cells. Scale bar =
5 pm. Representative images of western blotting analyses of DNA-PKcs, Ku70, Ku80 and XRCC4 in CNETs (H) and total proteins (I) of Panc-1
cells. The results are presented as the mean + SD. **P < 0.01; ***P < 0.001.

<

were platinum-sensitive, which is consistent with previous finding
[17, 42, 43]. It is thought-provoking that whether the targeting of
iCAFs combined with platinum-based therapy and PARP inhibitors
can benefit pancreatic cancer patients with germline mutations
requires further exploration.

To explore the role of the IncRNAs underlying the regulatory
effects of heterogeneous CAF populations on platinum-based
chemoresistance in tumor cells, we identified differentiaILy
expressed IncRNAs in pancreatic cancer cells treated with CAF>-
CM and CAFR-CM. We identified an IL8-induced IncRNA, UPK1A-
AS1, essential for the ability of CAFs to confer oxaliplatin resistance
on PDAC cells both in vitro and in vivo. Recently, UPK1A-AS1 was
revealed to play an oncogenic role in hepatocellular carcinoma
and protect tumor cells against cisplatin toxicity by mediating the
nuclear translocation of EZH2 and competing with miR-138-5p
endogenously [44]. In contrast, Yuree et al. determined that
UPK1A-AS1 functions as a tumor inhibitor by enhancing the mRNA
stability of UPK1A under hypoxic conditions in lung and bladder
carcinoma cells [45]. An analysis of RNA-seq data in TCGA datasets
revealed the tissue- or disease-specific context of UPK1A-AS1 [44],
indicating that the molecular functions of UPK1A-AS1 may exert
diverging effects in an organ-dependent manner. In particular, our
work is the first to determine the role of UPK1A-AS1 in TME-
mediated platinum resistance in PDAC. In addition to revealing
the prognostic value of UPKT1A-AS1 in PDAC, we discovered that
UPK1A-AS1 may serve as a biomarker for the prediction of the
response to platinum-based chemotherapy in PDAC patients.

Accumulating studies have substantiated that IL8 drives
chemoresistance in various cancers. Recently, two preclinical
studies demonstrated the mechanisms by which IL8 mediates
platinum resistance by transactivating ATP-binding cassette
transporters, i.e., ABCB1 in gastric cancer cells [29] and ABCBS5 in
tumor-initiating cells of malignant pleural mesothelioma [46].
Impressively, Wang et al. revealed a novel TME-associated
mechanism by which CAF-induced IL8 mediates the phosphoryla-
tion of BRD4, leading to epigenetic remodeling and BET inhibitor
resistance in colorectal cancer [47]. To the best of our knowledge,
this study is the first to assess the role of IncRNAs in IL8 associated
platinum resistance in PDAC.

The mechanism underlying the differential expression of
UPK1A-AS1 in tumors has not been reported. In the present
study, we confirmed that CAF®-CM is sufficient to activate NF-kB
signaling via IL8, and the subsequent increase in UPK1A-AS1
expression was identified as a key driver of downstream events in
NF-kB signaling. In addition, a disruption of the NF-kB pathway
completely abrogated CAFR-CM-induced UPK1A-AS1 expression.
As expected, we identified conserved kB sites of the NF-kB subunit
p65 in the UPK1A-AST promoter, and the inhibition of endogen-
ous p65 expression was sufficient to eliminate the promoter
activity of UPK1A-AS1 in PDAC cells. In addition, the activation of
UPK1A-AS1 transcription via the NF-kB signaling pathway
depends on the recognition of p65 protein sites at the 1557 nt/
—1566 nt promoter region. Driven mainly by inflammatory
cytokines in the TME, the constitutive activation of NF-kB is
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widely considered a key mediator of cancer development. The key
role of NF-kB signaling in the downstream regulation of IncRNAs
has recently been gradually revealed. Upregulated IncRNA NKILA
expression via NF-kB signaling participates in the negative
feedback loop of NF-kB regulation, and thus, contributes to the
metastasis and poor prognosis of breast cancer [48]. Similarly, the
NF-kB signaling activation-mediated upregulation of the IncRNA
LINC00665 facilitates hepatic cancer progression by mediating a
positive feedback loop in the NF-«kB pathway [49]. Previous studies
have identified the active role of NF-kB signaling in counteracting
the cytotoxic effects of platinum-based chemotherapy through
the upregulation of antiapoptotic genes [50, 51], and an inhibitor
of the NF-kB pathway was shown to potentiate the cytotoxicity of
the chemotherapeutic agent oxaliplatin in PDAC cells [52]. In the
context of the TME, our preclinical study further underlined the
rationality of inhibiting NF-kB activity to reverse platinum
resistance in pancreatic cancer. In addition, the findings related
to the downstream regulation of UPK1A-AS1 shed light on a novel
NF-kB regulatory mechanism and have clinical implications.

To gain mechanistic insight into the function of UPK1A-AS1, we
studied the UPK1A-AS1-binding proteome and identified Ku70/
Ku80 as protein partners involved in platinum resistance.
Furthermore, we elucidated that UPK1A-AS1 is required for
effective DSB sensing and for promoting the binding of the Ku
heterodimer to damaged chromatin during NHEJ repair of DSBs.
With the development of chemotherapeutic agents to induce
DNA damage, the role of IncRNAs in DNA repair has recently been
gradually revealed. DSBs represent the most significant DNA
damage, and their repair involves HR and NHEJ. In eukaryotic cells,
NHEJ is the preferred pathway for DSB repair due to its faster
activity and versatility throughout the cell cycle [53]. In DSB repair
via NHEJ, an initial synaptic complex is formed by Ku proteins after
the recruitment of other NHEJ factors, including DNA-PKcs, XRCC4,
XLF, APLF, and PAXX [54]. In the context of complex NHEJ,
publications have noted that NHEJ factors exhibit a high binding
affinity for IncRNAs, such as LINP1, SNHG12 and LRIK, and
contribute to the DNA damage response [54-56]. Importantly,
we provided evidence suggesting that UPK1A-AS1 serves as a
molecular scaffold for Ku70 and Ku80, further functions to stabilize
the binding of the Ku complex to DNA and enhances the
efficiency of DSB repair. Interestingly, we confirmed the hetero-
geneous interactive regions between Ku70-UPK1A-AS1 and Ku80-
UPK1A-AS1 complexes, both of which were indispensable for the
stability of Ku70 and Ku80 and the binding of the initial synaptic
complex to DNA, indicating that the versatile functions of UPK1A-
AS1 may not only strengthen the Ku70/Ku80 heterodimer but also
potentially enhance the crosslinking between Ku70/Ku80 hetero-
dimers for binding DSBs during NHEJ. Collectively, these results
revealed that UPK1A-AS1 serves as a scaffold for and enhancer of
the NHEJ machinery and confers platinum resistance on PDAC
cells, which could be explored as a targetable vulnerability.

In summary, we demonstrated a TME-mediated mechanism that
enhances the efficiency of NHEJ repair of DNA damage in
pancreatic cancer cells and contributes to resistance to
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Fig. 8 UPK1A-AS1 overexpression correlates with a poor prognosis in PDAC. A Representative image of ISH of UPK1A-AS1 and IHC for IL8.
Scale bars = 200 pm. Quantification of IL8 (B) and UPK1A-AS1 (C) staining in tumors from platinum-sensitive and platinum-resistant patients. The
results are presented as the mean +SD of 21 and 54 biological replicates, respectively. D Correlation between UPK1A-AS1 expression and IL8
protein levels in PDAC tissues. E ELISA analysis of the serum IL-8 levels in platinum-resistant patients and platinum-sensitive patients. The results are
presented as the mean = SD. F Kaplan—-Meier survival curves of patients who received platinum-based chemotherapy with high or low UPK1A-AS1
expression. G Kaplan-Meier survwal curves of patients who received chemotherapy without platinum with high or low UPK1A-AS1 expression. H
Grapbhical illustration of CAF® derived IL8 mediating UPK1A -AS1 activation in PDAC cells to induce oxaliplatin resistance. **P < 0.01; ***P < 0.001.
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platinum-based chemotherapy. In this context, IL8-induced UPK1A-
AS1 functions as a key factor in the crosstalk between CAFs and
cancer cells, supporting the urgent need for the development of
rational strategies that target the IL8/UPK1A-AS1 axis to overcome
platinum resistance in pancreatic cancer patients.

MATERIAL AND METHODS

Patients and clinical sample

Tumor biopsy samples were collected from 75 patients with advanced
PDAC who underwent first-line platinum-based chemotherapy at the
Sun Yat-Sen Memorial Hospital and Guangdong Provincial People’s
Hospital between 2016 and 2021. The baseline characteristics of the
enrolled patients were showed in Table 1. None of the patients had
received other chemotherapies, radiotherapy, immunotherapy or
targeted therapy prior to the first-line platinum-based chemotherapy.
Specifically, patients received platinum-based chemotherapy regimens
of mFOLFIRINOX (oxaliplatin 60 mg/m?, irinotecan 150 mg/m? and
leucovorin 400 mg/m? on day 1 and 46 h continuous infusion of 5-FU
2400 mg/m?> on days 1-2 every 2 weeks), or GemOx (gemcitabine
1000 mg/m? on day 1 and day 8, and oxaliplatin 100 mg/m? on day1
every 3 weeks), or GP (gemcitabine 1000 mg/m? on day 1 and day 8, and
cisplatin 75 mg/m? on day 1 every 3 weeks). Therapeutic effects were
evaluated according to the Response Evaluation Criteria in Solid Tumors
[RECIST], version 1.1 [57]. Four months after the start of chemotherapy
as the evaluation point, Complete Response (CR) and Partial Response
(PR) were classified as chemosensitive, while Stable Disease (SD) and
Progressive Disease (PD) were classified as chemoresistant. PFS was
defined as the time interval from the date of chemotherapy to the date
of disease progression event occurrence. All related procedures were
performed with the approval of the Ethical Committee of the indicated
hospitals.

Immunofluorescence

Using paraffin-embedded samples, a PANO four-plex IHC kit (0001100020,
PANOVUE, Beijing, China) was used for multiple immunofluorescence
assays according to the manufacturer’s protocol. The antibodies used in
this study are listed in Table S2.

Using cells, immunofluorescence was performed as previously described
[58]. In brief, appropriate numbers of cells were grown on confocal dishes
the day before the experiments. Panc-1 and MIAPaCa-2 cells were treated
with 50 uM oxaliplatin and 30 uM oxaliplatin for 1 h and then harvested at
the indicated time points. After fixation and permeabilization, the slides
were incubated with antibodies against yH2AX overnight at 4°C.
Subsequently, the washed slides were incubated with Alexa Fluor 488-
conjugated secondary antibodies and the nuclei were counterstained with
DAPI. Finally, the immunofluorescence signals were detected by a confocal
fluorescence microscope (Carl Zeiss AG, Germany). The antibodies used in
this study are listed in Table S2.

Cell lines and cell culture

The human pancreatic cancer cell lines Panc-1 and MIAPaCa-2 were
purchased from ATCC (American Type Culture Collection, Rockville, MD,
USA). All cells were maintained in DMEM supplemented with 10% fetal
bovine serum (FBS, B, Israel) and 1% penicillin/streptomycin and cultured
at 37 °C in humidified air with 5% CO,.

Primary human CAFs isolation and culture

CAFs were isolated from fresh PDAC samples by using a Human Tumor
Dissociation Kit (130-095-929, Miltenyi Biotec, Germany). Briefly, the tissues
were minced and digested into single-cell suspensions. After filtration with
70 mm cell strainers, the stromal fraction was collected by centrifugation at
250g for 5min and incubated with DMEM and 15% FBS. Magnetic-
activated cell sorting with anti-FSP (fibroblast-specific protein) was used to
purify the primary human CAFs isolated as indicated above.

Flow cytometry

The cells were fixed and incubated with antibodies against CD31-FITC,
CD45-PE/Cy7, and CD326 (EPCAM)-PE. T cells, endothelial cells and
epithelial cells were used as positive controls. The antibodies used in this
study are listed in Table S2.
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Conditional medium preparation

The CAFs were refreshed with DMEM and cultured for another 24 h once
they reached 70% confluency. The Conditioned medium was collected,
followed by centrifugation at 3000 rom for 10 min. Then the conditioned
medium was filtered with a 0.22 um sterile filter and stored at —80 °C for
further usage. An anti-IL8 neutralizing antibody and CAPE (57414, Selleck,
Shanghai, China) was added to each group. The antibodies used in this
study are listed in Table S2.

Cell counting kit-8 assay

Cells from different groups were seeded in 96-well plates at a density of
3000 cells per well in sextuplicate. After 24 h, the cells were incubated with
a gradient concentration of oxaliplatin for 48 h. The cell viability was
assessed by a Cell Counting Kit-8 assay (K1018, APExBIO, USA) according to
the manufacturer’s instruction. The absorbance was measured at 450 nm
with a multiwell plate reader (Spark, Tecan).

Colony formation assay

After pretreated as indicated, ~500 tumor cells were dispersed evenly
into six-well plates and allowed to attach for 24 h. Then Panc-1 and
MIAPaCa-2 cells were treated with fresh complete medium containing
4 uM oxaliplatin and 2 uM oxaliplatin respectively. Twenty-four hours
later, the culture medium was replaced by fresh complete medium and
the cells were cultured for 2 weeks. The cells were fixed in 4%
paraformaldehyde for 15min and dyed with 0.1% crystal violet for
10 min. The colonies were counted and photographed. The experiment
was repeated three times.

Annexin V-Pl apoptosis assay

Panc-1 cells were treated with 50 uM oxaliplatin (51224, Selleck, Shanghai,
China) for 48 h. MIAPaCa-2 cells were treated with 30 uM oxaliplatin for
48 h. Cell apoptosis was detected by using an Annexin V-PI staining kit
(BMS500FI, Invitrogen, USA). Briefly, the cells were harvested and
resuspended in Annexin V binding buffer with FITC-conjugated Annexin
V and Pl dye for 15 min. Then, the cells were analyzed using flow cytometer
within 1 h. The experiment was repeated three times.

RNA sequencing and data analysis

CAFR1 and CAF®1 cell lines at passage 5 were used for mRNA profiling by
RNA sequencing. The total RNA was extracted, cDNA library preparation
was performed and RNA sequencing was performed by Guangzhou Huayin
Health Medical Group (CO.Ltd, Guangzhou, China). GSEA_Linux_4.0.3
(https://www.gsea-msigdb.org/gsea/index.jsp) was used to complete the
enrichment analysis of the gene set.

After 72 h of treatment with CAF>1-CM or CAF?1-CM in Panc-1 cells, we
performed whole-genome transcriptome profiling by RNA sequencing. The
total RNA was extracted, cDNA library preparation was performed and RNA
sequencing was performed by BGI Technology (Co., Ltd, Shenzhen, China). The
sequencing data were filtered with SOAPnuke (v1.5.2), and the clean reads
were mapped to the GRCh38.p13 reference genome using HISAT2(v2.0.4). The
expression level of the genes was calculated by RSEM (v1.2.12). Then
differential expression analysis was performed usingDESeq2(v1.4.5) with a Q
value < 0.05. A heatmap was drawn by pheatmap (v1.0.8). A KEGG enrichment
analysis of annotated differentially expressed genes was performed by Phyper
(https://en.wikipedia.org/wiki/Hypergeometric_distribution) based on a
hypergeometric test.

PCR and sequencing

The DNA extraction was performed using an IPure Cell/Blood/Animal
Tissue gDNA Extraction Kit (K316, IGE Biotechnology, China) according to
the manufacturer's protocol.

KRAS (codons 12, 13 and 61), TP53 (exons 3-7) and SMAD4 (codifying
exons 2-11) were studied by PCR and sequencing using the primers
described in Table S1. The sequencing was performed using an ABI 3730x!
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) with the same
primers used for the PCR, and was analyzed with sequencing analysis
software v 5.3 (Applied Biosystems, Foster City, CA, USA). Regarding
CDKN2A, as the most frequent mutation is homozygous deletion [59], we
only performed PCR, and thus three exons, exons 1, 2 and 3, were
amplified from the DNA of cell lines and a healthy control using the
primers listed in Table S1.

Oncogene (2022) 41:2372-2389


https://www.gsea-msigdb.org/gsea/index.jsp
https://en.wikipedia.org/wiki/Hypergeometric_distribution

Cytokine antibody array

A cytokine antibody array was performed by using a Proteome Profiler
Human XL Cytokine Array Kit (ARY022B, R&D Systems, USA). In brief, the
CAF medium was incubated with an array membrane overnight at 4°C,
followed by incubation with detection antibody cocktails for 2h and
streptavidin-HRP for 1 h. Cytokine dots on X-ray films were scanned.

Enzyme-linked immunosorbent assay (ELISA)

The ELISA was performed by using IL8 ELISA kits (ab48481, Abcam, USA)
according to the manufacturer’s instructions. Briefly, primary CAFs were
cultured in fresh serum-free medium for 24 h. Subsequently, the super-
natants were collected and used for ELISA. Each experiment was repeated
at least three times.

RNA extraction, reverse transcription, qRT-PCR and
subcellular fractionation

The total RNA was extracted TRIzol reagent (Invitrogen), according to the
protocol and reverse transcribed by HiScript Reverse Transcriptase (R101-
01, Vazyme, China). qRT-PCR was performed using a CFX96" Real-Time
System (Bio—Rad, USA) with a TB Green Premix Ex TaqTM kit (RR820A,
Takara, Japan) and GAPDH was used as an internal control. The sequences
of the primers are listed in Table S1.

Regarding the cytoplasmic and nuclear RNA fractions, cells were
extracted using a PARIS Kit (AM1921, Thermo Scientific, USA) according
to the protocol. Then, the cytoplasmic and nuclear ratio were measured
by gqRT-PCR. U6 served as the nuclear control, and GAPDH served as
the cytoplasmic control. The sequences of the primers are listed in
Table S1.

Transient cell transfection and lentivirus infection

For the transient cell transfection, once the cells reached 50%
confluency in six-well plates, short interfering RNA (siRNA) oligonu-
cleotides for the target gene and the pcDNA3.1 expression vector with
the target gene purchased from Gene-Pharma (Shanghai, China) were
transiently transfected into Panc-1 and MiaPaCa-2 cells using
Lipofectamine 3000 (L3000150, Invitrogen, USA) following the manu-
facturer’s instructions. The sequences of the oligonucleotides are listed
in Table S1.

For the lentivirus infection, an sh-RNA plasmid was constructed and
packaged into lentivirus by Gene-Pharma (Shanghai, China). Forty-eight
hours after the transfection virus infection, the cells were screened and
purified using puromycin (A3740, APExBIO, USA) for 2 weeks.

Western blot analysis

The total protein was extracted from the cells and tissue samples with RIPA
lysis buffer. Fractionated nuclear extract and chromatin-bound nuclear
extract proteins were obtained using a Subcellular Protein Fractionation Kit
for Cultured Cells (78840, Thermo Scientific, USA) according to the
manufacturer’s instructions.

A western blot analysis was performed as previously described [60]. In brief,
protein was electrophoretically resolved on a denaturing SDS-polyacrylamide
gel and electrotransferred onto a polyvinylidene difluoride membrane. The
membranes were blocked with 5% BSA for 1 h and then incubated overnight
at 4 °C with specific primary antibodies, HRP-conjugated secondary antibodies
were used and the bound antibodies were detected with ECL (32209, Thermo
Scientific, USA). Chemi XT4 was used to visualize the expected band. The
antibodies used in this study are listed in Table S2.

Dual-luciferase reporter assays

The indicated regions of the UPK1A-AS1 promoter were directly inserted
into the pGL3 luciferase reporter plasmid. A dual-luciferase reporter assay
system (E1910, Promega, USA) was used to detect the luciferase activities.

Chromatin immunoprecipitation (ChIP) assay

A ChIP analysis was performed with an EZ-Magna ChIP Chromatin
Immunoprecipitation kit (17-408, Millipore, USA) according to the
manufacturer’s instructions. Briefly, the cells were sheared by sonication
into 100-500 bp fragments and incubated with anti-phospho-p65 over-
night at 4 °C. Then the enriched DNA fragments were isolated and purified
from the beads for qRT-PCR. The antibodies used in this study are listed in
Table S2.

Oncogene (2022) 41:2372-2389

X. Zhang et al.

In vivo studies

All animal studies and experimental procedures were performed under an
experimental protocol approved by the South China University Animal Ethics
Committee. In brief, forty 4-week-old female nude mice were randomly divided
into eight groups and subcutaneously injected with 1*10A6 Panc-1 cells.
CAF*1/CAF® were combined with Panc-1 at 1:3 ratio. Once the tumors reached
3 mm in diameter, an anti-IL8 neutralizing antibody (20 mg/kg) and oxaliplatin
(5 mg/kg) were given by intraperitoneal (i.p.) injection once every 3 days. After
15 days of treatment, the xenografts were harvested, fixed in 10% formalin and
embedded in paraffin for subsequent analysis. The tumor volume was
measured ever%/ 3 days, and calculated with the following formular: volume
(mm?3)= (width X length)/2.

Orthotopic xenograft tumor models were generated with 1¥10A5 luc-
Panc-1 cells in the same groups and treated as subcutaneous models.
Twelve days after the implantation, treatment started and the first round of
IVIS pictures was obtained. After 15 days of treatment, the second round of
IVIS pictures was obtained, and the tumors were harvested. At each time
point of the IVIS study, 150 mg/kg D-Luciferin, potassium Salt (40902ESO1,
Yeasen, China) were injected i.p., and orthotopic fluorescence images were
detected using an in vivo FX PRO system (BRUKER Corporation, USA). In the
in vivo study, the investigators were blind to the group allocation when
assessing the outcome at each time point.

Fluorescence in situ hybridization (FISH)

The distribution of UPK1A-AS in tumor cells was detected by FISH Kit (Gene
Pharma, Guangzhou, China) according to the manufacturer’s instructions.
In brief, the cells were fixed and then hybridized with Cy3-labeled UPK1A-
AS1 probes overnight at 37 °C. DAPI was used to stain the nuclei. The
fluorescence signals were captured by confocal microscopy (Carl Zeiss AG,
Germany). The sequences of the probes are listed in Table S1.

RNA pull-down assays

Biotinylated UPK1A-AS1 was synthesized by a Transcript Aid T7 High Yield
Transcription Kit (K0441, Thermo Scientific, USA) according to the
manufacturer’s instructions. Then, RNA pull-down assays were performed
by a Magnetic RNA-Protein Pull-Down Kit (20164, Thermo Scientific, USA). In
brief, biotinylated UPK1A-AS1 immobilized on streptavidin magnetic beads
was incubated with nuclear extract overnight at 4°C. Then, the bound
captured protein was eluted from the magnetic beads and analyzed by MS
or a western blot analysis. Silver staining was performed using Pierce Silver
Stain Kit (24612, Thermo Scientific, USA) according to the instructions.

RIP assays

RIP assays were performed using an EZ-Magna RIP kit (17-700, Millipore,
USA) following the manufacturer’s instructions. In brief, cell lysates were
incubated with target antibodies or negative control normal mouse IgG.
Then the enriched RNA was isolated and purified from the beads for
gRT-PCR. The antibodies used in this study are listed in Table S2.

Neutral comet assay

Panc-1 and MIAPaCa-2 cells were treated with 50 uM oxaliplatin and 30 uM
oxaliplatin for 1 h and then harvested at the indicated time points. Neutral
comet assays were performed using a Comet Assay Kit (4250-050-K,
Trevigen, USA) according to the manufacturer’s instructions. The samples
were stained with SYBR gold (511494, Invitrogen, USA) and observed under
an Olympus FluoView 500. The quantitation of tail DNA was performed by
CASP software.

pimEJ5-GFP reporter assay

The pimEJ5-GFP reporter assay was performed as previously described [34]. In
brief, tumor cells were transfected with the pimEJ5-GFP plasmid using
Lipofectamine 3000. The cells were selected with puromycin to obtain stable
clones. Cells that stably expressed pimEJ5-GFP were transfected with pCBAScel
(I-Scel) plasmids using Lipofectamine 3000. Forty-eight to —72h after the
transfection, the GFP-positive cells were analyzed by FACS. pimEJ5-GFP was a
gift from Dr. Jeremy Stark (44026, Addgene plasmid).

Co-Immunoprecipitation (Co-IP)

Panc-1 cells transfected with control vector, UPK1A-AS1 or mutated
UPK1A-AST in region A and region B were treated with 50 uM oxaliplatin
for 1h. CO-IP was performed using a Pierce Co-IP Kit (26149, Thermo
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Scientific, USA) according to the manufacturer’s instructions. In brief, the
cells were harvested and lysed in IP buffer. Ten micrograms of anti-Ku70,
anti-Ku80 or control IgG were added to resin and incubated with 500 pg
protein mixtures overnight at 4 °C with gentle rotation. After three washes,
the proteins were extracted for a western blot analysis. The antibodies
used in this study are listed in Table S2.

Immunohistochemistry

Immunohistochemistry (IHC) was performed using paraffin-embedded
samples as previously described [61]. In brief, the specimens were
incubated with antibodies specific for a-SMA, IL8, or Ki-67 overnight at
4 °C after deparaffinization, rehydration and heat-induced antigen retrieval.
Subsequently, the specimens were washed and incubated with secondary
antibodies followed by DAB developer and hematoxylin. The antibodies
used in this study are listed in Table S2.

In situ hybridization (ISH)

A double-DIG labeled UPK1A-AS1 probe (QIAGEN, Germany) was used to
detect UPK1A-AS1 expression. Briefly, after deparaffinization, rehydration, and
proteinase K digestion, the specimens were hybridized with a probe at 55 °C
overnight. The hybridization signal was detected by an Enhanced Sensitive
ISH Detection Kit (MK1032, BOSTER, China) according to the manufacturer’s
instructions. The sequences of the probes are listed in Table S1.

Quantitative analysis of IHC and ISH

The staining scores of IL8 and UPK1A-AS1 were determined based on both
the staining intensity and number of positive cells. The scoring of the
staining intensity was as follows: 0 (no staining), 1 (light), 2 (intermediate)
and 3 (strong). The scoring of the proportion of UPK1A-AS1 positive cells
was as follows: 1 (<25%), 2 (25-50%), 3 (50-75%) and 4 (75-100%). The
final score was obtained by multiplying the staining intensity and
proportion of positively stained cells. The expression of IL8 and UPK1A-
AS1 was evaluated by the final score, with a cutoff point of <4 versus >4.

Bioinformatic analysis

The secondary structure of UPKTA and the binding motifs of Ku70 and
Ku80 were acquired using RNAalifold (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAalifold.cgi) and POSTAR2 (http://lulab.life.tsinghua.edu.
cn/postar2), respectively.

Statistical analysis

Five biological replicates were used in the animal study, and all other
experiments adopted three biological replicates. The sample sizes were
determined to ensure adequate power to detect a prespecified effect size
based on the results of a preliminary investigation and experiment. All
statistical analyses were performed using SPSS 12.0 software (IBM Corp,
USA) and GraphPad Prism version 8.0 (GraphPad Software, USA). Student's
t test or one-way analysis of variance (ANOVA) was used for the
comparisons of two or multiple groups, respectively. R? was adopted to
analyze the relationship between the IL8 IHC score and UPK1AS-AS1 ISH
score in the PDAC specimens The survival curves were analyzed by using
the Kaplan-Meier method with a log-rank test. All error bars represent the
mean + SD. p < 0.05 was considered statistically significant.

DATA AVAILABILITY

The datasets used in the current study are available from the corresponding author
upon reasonable request. The whole-genome transcriptome profile of the CAF-CM-
treated Panc-1 cells and the mRNA profile of the CAF cell lines are available in the
GEO database (GEO accession numbers: GSE183779, GSE192907).
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