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Chemoresistance is a significant barrier to effective cancer treatment. Potential mechanisms for chemoresistance include reactive oxygen
species (ROS) accumulation and expression of chemoresistance-promoting genes. Here, we report a novel function of lncRNA16 in the
inhibition of ROS generation and the progression of chemoresistance. By analyzing the serum levels of lncRNA16 in a cohort of 35 patients
with non-small cell lung cancer (NSCLC) and paired serum samples pre- and post-treatment from 10 NSCLC patients receiving neoadjuvant
platinum-based chemotherapy, performing immunohistochemistry (IHC) assays on 188 NSCLC tumor samples, using comprehensive iden-
tification of RNA-binding proteins by mass spectrometry (ChIRP-MS) assays, as well as RNA immunoprecipitation (RIP) and RNA pull-down
analyses, we discovered that patients with increased serum levels of lncRNA16 exhibited a poor response to platinum-based chemotherapy.
The expression of hemoglobin subunit beta (HBB) and NDUFAF5 significantly increases with the development of chemoresistance.
LncRNA16 binds to HBB and promotes HBB accumulation by inhibiting autophagy. LncRNA16 can also inhibit ROS generation via the HBB/
NDUFAF5 axis and function as a scaffold to facilitate the colocalization of HBB and NDUFAF5 in the mitochondria. Importantly, preclinical
studies in mouse models of chemo-resistant NSCLC have suggested that lncRNA16 targeting by trivalent N-acetylgalactosamine (GalNAc)-
conjugated siRNA restores chemosensitivity and results in tumor growth inhibition with no detectable toxicity in vivo. Overall, lncRNA16 is
a promising therapeutic target for overcoming chemoresistance, and the combination of first-line platinum-based chemotherapy with
lncRNA16 intervention can substantially enhance anti-tumor efficacy.
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INTRODUCTION

Chemotherapy, one of the most important cancer treatment
strategies, has been widely applied to cancer treatment (Zhang et
al., 2022a). Platinum-based chemotherapy is a first-line systemic
therapy for lung, metastatic urothelium, and ovarian cancers
(Galsky et al., 2011; Hanna et al., 2017; Pignata et al., 2017).
Compared with surgery alone, platinum-based chemotherapy
remarkably improves survival time and reduces the risk of death
in patients with cancer (NSCLC Meta-analysis Collaborative
Group, 2014). For 36%–72% of non-small cell lung cancer
(NSCLC), ~70%–80% of epithelial ovarian cancer, and ~50% of
bladder cancer, however, a large proportion of patients
experience chemoresistance, side effects, and relapse (Cathomas
et al., 2022; Galsky et al., 2011; Pignata et al., 2017; Wang et
al., 2017), leading to an urgent need to seek novel strategies. The
development of chemoresistance is closely associated with
reduced reactive oxygen species (ROS) accumulation, expression

of chemoresistance-promoting genes, and enhanced oxidative
phosphorylation in the mitochondria (Bhola et al., 2013; Choi et
al., 2020; Lee et al., 2017). Evidence has shown that the activity
of antioxidant enzymes usually increases in chemo-resistant
cancer cells, decreasing ROS levels and further inhibiting cell
apoptosis (Xu et al., 2022). Cytoprotective antioxidation has
become an obstacle to effective anti-tumor treatment. Therefore,
identifying new targets to upregulate ROS levels is an emerging
strategy for overcoming chemoresistance.
Long non-coding RNAs (lncRNAs) are a class of non-coding

RNA (ncRNAs) longer than 200 nt and lack open reading frames
(Zhang et al., 2023). LncRNAs are abnormally expressed in
cancers and are closely related to an increased risk of cancer
metastasis (Gupta et al., 2010; Shah and Sukumar, 2010). As
the most abundant type of regulatory RNA, lncRNAs are widely
distributed in extracellular vesicles, peripheral serum, saliva,
urine, and other bodily fluids (He et al., 2021; Matsui and Corey,
2017), indicating the superior potential of lncRNA interference
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and the necessity of developing effective lncRNA intervention
targets. Our previous study used a custommicroarray platform to
construct lncRNA expression profiles in tumors and paired
adjacent normal tissues from 76 patients (20 with gastric cancer,
20 with colon cancer, 16 with liver cancer, and 20 with lung
cancer). We identified 157 abnormally expressed lncRNAs and
validated them through reverse transcription PCR (RT-qPCR).
Among them, lncRNA16 was differentially expressed only in
lung cancer, whereas the other 156 lncRNAs were dys-regulated
in at least two cancer types (Yuan et al., 2016). In addition, we
found that lncRNA16 contributes to tumor growth, acts as a
potential biomarker for the diagnosis of early-stage NSCLC, and is
a potential therapeutic target for NSCLC treatment (Zhu et al.,
2017). However, it remains unclear whether lncRNA16
promotes drug resistance.
Here, we report a novel function of lncRNA16 in the

progression of chemoresistance. LncRNA16 inhibited ROS
accumulation via the hemoglobin subunit beta (HBB)/NDUFAF5
pathway. We also investigated the effects of lncRNA16 knock-
down with siRNA using trivalent N-acetylgalactosamine (Gal-
NAc) as the carrier. GalNAc-silncRNA16 (named Nano-
silncRNA16) clearly inhibits tumor growth and enhances the
therapeutic efficacy of cancer cells in vitro and in vivo, indicating
its potential as a treatment strategy for chemoresistance.

RESULTS

High level of lncRNA16 is related to chemoresistance

Considering the critical role of platinum-based chemotherapy in
cancer treatment, the correlation between lncRNA16 levels and
the response to platinum-based chemotherapy was assessed.
Interestingly, non-responsive patients exhibited higher serum
levels of lncRNA16 than responsive patients (P=0.0023) (Figure
1A). To analyze the dynamic expression of lncRNA16 in response
to platinum-based therapy, we collected paired serum samples
pre- and post-treatment from 10 patients with NSCLC receiving
neoadjuvant platinum-based chemotherapy, including five re-
sponders and five non-responders. Importantly, the comparison
between pre- and post-treatment serum lncRNA16 levels showed
that after chemotherapy, lncRNA16 levels in the non-responsive
group remained almost unchanged (Figure 1B), and a significant
increase in lncRNA16 levels was observed among the five
patients in the non-responsive group (Figure 1B), indicating that
lncRNA16 enhanced chemoresistance. RT-qPCR was performed
to compare lncRNA16 levels in A549 and cisplatin-resistant
A549 (A549/DDP) cells. Interestingly, the lncRNA16 levels were
significantly higher in A549/DDP cells (Figure 1C). Overexpres-
sion of lncRNA16 in A549 cells caused an approximately 4.40-
fold increase in the IC50 of cisplatin (DDP) (Figure S1A in
Supporting Information). In contrast, the knockdown of
lncRNA16 induced a 7.08-fold decrease in the IC50 of DDP in
the A549/DDP cells (Figure S1B in Supporting Information),
indicating that high lncRNA16 expression enhances the
resistance of A549 cells to DDP. MTS assays were performed to
confirm that lncRNA16 enhanced DDP resistance. The results
indicated that sensitivity to DDP was significantly increased
when lncRNA16 was knocked down in A549/DDP cells (Figure
1D), causing substantial inhibition of cell proliferation (Figure
1D). In contrast, lncRNA16 overexpression facilitated the
proliferation of A549 cells, with or without DDP treatment

(Figure 1E). In addition, lncRNA16 knockdown promoted DDP
sensitivity, which was further confirmed by colony formation
assays (Figure 1F–G). To further demonstrate that lncRNA16
facilitates chemoresistance, lncRNA16 expression was investi-
gated in several other cisplatin-resistant NSCLC cell lines. The
results showed that H460/DDP, H520/DDP, and H226/DDP cells
exhibited higher lncRNA16 levels than their chemo-sensitive
parental cell lines (Figure S2A in Supporting Information).
H460/DDP and H520/DDP cells were used to verify the function
of lncRNA16 in contributing to chemoresistance. As expected,
lncRNA16 overexpression promoted proliferation and DDP
resistance in H520 and H460 cells (Figure S2B and C in
Supporting Information), whereas lncRNA16 knockdown in-
hibited cell growth and enhanced DDP sensitivity in H520/DDP
and H460/DDP cells (Figure S2D and E in Supporting Informa-
tion). This was further verified by colony formation assays
(Figure S2F–I in Supporting Information). Additionally,
lncRNA16 had almost no effect on cell invasion or migration
(Figure S3 in Supporting Information). These results revealed
that high levels of lncRNA16 are related to chemoresistance and
that lncRNA16 promotes DDP resistance.

LncRNA16 binds to HBB and enhances HBB accumulation
via autophagy

Increasing evidence has shown that RNA-binding proteins
(RBPs) play key roles in lncRNA-mediated chemoresistance and
tumor progression (Shi et al., 2020). To reveal proteins binding
to lncRNA16, comprehensive identification of RNA-binding
proteins by mass spectrometry (ChIRP-MS) was performed, and
five proteins, including hemoglobin subunit alpha (HBA1), HBB,
lipocalin-1 (LCN1), SNC73 (IgHα1), and GAPDH, were identified
(Figure 2A). The results indicated the highest enrichment in
HBB. Additionally, the RNA immunoprecipitation (RIP) assay
indicated significant enrichment of lncRNA16 in the immuno-
precipitation of HBB (Figure S4 in Supporting Information)
(SNC73 was excluded because there were no corresponding
commercial antibodies). Therefore, HBB was selected for further
studies. Western blotting revealed that HBB protein levels were
higher in A549/DDP cells than in A549 cells (Figure 2B).
Knockdown or overexpression of lncRNA16 also significantly
affected HBB expression, indicating that lncRNA16 binds to and
regulates HBB protein levels (Figure 2B). HBB is involved in Fe3+

and oxygen transport (Pillai et al., 2020), and structural
mutations or abnormal enrichment of HBB leads to hemoglobin
dysfunction, sickle cell disease, and thalassemia (Newby et al.,
2021). Recently, HBB was found to perform other functions,
such as oxygen sensing, ROS scavenging, and iron metabolism
regulation (Zheng et al., 2017). LncRNA16 is located on human
chromosome 11q12.3, is composed of six exons with a full length
of 240 nt, and spanned nearly 1.60 kilobases (kb). To further
explore the specific segment of lncRNA16 that binds to HBB, the
secondary structure of lncRNA16 was analyzed using the online
tool RNAFOLD. This tool provides two predicted structures: a
minimum free-energy structure (Figure S5A in Supporting
Information) and a centroid secondary structure (Figure S5B in
Supporting Information). Based on the similarity between the
two structures, the two sequences were named lncRNA16
domains (RD) (Figure S5A and B in Supporting Information).
Therefore, lncRNA16 was divided into four truncation regions:
T1, T2, T3 and T4 (Figure 2C). RNA pull-down analysis showed
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that lncRNA16 binds to HBB through T1, T2, and T4 (Figure
2D). Furthermore, 3D views of the binding between lncRNA16
and HBB were analyzed using nucleotide-protein docking. The
results showed that lncRNA16 bound tightly to HBB (Figure 2E),
with an extremely low binding energy of−1,194.646 kcal mol−1.
In addition, the T1, T2, and T4 segments of lncRNA16 bound to
HBB, whereas T3 (marked as green) did not (Figure 2E).
Furthermore, a combination of fluorescence in situ hybridization
(FISH) and immunofluorescence (IF) assays suggested that HBB
and lncRNA16 were mainly located in the cytoplasm (Figure S6
in Supporting Information); furthermore, lncRNA16 and HBB
were colocalized in the cytoplasm (Figure 2F; Figure S7A in
Supporting Information).
In eukaryotic cells, proteins are degraded mainly via autop-

hagy or the proteasomal pathway (Gwon et al., 2021).

A549/DDP cells were treated with the proteasome inhibitor
MG132 to determine the mechanism of HBB degradation.
Interestingly, the HBB protein level did not increase compared
with that in the DMSO group (Figure 2G), indicating that HBB
was not degraded via the proteasome pathway. To verify whether
HBB was degraded by autophagy, increasing concentrations of
the autophagy inhibitor chloroquine (CQ) were added. As
expected, HBB protein levels increased with increasing CQ
concentrations (Figure 2H). In addition, the treatment of
A549/DDP cells with rapamycin (an autophagy activator)
resulted in a pronounced reduction in HBB protein levels (Figure
2I). To determine whether lncRNA16 affects HBB protein levels
by regulating autophagy, the effects of lncRNA16 on autophagy
were examined. Interestingly, knockdown or overexpression of
lncRNA16 caused a corresponding increase or decrease in

Figure 1. High level of lncRNA16 is related to chemoresistance. A, The pre-treatment serum lncRNA16 levels were compared among the response (n=16) and non-response
(n=19) NSCLC patients. B, The pre- and post-treatment serum lncRNA16 levels were investigated among the response (n=5) and non-response (n=5) NSCLC patients. C,
Expression of lncRNA16 in A549 and A549/DDP cells was compared via RT-qPCR analysis. D and E, MTS assays were performed to show cell growth at 0, 24, 48, and 72 h. F
and G, Colony formation assays were performed to show cell proliferation capability. For A, statistical significance was calculated with the Mann-Whitney U-test; For B, statistical
significance was calculated with the paired t-test. For D and E, statistical significance was calculated with two-way ANOVA. For F and G, statistical significance was calculated
with one-way ANOVA. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.
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autophagy, respectively (Figure 2J), suggesting an inhibitory
effect of lncRNA16 on autophagy. Additionally, treatment with
CQ reversed HBB inhibition caused by lncRNA16 knockdown
(Figure 2K), corroborating that lncRNA16 contributes to HBB
accumulation by inhibiting autophagy.

LncRNA16 inhibits ROS production and enhances
chemoresistance via HBB

HBB inhibits ROS-mediated cytotoxicity and protects cells from
oxidative damage (Li et al., 2013; Zheng et al., 2017). To
determine whether lncRNA16 and HBB regulate ROS levels in
A549/DDP cells, MitoSOX was used to label the ROS. As
expected, ROS levels significantly decreased in both A549/DDP
cells and lncRNA16-overexpressed A549 cells compared to the
control cells (Figure 3A and B). In contrast, ROS levels were
upregulated in lncRNA16 and HBB knocked-down cells (Figure
3C and D), indicating that lncRNA16 and HBB are involved in
ROS regulation. Additionally, lncRNA16 knockdown increased
the ROS levels, which was attenuated by HBB overexpression
(Figure 3E). Conversely, lncRNA16 overexpression resulted in a
remarkable decrease in ROS levels, which was reversed by HBB
knockdown (Figure 3E), suggesting that lncRNA16 inhibited
ROS levels through HBB.
To gain a better understanding of HBB in chemoresistance in

clinics, we first performed a retrospective analysis of 34
treatment-naïve NSCLC patients in The Cancer Genome Atlas
(TCGA) dataset, who subsequently received platinum-based
chemotherapy, and were divided into two groups according to
their response to treatment. A significant difference was observed
in HBB mRNA levels between the two groups at baseline
(P=0.0079) (Figure S8 in Supporting Information). Further-
more, to investigate how HBB responds to platinum-based
chemotherapy, we retrospectively collected 188 cancer samples
from 47 patients with NSCLC using endoscopic biopsy and
surgery at pre-treatment (baseline) and post-treatment time
points, respectively. Among them, 20 responded well to
platinum-based chemotherapy, whereas the other 27 showed
resistance to therapy. Immunohistochemistry (IHC) analyses
showed almost no difference in HBB protein levels at baseline
between the response and non-response groups; however, after
treatment, the non-response group showed higher HBB levels
(Figure 3F). After receiving platinum-based chemotherapy, HBB
levels dramatically decreased in the responsive group, whereas
HBB protein levels increased in the non-responsive group, which
caused remarkable post-treatment differences between the two
groups (Figure 3F), suggesting that HBB changes with chemore-
sistance and is associated with platinum resistance. MTS assay
was performed to assess the effect of HBB on DDP resistance. HBB
knockdown significantly decreased the cell viability at 24, 48,

Figure 2. LncRNA16 binds with HBB and promotes accumulation of HBB via autophagy. A, The proteins bound to lncRNA16 were detected by ChIRP-MS technology in
lncRNA16 over-expressed A549 cells. B, Effects of lncRNA16 on HBB protein levels were investigated through Western blots. C, The secondary structure of lncRNA16 was
predicted through RNAFOLD. D, RNA pull-down assay was performed to detect the specific region of lncRNA16 binding to HBB. The input was used as a positive control. FL and
AS represented the sense and antisense strands of lncRNA16, respectively. E, The 3D views of binding between lncRNA16 and HBB. The T3 segment of lncRNA16 was marked as
green. F, FISH and IF assay were combined to show the colocalization of lncRNA16 and HBB in A549/DDP cells. G, Western blotting was performed to detect the effects of MG132
and lncRNA16 knockdown on HBB protein levels. H and I, Western blot was performed to detect the effects of activating or inhibiting autophagy on HBB protein levels. The
A549/DDP cells were treated with an increased concentration of autophagy inhibitor CQ or autophagy activator rapamycin (Rapa). J, Western blot was performed to detect the
effects of lncRNA16 on autophagy. K, Western blot was performed to detect the effects of the combination of lncRNA16 knockdown with autophagy inhibition on HBB protein
levels.
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and 72 h (Figure 3G). Moreover, HBB knockdown caused an
approximately 5.42-fold decrease in the IC50 of DDP in A549/
DDP cells (Figure 3H), indicating that HBB contributed to DDP
resistance. MTS experiments were performed to confirm that
lncRNA16 promoted DDP resistance via HBB, and the results
revealed that HBB overexpression relieved the inhibition of
proliferation caused by lncRNA16 knockdown within 24 h
(Figure 3I). Furthermore, the colony formation assay suggested
that HBB knockdown inhibited the cell growth-promoting
function caused by lncRNA16 overexpression (Figure 3J),
whereas lncRNA16 knockdown followed by HBB overexpression

showed the opposite results (Figure 3K). Collectively, lncRNA16
inhibits ROS production and enhances A549 DDP resistance via
HBB.

LncRNA16 acts as a scaffold to facilitate the binding of
HBB and NDUFAF5

Mitochondrial oxidative respiration is the primary source of ROS,
which is generated by mitochondrial complexes I (CI) and III
(CIII) (West et al., 2011). Based on these results, we speculate
that lncRNA16 and HBB may regulate ROS levels in the

Figure 3. LncRNA16 promotes DDP resistance and inhibits ROS via HBB. A, ROS levels detected in A549 and A549/DDP cells. B, Detection of the effects of overexpression of
lncRNA16 on ROS levels in A549 cells. C, MitoSOX was used to label ROS. ROS detection was performed to investigate the effects of lncRNA16 knockdown on ROS levels. D, ROS
detection was performed to investigate the effects of HBB knockdown on ROS levels. E, Rescue experiments were performed to investigate whether lncRNA16 inhibited ROS levels
through HBB. F, IHC analyses were performed to detect pre-treatment and post-treatment HBB protein changes among 47 NSCLC patients. G, MTS assays were performed to
investigate the effects of HBB knockdown on cell proliferation in A549/DDP cells. H, IC50 detection was performed to investigate the effects of HBB knockdown on DDP sensitivity
in A549/DDP cells. I, Rescue experiments investigated whether lncRNA16 contributed to cell proliferation via HBB. J and K, Rescue analyses were performed to investigate
whether lncRNA16 contributed to colony formation via HBB. Statistical significance was calculated with Student’s t-test for A and B. For E and H, statistical significance was
calculated with one-way ANOVA. For F, statistical significance was calculated with the Mann-Whitney U-test. For G, I–K, statistical significance was calculated with two-way
ANOVA (*, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001; ns, non-significance).
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mitochondria. Subsequently, protein binding to HBB was
analyzed using an online tool (http://gpsprot.org/). Interestingly,
the results demonstrated that HBB was found to bind to
NDUFAF5, which is an important subunit of CI (Figure 4A).
NDUFAF5 is involved in the early-stage assembly of the CI and is
closely related to protein translation of the mitochondrial gene
ND1 and mitochondrial activity (Carilla-Latorre et al., 2013).
However, the interaction and regulation between HBB and
NDUFAF5 remain unclear. Therefore, co-immunoprecipitation
(Co-IP) experiments were performed to confirm this binding
(Figure 4B). RT-qPCR was performed to determine the regulation
of NDUFAF5 by lncRNA16. The results revealed almost no
difference in NDUFAF5 mRNA levels between A549 and
A549/DDP cells (Figure S9A in Supporting Information). In
addition, lncRNA16 had almost no effect on the NDUFAF5
mRNA levels (Figure S9B and C in Supporting Information).
Western blot analysis showed that NDUFAF5 protein levels were
upregulated in A549/DDP cells, and the protein levels of
NDUFAF5 were regulated by lncRNA16 (Figure 4C). Rescue
experiments suggested that lncRNA16 knockdown reduced
NDUFAF5 expression, which was reversed by HBB overexpres-
sion (Figure 4D). In addition, HBB knockdown inhibited the
upregulation of NDUFAF5 caused by lncRNA16 overexpression
(Figure 4E), confirming that lncRNA16 regulates NDUFAF5 via
HBB. HBB had little effect on the transcription of NDUFAF5
(Figure S9D and E in Supporting Information). In contrast,
western blotting revealed that HBB contributed to NDUFAF5
expression (Figure 4F). An effect at the translational or post-
translational level is likely responsible, which has been proven by
the fact that the upregulated NDUFAF5 protein had similar
mRNA levels in the HBB-overexpressing group compared to the
control group. Thus, we propose that HBB facilitates the stability
of NDUFAF5 and promotes its degradation. Considering that the
ubiquitin-proteasome system is the main pathway of protein
degradation (Paudel et al., 2023), we knocked down HBB and
detected NDUFAF5 protein in the presence of cycloheximide, a
protein synthesis inhibitor, and found a significantly decreased
protein level of NDUFAF5 in the HBB knockdown group (Figure
4G). As expected, HBB knockdown significantly increased the
ubiquitination of NDUFAF5 (Figure 4H), indicating that HBB
binds to NDUFAF5 and contributes to NDUFAF5 upregulation
via the ubiquitin-proteasome pathway. Previous studies have
shown that a lack of NDUFAF5 resulting from RNA interference
(RNAi) knockdown significantly reduces the steady state and
activity of mitochondrial complex I (Sugiana et al., 2008; Yang et
al., 2021). Therefore, we investigated whether HBB regulates CI
activity via NDUFAF5. As was shown in Figure S10A–D in
Supporting Information, HBB/NDUFAF5 knockdown or over-
expression resulted in a corresponding decrease or increase in CI
activity, respectively (Figure S10A–D in Supporting Informa-
tion). Additionally, we demonstrated that NDUFAF5 inhibits ROS
levels by measuring ROS levels upon NDUFAF5 knockdown or
overexpression (Figure S10E and F in Supporting Information).
Combining the above results with the fact that HBB inhibited
ROS levels (Figure 3D and E), we demonstrated that HBB and
NDUFAF5 facilitate the homeostasis and activity of complex I. In
addition, our study suggests that HBB binds to NDUFAF5 and
promotes an increase in NDUFAF5 protein levels by inhibiting its
degradation via the ubiquitination pathway (Figure 4B, F and H).
Taken together, we concluded that HBB bound to NDUFAF5 and
stabilized its protein, thereby contributing to the maintenance of

homeostasis and the activity of complex I. Together, lncRNA16
regulated the HBB/NDUFAF5 axis, substantially decreasing ROS
levels.
LncRNAs can act as scaffolds to facilitate protein interactions

(Tsai et al., 2010). Hence, lncRNA16 was knocked down to
examine its effects on the binding of HBB to NDUFAF5. A weak
interaction was observed between HBB and NDUFAF5 (Figure
4I). In contrast, lncRNA16 overexpression substantially en-
hanced their binding (Figure 4I). To investigate whether the
weakened interaction between HBB and NDUFAF5 was caused
by lncRNA16 knockdown, we transfected HBB overexpression
vectors or empty vectors upon knocking down lncRNA16 and
then evaluated the binding of HBB and NDUFAF5 by Co-IP
analysis. Although overexpression of HBB increased the protein
levels of HBB and NDUFAF5, the binding between HBB and
NDUFAF5 was attenuated when lncRNA16 was knocked down
(Figure 4J). The interaction between HBB and NDUFAF5 was also
attenuated when RNase was added to degrade the RNA (Figure
4K). Thus, lncRNA16 acts as a scaffold to facilitate the binding of
HBB and NDUFAF5.

LncRNA16 facilitates the colocalization of HBB and
NDUFAF5 in the mitochondria

To investigate the role of lncRNA16 in the colocalization of HBB
and NDUFAF5, the locations of lncRNA16, HBB, and NDUFAF5
were investigated. The results showed that lncRNA16, HBB, and
NDUFAF5 were located in the mitochondria (Figure 5A; Figure
S7B–D in Supporting Information) and that lncRNA16, HBB,
and NDUFAF5 were colocalized in the mitochondria (Figure 5B;
Figure S7E in Supporting Information). Western blotting showed
that lncRNA16 promoted the accumulation of HBB and
NDUFAF5 in the mitochondria (Figure 5C), which was also
verified by IF analyses (Figure 5D and E), indicating that
lncRNA16 was essential for the colocalization of HBB and
NDUFAF5 in the mitochondria.

NDUFAF5 facilitates chemoresistance

Based on these results, we evaluated the effects of NDUFAF5 on
DDP resistance. MTS experiments revealed that when NDUFAF5
was knocked down, the presence of DDP significantly attenuated
the viability of A549/DDP cells (Figure 6A). Moreover, NDUFAF5
knockdown significantly inhibited cell proliferation compared to
the control group treated with DDP (Figure 6A). In contrast,
NDUFAF5 overexpression facilitated cell proliferation regardless
of the presence of DDP in A549 cells (Figure 6B). Additionally,
colony formation assays further validated these results (Figure
6C–F), corroborating the finding that NDUFAF5 improved DDP
resistance. To further understand the role of NDUFAF5 in clinical
chemoresistance, 34 NSCLC patients in the TCGA dataset were
analyzed. The results revealed that NDUFAF5 mRNA levels were
higher at baseline in non-responsive patients than in responsive
patients (Figure 6G), whereas in the results of immunohisto-
chemical analyses of pre-treatment NSCLC tissues from 47
patients, the responders and non-responders showed almost the
same NDUFAF5 protein levels (Figure 6H). Interestingly, after
receiving platinum-based treatment, NDUFAF5 protein levels in
the response group significantly decreased, whereas the non-
response group showed the opposite results, which caused more
significant post-treatment differences between the two groups

668 SCIENCE CHINA Life Sciences Vol.67 No.4, 663–679 April 2024 https://doi.org/10.1007/s11427-023-2434-8

http://gpsprot.org/
https://doi.org/10.1007/s11427-023-2434-8


(Figure 6H), indicating that NDUFAF5 contributes to chemore-
sistance.

Intervention of lncRNA16 with siRNA inhibits tumor
progression in vitro and vivo

Targeting lncRNA16 is a promising strategy for overcoming
chemoresistance. RNAi therapy has received widespread atten-
tion and achieved significant breakthroughs in preclinical models
by targeting specific genes, enabling precise and personalized
treatment with high safety and lasting effects (Davis et al., 2010;
Elbashir et al., 2001; Li et al., 2020); therefore, two siRNAs were
designed to target lncRNA16, with knockdown efficiencies of
40% and 60%, respectively (Figure 7A). MTS experiments
suggested that these two siRNAs significantly retarded cell
proliferation (Figure 7B). Nevertheless, the inhibitory effects on
colony formation were observed only in the silncRNA16#2
group (Figure 7C). Thus, silncRNA16#2 was selected for follow-
up studies. It’s well known that siRNA was easily degraded by
nucleases in vivo (Ambardekar et al., 2011). SilncRNA16#2 was
modified with cholesterol for stabilization to avoid degradation
and increase the persistence of RNAi in vivo and labeled with cy3
fluorescence for visualization. Confocal imaging illustrated
successful cellular uptake of silncRNA16#2 by A549/DDP cells
4 h after transfection (Figure 7D). Importantly, modified
silncRNA16#2 (named cy3-silncRNA16#2) exerted substantial

knockdown efficiency of lncRNA16, inhibited the HBB/NDU-
FAF5 axis, accelerated ROS generation, and caused significant
retardation of cell proliferation (Figure 7E–H). Overall, the
chemical modification did not impair the inhibitory effects of
silncRNA16#2 on cell proliferation.
To further explore the chemoresistance-overcoming effects of

lncRNA16 interference in vivo, A549/DDP-bearing mouse
models were established, and cy3-siRNA and DDP were
administered every three days for a total of four cycles (Figure
7I). After all treatments, the mice were sacrificed, and the tumors
in the groups are shown in Figure 7J. Notably, the administration
of DDP in combination with cy3-silncRNA16#2 significantly
inhibited tumor growth without a loss of body weight (Figure 7J;
Figure S11A and B in Supporting Information). Hematoxylin and
eosin (H&E) staining revealed no structural abnormalities in the
livers or kidneys (Figure 7K). Taken together, targeting
lncRNA16 leads to safe and effective growth retardation of
tumors.

Nano-based delivery of siRNA exhibits more significant
tumor suppression effects than siRNA

Nanocarriers are widely used for RNAi delivery because they
efficiently mediate RNAi (Zou et al., 2020). Because of their
highly effective delivery potential, GalNAc-conjugated RNAi
drugs currently account for one-third of RNAi drugs in clinical

Figure 4. LncRNA16 acts as a scaffold to facilitate the binding of HBB and NDUFAF5. A, Analysis of HBB-binding proteins by online tools (http://gpsprot.org/). B, Co-IP analyses
were performed to confirm the binding of HBB with NDUFAF5. C, Western blots were performed to investigate the effects of lncRNA16 on NDUFAF5 protein levels. D–E, A rescue
assay was performed to confirm that lncRNA16 regulated NDUFAF5 via HBB. F, Western blots were performed to investigate the effects of HBB on NDUFAF5 protein levels. G,
Western blots were performed to investigate the effects of HBB knockdown on the expression of NDUFAF5 protein in the presence of CHX. H, Ubiquitinated NDUFAF5 was detected
by immunoprecipitation with anti-NDUFAF5 antibody in A549/DDP cells transfected with NC or HBB-siRNAs. I, Co-IP was performed to investigate the effects of lncRNA16 on
the binding of HBB with NDUFAF5. J, Co-IP was performed to investigate the effects of lncRNA16 knockdown combined with HBB overexpression on the binding of HBB with
NDUFAF5. K, Co-IP was performed to investigate the effects of RNase treatment on the binding of HBB with NDUFAF5.
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trials (Kanasty et al., 2013). GIVLAARI, the first marketed RNAi
therapy, was also developed based on GalNAc delivery, suggest-
ing it is safe for clinical applications (Huang et al., 2022). GalNAc

is a natural ligand of the asialoglycoprotein receptor (ASGPR),
which is highly expressed in hepatocytes and also expressed in
extrahepatic cancer cells such as A549, MCF7, and HCT116,

Figure 5. LncRNA16 facilitates the colocalization of HBB and NDUFAF5 in the mitochondria. A, FISH and IF assays were performed to show the location of lncRNA16, HBB, and
NDUFAF5 in the mitochondria. B, FISH and IF assays were combined to show the colocalization of lncRNA16, HBB, and NDUFAF5 in the mitochondria. C, Western blots were
performed to investigate the effects of lncRNA16 on the accumulation of HBB and NDUFAF5 in the mitochondria. β-actin and Tim23 were used as cytoplasmic and mitochondrial
references, respectively. D, IF assay was performed to investigate the effects of lncRNA16 knockdown on the accumulation of HBB and NDUFAF5 in the mitochondria. E, IF assay
was performed to investigate the effects of lncRNA16 overexpression on the accumulation of HBB and NDUFAF5 in the mitochondria. Scale bars represented 5 μm.

Figure 6. NDUFAF5 facilitates chemoresistance. A and B, MTS assay was performed to investigate the effects of NDUFAF5 on cell viability. C–F, Colony formation assays were
performed to investigate the effects of NDUFAF5 on cell proliferation. G, Comparison of pre-treatment NDUFAF5 mRNA levels among the response (n=26) and non-response
(n=8) NSCLC patients in TCGA datasets. H, IHC analyses were performed to detect pre- and post-treatment NDUFAF5 protein changes among 47 NSCLC patients. For A and B,
statistical significance was calculated with two-way ANOVA. For C–F, statistical significance was calculated with one-way ANOVA. For G and H, statistical significance was
calculated with the Mann-Whitney U-test. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001; ns, non-significance.
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representing a broad ligand for multiple tumor imaging and
therapy (Ma et al., 2015; Nair et al., 2017; Sun et al., 2020).
Therefore, GalNAc conjugates are not only applied in treating
liver disease, but also in lung, pancreas, and colorectal cancer in
phase II or III clinical trials (Winkle et al., 2021). These results
indicated the potential application of GalNAc conjugates in
extrahepatic diseases. The abundance of lncRNA16 in tumors
and higher lncRNA16 levels in chemo-resistant tumors make it
possible to target lncRNA16 based on GalNAc delivery in
extrahepatic tumors. Importantly, this treatment integrates the
advantages of GalNAc with convenient administration, stable
metabolism, and non-toxic side effects (Brown et al., 2020; Yu et
al., 2021). Therefore, GalNAc-conjugated lncRNA16 interven-
tion provides a novel strategy for tumor targeting and efficient

cancer inhibition.
GalNAc-silncRNA16 (named Nano-silncRNA16) was prepared

as shown in Figure S12A in Supporting Information. The 5′ sense
strand of Nano-silncRNA16 was attached to cholesterol, and the
antisense strand was synthesized with cy3 linked. After the
construction, mass spectrometry detection showed that the
molecular weight of Nano-silncRNA16 was 7,337.075 D, with
a small deviation of −0.053% compared with the standard
weight, demonstrating the successful construction of Nano-
silncRNA16 (Figure S12B in Supporting Information). Subse-
quently, the shape of Nano-silncRNA16 was observed using
transmission electron microscopy (TEM), which revealed that
Nano-silncRNA16 was spherical with an average size of
26.57 nm (Figure S12C and D in Supporting Information).

Figure 7. LncRNA16 interference inhibits tumor progression in vitro and in vivo. A, RT-qPCR was performed to investigate whether siRNA could efficiently knock down
lncRNA16; B, MTS assays were performed to detect cell inhibition after lncRNA16 interference by siRNA. C, Colony formation assays detected cell proliferation after lncRNA16
intervention by siRNA. D, The uptake of cy3-silncRNA16#2 by A549/DDP cells was observed using confocal microscope 4 h after transfection. E, RT-qPCR was performed to
detect the knockdown efficiency of lncRNA16 by chemically modified siRNA (cy3-silncRNA16#2). F, Western blotting was performed to detect the effects of modified siRNA on
the HBB/NDUFAF5 axis. G, Flow cytometry analysis was performed to investigate the effects of modified siRNA on ROS levels. H, MTS assays were performed to detect cell
proliferation by chemically modified siRNA. I, Construction of subcutaneous xenograft models and the frequency of therapy administration. The A549/DDP-bearing mice were
administered with cy3-silncRNA16 (subcutaneously, 0.5 mg kg−1) or/and DDP (intraperitoneally, 5 mg kg−1) every three days for four cycles. cy3-silncRNA16#NC was used as
the negative control of cy3-silncRNA16#2, and PBS was used as the negative control of DDP. J, Picture of tumors among groups. K, H&E staining was performed to observe
structure abnormalities in the livers and kidneys. For A and C, statistical significance was calculated with one-way ANOVA. For B and H, statistical significance was calculated
with two-way ANOVA. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001; ns, non-significance.
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Moreover, Nano-silncRNA16 was successfully taken up by
A549/DDP cells 6 h after transfection (Figure 8A). To compare
the inhibition effects of silncRNA16 and Nano-silncRNA16 on
lncRNA16, RT-qPCR was performed. The results showed that
Nano-silncRNA16 exerted a higher lncRNA16 knockdown
efficiency than silncRNA16, with a rate of 85.7% vs. 78.5%
(Figure 8B). Moreover, more potent inhibition of cell proliferation
was produced by Nano-silncRNA16 (Figure 8C), indicating that
GalNAc delivery substantially enhanced RNAi function. To
compare the anti-chemoresistance effects of silncRNA16 and
Nano-silncRNA16 in vivo, A549/DDP-bearing mice were ran-
domly divided into five groups, and six cycles of lncRNA
interference with DDP or phosphate buffer solution (PBS) were
administered as follows: siRNA or Nano-siRNA was injected
subcutaneously on day 1, and PBS or DDP was administered
intraperitoneally on day 2 (Figure 8D). Fluorescence intensity
was analyzed to compare the enrichment of silncRNA16 and
Nano-silncRNA16 in the tumors and organs. The results showed
that the fluorescence intensity was high in the tumor, liver, and
kidney but relatively weak in the lung, spleen, and heart (Figure
8E). Moreover, the fluorescence enrichment of Nano-silncRNA16
in tumors was significantly higher than that of silncRNA16 at
0.5 and 2 h (Figure 8E), illustrating that GalNAc delivery
effectively increased the accumulation and retention of
silncRNA16 in tumors. After completing all administration
cycles, the mice were sacrificed, and the tumors among the
groups are shown in Figure 8F. The combination of DDP and
silncRNA16 effectively hampered tumor growth. Notably, Nano-
silncRNA16 exerted higher tumor suppression effects than
silncRNA16 (Figure 8F and G) without weight loss or organ
damage (Figure 8H; Figure S13 in Supporting Information).
Moreover, histopathological evaluation by H&E staining showed
that Nano-silncRNA16 did not cause any significant changes in
organ morphology (Figure 8I). Considering that systemic toxicity
has always been a critical concern when using nanodrugs in vivo,
we collected plasma samples and performed biochemical func-
tional analysis. Notably, no statistical differences were found in
total protein (TP), albumin (ALB), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), and glutamyltransferase
(GGT) levels among the groups (Figure S14A, B, and D–F in
Supporting Information). In addition, apparent differences in
alanine aminotransferase (ALT) and direct bilirubin (DBIL) were
observed in the silncRNA16 combined with the DDP group but
not in the Nano-silncRNA16 combined with the DDP group,
revealing that GalNAc possessed superior advantages in decreas-
ing in vivo toxicity (Figure S14C and G in Supporting Informa-
tion). In addition, renal function and myocardial enzyme
analyses showed almost no differences between the groups
(Figures S15 and S16 in Supporting Information). Taken
together, Nano-silncRNA16 exerted more significant tumor
suppressive effects than silncRNA16.

DISCUSSION

As newly discovered functional ncRNAs, lncRNAs exert ex-
tensive effects through multiple mechanisms. Recently, lncRNAs
have been reported to regulate mitochondrial function, ROS
generation, and cellular dysfunction (Zhang et al., 2022b; Zhang
et al., 2022c; Zhang et al., 2022d). LncRNA DLEU2 regulates the
activity of mitochondrial complexes and inhibits ROS generation
through an intermediate protein (Zhang et al., 2022c). LncRNA

PELATON and p53 can form a complex through the RBP
EIF4A3, which affects mitochondrial function and ROS accu-
mulation (Fu et al., 2022). In this study, we demonstrated that
lncRNA16 facilitates the binding of HBB and NDUFAF5 in the
mitochondria, thereby enhancing complex I activity, suppressing
ROS generation, and eventually promoting chemoresistance in
NSCLC.
RNA pull-down and nucleotide-protein docking analyses

indicated that lncRNA16 bound tightly to HBB through
truncations T1, T2, and T4, with an extremely low binding
energy of −1,194.646 kcal mol−1 and according to the results of
nucleotide-protein docking, T1, T2, and T4 formed hydrogen
bonds and salt bridges with HBB. In addition, T4 formed two π-π
bonds with HBB, contributing to the binding stability between
lncRNA16 and HBB. We demonstrated that lncRNA16 promotes
HBB protein upregulation by inhibiting autophagy. However, the
mechanisms by which lncRNA16 regulates autophagy and
whether the binding of lncRNA16 to HBB affects autophagy
remain unknown and need to be determined in further studies.
HBB is an essential oxygen carrier and regulates ROS

production (Zheng et al., 2017). Proteins in the mitochondria
usually contain an N-terminal leader peptide, which is critical for
their import into the mitochondria (Arena et al., 2018).
However, the HBB protein sequence analysis failed to detect
mitochondrial localization signals. NDUFAF5, located in the
matrix of the mitochondrial inner membrane, is a critical subunit
of the electron transport chain (ETC) complex I (Fiedorczuk and
Sazanov, 2018). Therefore, we speculated that the import of HBB
into the mitochondria depended on NDUFAF5. As expected,
NDUFAF5 knockdown did not affect the total expression of HBB
but decreased HBB protein in the mitochondria (Figure S17A in
Supporting Information), indicating an important role of
NDUFAF5 in the mitochondrial import of HBB. Additionally,
we analyzed the potential binding mode of NDUFAF5 to HBB
using a protein docking study (Figure S17B in Supporting
Information). The results revealed that the 210–270 amino acid
(aa) of NDUFAF5 and HBB formed a protein interaction interface.
Specifically, GLY-210, ASN-269, ALA-221, and ASN-223 of
NDUFAF5 formed hydrogen bonds with HBB, stabilizing NDU-
FAF5-HBB complexes. To further confirm that the interaction
between the two was critical for the entry of HBB into the
mitochondria, FLAG-tagged truncated mutants of NDUFAF5
with deletions of 210–270 aa were constructed. Co-IP assays of
the mitochondrial lysates indicated that wild-type NDUFAF5
interacted with HBB, whereas the truncated mutants did not
(Figure S17C in Supporting Information), indicating the neces-
sity of 210–270 aa of NDUFAF5 for the mitochondrial import of
HBB. As a mitochondria-located protein, the transport of
NDUFAF5 requires the assistance of translocation systems such
as the TOM and TIM23 complexes (Paschen and Neupert, 2001).
Therefore, to further determine the mitochondrial import of HBB
and NDUFAF5, additional experiments should be designed to
determine whether the import of HBB and NDUFAF5 requires the
help of translocation systems. In addition, to explore whether the
interaction between HBB and NDUFAF5 is critical for the
mitochondrial import of HBB, designing inhibitory peptides using
Peptiderive server to block their interactions specifically seems
better (Yang et al., 2021), as this method maintains the standard
structure of NDUFAF5. However, we did not choose this solution
because of time constraints.
In this study, we demonstrated that HBB facilitated the
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upregulation of NDUFAF5 protein levels by inhibiting its
degradation via the ubiquitin-proteasome pathway. However,
the mechanism underlying this phenomenon remains unknown

and must be elucidated. We predicted the potential protein
binding with NDUFAF5 using online tools (http://gpsprot.org/)
and found potential binding between the E3 ubiquitin ligase

Figure 8. The comparison of tumor inhibition effects by silncRNA16 and Nano-silncRNA16. A, Cellular uptake of Nano-silncRNA16 by A549/DDP cells was examined under a
confocal microscope 6 h after Nano-silncRNA16 transfection. B, RT-qPCR was performed to compare the knockdown efficiency of lncRNA16 by silncRNA16 and Nano-
silncRNA16. C, MTS assays were performed to compare cell inhibition by silncRNA16 and Nano-silncRNA16. D, The construction of subcutaneous xenograft models and the
frequency of therapy administration. E, Fluorescence imaging was performed to compare the enrichment of silncRNA16 and Nano-silncRNA16 in tumors after administration at
0.5 and 2 h, n=3 per group. F and G, Pictures of tumors, tumor weight, and tumor volumes among groups. H, The curve of body weight. I, H&E staining was performed to observe
structure abnormalities in organs. For B, E–H, statistical significance was calculated with one-way ANOVA. For C, statistical significance was calculated with two-way ANOVA. *,
P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001; ns, non-significance.

https://doi.org/10.1007/s11427-023-2434-8 SCIENCE CHINA Life Sciences Vol.67 No.4, 663–679 April 2024 673

http://gpsprot.org/
https://doi.org/10.1007/s11427-023-2434-8


DTX3 and NDUFAF5 (Figure S18A in Supporting Information).
As stated in a previous report, DTX3 contains a classic RING
finger domain that facilitates the ubiquitination and degradation
of target proteins by binding to them (Ding et al., 2020). In
addition, protein-protein docking was performed to simulate the
spatial binding between DTX3 and NDUFAF5. These results
indicate a stable binding between them, with a low binding
energy of −1,125.881 kcal mol−1. Specifically, GLU-253, GLU-
256, and ARG-276 in NDUFAF5 formed hydrogen bonds with
DTX3 (Figure S18B in Supporting Information). Remarkably, our
predictions showed that GLU-253 and GLU-256 were included in
the 210–270 aa of NDUFAF5, the interaction interface between
NDUFAF5 and HBB, indicating the possibility of competitive
binding of HBB and DTX3 with NDUFAF5. We speculated that
when HBB was knocked down, the decrease in HBB protein levels
might have contributed to the increased binding between DTX3
and NDUFAF5, which might have promoted the degradation of
NDUFAF5. This is an interesting topic worthy of further research.
Mitochondrial oxidative respiration is essential for tumor

growth (Yang et al., 2021). NDUFAF5, a key component of
mitochondrial complex I, is crucial for its stability and activity. In
this study, we demonstrated that lncRNA16 promotes the
binding of HBB to NDUFAF5, further inhibiting the degradation
of NDUFAF5, thereby leading to an increase in complex I activity
and providing a new mechanism for regulating mitochondrial
activity.
Precise cancer therapy can prolong patients’ life. Targeting

chemoresistance-promoting genes is a promising strategy in
cancer therapy (Li et al., 2022; Stine et al., 2022). RNAi has the
potential for cancer therapy because of its precise, personalized,
safe, lasting, and effective treatment (Davis et al., 2010; Zhang
and Zhang, 2023). Among all RNAi therapies in clinical trials,
STP705, consisting of two siRNA oligonucleotides targeting TGF-
β1 and COX-2, is the most concerned and has shown positive
efficacy in a phase IIa clinical trial in situ squamous cell
carcinoma, with 66.6667% (10/15) of patients achieving
complete histological clearance of tumor tissues without adverse
effects related to the treatment (Sirnaomics, Inc, 2020),
indicating the superior potential of RNAi therapy and the
necessity of developing effective RNAi targets. The number of
ncRNAs far exceeds that of protein-coding genes (Aguilar et al.,
2022); moreover, lncRNAs have multiple functions and are
widely distributed in human tissues. Therefore, lncRNAs rapidly
become novel potential biomarkers and therapeutic targets,
opening a wide field for developing new drugs against diseases
(Patil et al., 2016). An increasing number of studies have
indicated a critical role of lncRNAs in chemoresistance (Shi et al.,
2020), demonstrating that lncRNA intervention is a direct and
effective way to promote chemosensitivity. To date, 11 RNA-
based drugs that target mRNAs or pre-mRNAs have been
approved by the FDA or EMA (Winkle et al., 2021). However,
the development and application of lncRNA-targeted therapies
are limited. LncRNA interventions have great potential for
cancer inhibition. Antisense nucleotides (ASO) drugs for target-
ing lncRNA have shown promising results in preclinical and
clinical trials (Gong et al., 2019; Pan et al., 2023; Viney et al.,
2016). LncRNA16 is highly expressed in tumors, especially in
chemo-resistant cancers; therefore, lncRNA16 targeting is
promising for effective cancer therapy.
Nanotechnology also has potential applications in biomedi-

cine. Nanocarriers can also mediate effective RNAi for the

delivery of nucleic acid-based therapeutics and have attracted
extensive attention from researchers (Pan et al., 2023; Qi et al.,
2021). GalNAc is clinically advanced, conveniently adminis-
tered, and stably metabolized, making it widely applicable in
RNAi delivery for cancer therapy (Brown et al., 2020; Yu et al.,
2021). The natural receptor of GalNAc is highly expressed in
hepatocytes (Nair et al., 2017), which makes GalNAc-based
therapeutics widely applicable to liver diseases. However, studies
have shown that GalNAc is also a broad ligand for extrahepatic
tumors, such as breast, lung, and colon cancer (Ma et al., 2015;
Sun et al., 2020). In phase II or III clinical trials, investigators
have used GalNAc conjugates to treat extrahepatic cancers, such
as lung, pancreas, and colorectal cancers (Winkle et al., 2021).
GalNAc promotes the internalization of chemotherapeutic drugs
into cancer cells (Aviñó et al., 2021). Although GalNAc
contributes to the internalization of 5-fluorouracil in the
hepatoma cell line HepG2 owing to the high expression of
ASGPR, the internalization efficiency in HepG2 cells (39%) was
still lower than that in extrahepatic cancer cell lines, such as
HTB-38 (87%) and HCC2998 (70%) (Aviñó et al., 2021). In
addition, cancer cells with high or low ASGPR expression showed
similar uptake rates of GalNAc conjugates when exposed to a
specific concentration range (Petrov et al., 2021). These results
indicate the existence of other cellular uptakes of GalNAc
conjugates and the potential application of GalNAc conjugates
even in extrahepatic diseases with low ASGPR levels. In this
study, high levels of lncRNA16 in tumors were critical for
successful lncRNA16 targeting. In addition, the stability of
silncRNA16 mediated by GalNAc, enhanced permeability and
retention effects of GalNAc conjugates, and multiple endocytosis
mechanisms in cells are important for promoting anti-tumor
efficacy. Therefore, GalNAc-conjugated silncRNA16 has advan-
tages for the treatment of chemo-resistant cancers. Therefore, it is
important to explore the extrahepatic applications of GalNAc
conjugates.
We reported an increased abundance of lncRNA16 in the

serum of patients with platinum resistance and provided
evidence that it might serve as a valuable diagnostic marker for
distinguishing chemoresistant patients. Mechanistically, we
demonstrated that lncRNA16 promoted the binding of HBB
and NDUFAF5 in the mitochondria, and the lncRNA16/HBB/
NDUFAF5 axis was identified as a novel pathway that regulates
mitochondrial ROS generation. Nano-silncRNA16 notably en-
hanced the intervention efficiency of lncRNA16 and significantly
attenuated chemoresistance by promoting ROS generation
(Figure 9). Notably, Nano-silncRNA16 achieved tumor growth
retardation in vivo without causing systemic toxicity, making it a
promising therapeutic strategy for clinical applications.
LncRNA16 inhibits ROS generation in chemo-resistant cells,

indicating its importance as a promising target for resisting ROS-
driven chemoresistance. Wang et al. (2019) reported a novel
pH/ROS dual-responsive nanoparticle that contributed to doxor-
ubicin release through ROS-induced thioketal bond breaking to
realize a cascade of ROS generation and enhanced anti-tumor
efficacy. Zheng et al. (2019) constructed a unique nano-drug
with a potent siRNA release triggered by tumor-derived ROS that
exhibited excellent blood-brain barrier penetration and signifi-
cantly enhanced treatment efficacy in glioblastoma. In this study,
if ROS induction and lncRNA16 intervention are combined,
stronger anti-tumor effects might be observed.
In conclusion, Nano-silncRNA16 caused pronounced tumor
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growth retardation and remarkably restored chemosensitivity in
vitro and in vivo, illustrating the potential clinical application of
Nano-silncRNA16 in anti-chemoresistance.

MATERIALS AND METHODS

Patient samples

Pre-treatment plasma samples from 35 NSCLC patients, paired
pre- and post-treatment serum samples from 10 NSCLC patients,
and 188 tissue specimens from 47 NSCLC patients were obtained
from the Peking University Cancer Hospital. After the collection
of pre-treatment samples, these patients received only platinum-
based chemotherapy. Pre- and post-treatment tissue samples
were collected via endoscopic biopsy and surgery, respectively.
The expression of HBB and NDUFAF5 was detected using IHC
assays. Post-treatment tissues without tumor areas confirmed by
IHC assays were excluded from the analyses. Finally, 84 pre- and
66 post-treatment tumor samples were analyzed. Patient
prognoses were evaluated according to the Response Evaluation
Criteria for Solid Tumors (RECIST). Response patients indicated
chemo-sensitivity and non-response patients indicated chemo-
resistance. Response and non-response were defined as follows:
complete response (CR) and partial response (PR) belonged to the
response group, and progressive disease (PD) and stable disease
(SD) belonged to the non-response group. This study was
approved by the Ethics Committee of the Peking University

Cancer Hospital and Institute (2020KT50). The sequencing data
of patients with NSCLC were downloaded from TCGA database
(https://cancergenome.nih.gov). The sequencing data were
transformed into transcripts per kilobase million (TPM) and used
for expression analyses of HBB and NDUFAF5. A total of 34
patients who underwent neoadjuvant platinum-based che-
motherapy with a clear efficacy evaluation were included in
the analyses.

Cell lines

The NSCLC cell lines used in this study were A549, H460, H226,
H520, PC-9, and SK-MES-1. The corresponding DDP-resistant
cell lines were named as A549/DDP, H460/DDP, H226/DDP,
H520/DDP, PC-9/DDP, and SK-MES-1/DDP. Except for
A549/DDP, all other cell lines were purchased from Qing Qi
(Shanghai) Biotechnology Development Co., Ltd (Shanghai,
China). The A549/DDP cells were established in the laboratory.
Parental A549 cells were treated with cisplatin (DDP) 0.2 μg
mL−1 (Selleck, USA). Subsequently, the concentrations were
gradually increased to 2 μg mL−1 over six months, and the
surviving cells were maintained at 1 μg mL−1 of DDP. A549 and
A549/DDP cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) (GIBCO, Thermo Fisher Scientific, USA)
containing 10% fetal bovine serum (Excell Bio, Uruguay) at
37°C in a humidified atmosphere containing 5% CO2. Cell lines
were used within five generations after thawing. Short tandem
repeat profiling was performed to identify the cells, and a
Mycoplasma Real-time PCR Detection Kit was used to rule out
mycoplasma contamination.

Cell transfection

LncRNA16 was knocked down using shRNA (Genepharma,
Shanghai, China) and silncRNA16 (RiboBio, Guangzhou,
China). According to the manufacturers’ instructions, cells were
transfected using Lipofectamine 3000 (Thermo Fisher Scientific).
Detailed sequence information is provided in Table S1 in
Supporting Information. Targets were efficiently knocked down
(Figure S19 in Supporting Information).

Western blotting analysis and antibodies

Total protein was separated by SDS-PAGE and transferred to a
0.22 μm PVDF membrane (Merck Millipore, Germany) under
constant current. The membrane was blocked with 5% skim milk
at room temperature for 1 h. The primary antibody was diluted
according to the instructions and incubated with the membrane
overnight at 4°C. Subsequently, the membrane was incubated
with a secondary antibody at room temperature for 1 h. Finally,
luminescence analysis was performed using a chemilumines-
cence detection kit (Thermo Fisher Scientific). The antibodies
used were as follows: anti-HBB (Abcam), anti-NDUFAF5
(Abcam)), anti-Tim23 (Abcam), GAPDH (CST), anti-β-actin
(CST), anti-LC3 (CST), anti-P62 (CST), anti-HBA1 (Abclonal),
anti-LCN1 (Abclonal).

RNA isolation and RT-qPCR

Total RNA in cells was extracted using RNAiso Plus (TaKaRa,
Japan), followed by reverse transcription using a primescript™

Figure 9. Schematic diagram of lncRNA16 promoting chemoresistance and
chemotherapeutic sensibilization exerted by lncRNA16 intervention via Nano-
silncRNA16 LncRNA16 is highly expressed in chemo-resistant cancer cells,
contributes to chemoresistance through ROS inhibition via the novel HBB/NDUFAF5
axis, and functions as a scaffold to facilitate the colocalization of HBB and NDUFAF5 in
the mitochondria. LncRNA16 intervention by Nano-silncRNA16 significantly
improves chemosensitivity and contributes to tumor suppression.
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RT reagent kit with gDNA eraser (TaKaRa). Serum RNA was
extracted using the BIOG cfRNA easy kit (Baidai Biology,
Changzhou, China). According to the manufacturer’s instruc-
tions, real-time PCR was performed using an Applied Biosystems
7500 system. The primers used were as follows: lncRNA16
(forward: 5′-GATGACAGTCTGCCTCTATCTTAC-3′; reverse: 5′-
CTTTGAGCCAAGCAGGTTATTG-3′), HBB (forward: 5′-
GCACGTGGATCCTGAGAACT-3′; reverse: 5′-ACCAGCCAC-
CACTTTCTGAT-3′), NDUFAF5 (forward: 5′-ACCTGGGA-
CATCTGCTTGGG-3′; reverse: 5′-CTCGATGCAGCAGGGCTTTT-
3′), β-actin (forward: 5′-CGAGAAGATGACCCAGATCATG-3′;
reverse: 5′-GTGAAGCTGTAGCCGCGCTCGG-3′), GAPDH (for-
ward: 5′-GGAGCGAGATCCCTCCAAAAT-3′; reverse: 5′-
GCTGTTGTCATACTTCTCATGGG-3′).

FISH

FISH analysis was performed using the RiboTM Fluorescent in
Situ Hybridization Kit (RiboBio) according to the manufacturer’s
instructions. Cells were seeded in confocal dishes. When the cell
density reached 60%–70%, the cells were fixed, permeabilized
with methanol, and washed three times with PBS. Subsequently,
cells were incubated with 200 μL 1× pre-hybridization buffer for
30 min at 37°C, and after that, 100 μL 1× hybridization buffer
containing 2.5 μL lncRNA probe was added to incubate with the
cells overnight in the dark at 37°C. The next day, the cells were
washed five times with saline sodium citrate buffer for five times
and then washed with PBS for one time. Finally, the cells were
stained with DAPI solution for 10 min before detection.

IF

Cells were seeded in confocal dishes. When the cell density
reached 80%–90%, the cells were fixed with methanol and
washed with PBS for two times. Subsequently, the cells were
incubated with 1% BSA solution for 30 min at 37°C. The cells
were then incubated with the primary antibody for 2 h, followed
by incubation with the secondary antibody for 1 h at room
temperature. Finally, the cells were stained with DAPI solution
for 10 min and washed with PBS three times before detection.

Colony formation assay

After digestion, 1×103 cells per well were seeded in six-well plates
and treated for different purposes. The cell medium was removed
for 10–15 d, and the cells were fixed with absolute ethanol for
15 min. Subsequently, the cells were washed with PBS three
times and stained with 0.2% crystal violet for 15 min. Finally,
colonies were washed under running water and photographed
using a scanner. Colonies were analyzed using ImageJ 1.52a.

MTS assay

Cell viability was measured using a CellTiter 96®AQueousOne
Solution Cell Proliferation (MTS) Assay (Promega, USA). Briefly,
after digestion, 3×103 cells were seeded in 96-well plates and
treated for various purposes. 48 h after, the cell medium was
removed, and 100 μL DMEM medium containing 10% MTS
solution was added. The cells were incubated in the dark at 37°C
for 1–2 h. Finally, the cell viability was detected using an enzyme
labeling instrument (Tecan Infinite M200 Pro, Tecan, Switzer-

land) at a wavelength of 490 nm.

ROS detection

When the cell density reached 80%–90%, the cells were washed
with PBS for one time, and then 200 μL MitosoxTM Red
mitochondrial superoxide indicator (Thermo Fisher Scientific)
with a concentration of 5 μmol L−1 was added to indicate ROS
levels for 10 min. Cells were washed with PBS three times and
subsequently analyzed on a BD Accuri C6 flow cytometer (BD
Biosciences, USA). Hoechst 33342 was used to stain the nuclei
for detection via confocal microscopy, and the cells were washed
with PBS three times. All staining procedures were performed in
the dark.

RIP assay

According to the manufacturer’s instructions, RIP assays were
performed using the Magna RIP Kit (MagnaRIP01, Merck
Millipore, Germany). Firstly, 5 μg μL–1 negative control IgG or
antibody was incubated with 100 μL magnetic beads at room
temperature for 1 h to prepare antibody-conjugated magnetic
beads. Use lysate containing protease and RNase inhibitor to lyse
cells, and then centrifuge cells at 17,000×g for 10 min at 4°C to
obtain supernatant. Subsequently, 100 μL supernatant and the
prepared magnetic bead were incubated overnight at 4°C. The
mixture was centrifuged at 4,000×g for 2 min and washed with
NT-2 buffer six times. Finally, 1 mL of TRIzol was used for RNA
extraction, and RNA levels were quantified using an Applied
Biosystems 7500 system.

RNA pull-down assay

The DNA templates were obtained via enzymatic digestion. The
T7 High Yield RNA Transcription Kit, (Vazyme, Nanjing, China)
was used for in vitro transcription, and the Pierce™ RNA 3′ End
Desthiobiotinylation Kit (Thermo Fisher Scientific) was used to
label RNA with biotin. Finally, an RNA-pull down kit (Thermo
Fisher Scientific) was used to mix RNAwith proteins according to
the manufacturer’s instructions, and the proteins were detected
by Western blotting.

ChIRP-MS

The cells were harvested and lysed. Biotin-labeled probes (100
pmol L−1 per 2×107 cells) were combined with magnetic beads
for 30 min, mixed with samples, and hybridized at 37°C
overnight. The supernatant was obtained via enzymatic hydro-
lysis. The peptides were separated and analyzed using a nano-
UPLC (EASY-nLC1200) coupled to a Q-Exactive mass spectro-
meter (Thermo Finnigan, USA). MaxQuant (Version 1.5.6.0) was
used to search and quantitatively analyze the raw MS data. The
protein sequence database (UniProt_organism_2016_09) was
downloaded from UniProt. The peptides and proteins’ false
discovery rate (FDR) was controlled at 0.01.

Co-IP

Firstly, 5 μg mL−1 negative control IgG or anti-HBB was
incubated with 100 μL magnetic beads at room temperature for
1 h to prepare antibody-conjugated magnetic beads. Subse-
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quently, cells were lysed and then centrifuged at 17,000×g for
10 min at 4°C to obtain protein supernatant. 100 μL super-
natant and the prepared magnetic bead were incubated over-
night at 4°C. The mixture was centrifuged at 4,000×g for 2 min,
and the beads were washed with NT-2 buffer six times. Finally,
100 μL 1× SDS loading buffer was added, and western blotting
was performed to detect the protein.

IHC staining

188 NSCLC tumor samples were fixed, deparaffinized, and
rehydrated. Subsequently, the slides were soaked in 3% H2O2
to block the endogenous peroxidase activity. Subsequently, EDTA
antigenic retrieval buffer was used to promote antigen retrieval
for 8–10 min in a pressure cooker, and goat serum (ZSGB-BIO,
Beijing, China) was used to block nonspecific antigens. After
incubation with anti-HBB (Solarbio, Beijing, China) or anti-
NDUFAF5 (Solarbio) overnight at 4°C, the slides were washed
with PBS three times and subsequently incubated with universal
secondary antibody (ZSGB-BIO) at room temperature for 40 min.
Slides were stained with 1× DAB solution (ZSGB-BIO) and
hematoxylin. The slides were then dehydrated using graded
ethanol series. The immunoreactive score (IRS) was used to
evaluate HBB and NDUFAF5 expression. Scores were reviewed in
a double-blind manner by two experienced pathologists.

Nano-silncRNA16 preparation

Briefly, GalNAc-CPG was used as a carrier to synthesize the sense
strand of Nano-silncRNA16, with cholesterol attached to the 5′
sense strand. The antisense strand was synthesized on CPG
carriers, with cy3 linked. The total synthesis was performed by
GenePharma. The siRNA sequences are listed in Table S1 in
Supporting Information.

Cellular uptake of nanoparticles

Cells were seeded in confocal dishes (Jet Biofil, Guangzhou,
China). When the cell density reached 80%–90%, 5 μL Nano-
silncRNA16 was transfected with the help of a 20 μL transfect
mate (GenePharma). Six hours after transfection, the cells were
washed with PBS two times, and Hoechst (Beyotime Biotechnol-
ogy, Shanghai, China) was used to stain the nuclei. Finally, 1 mL
of complete DMEM medium was added to the cells, and the
cellular uptake of the nanoparticles was detected by confocal
microscopy (Leica Microsystems Heiderg GmbH, Germany).

Animal experiments

A549/DDP cells were implanted subcutaneously into four weeks
old female BALB/c nude mice (Beijing Vital River Laboratory
Animal Technology Co., Ltd., Beijing, China) to construct a
chemo-resistant xenograft tumor model. The mice were admini-
strated for four cycles in the experiments presented in Figure 7.
During the administration of each cycle, cy3-silncRNA16#NC or
cy3-silncRNA16#2 (0.5 mg kg−1) was injected subcutaneously
on day 1, and PBS or DDP (5 mg kg−1) was administered on day
2. Mice were sacrificed after four cycles of treatment.
In vivo experiments with nano-silncRNA16 therapy, mice were

grouped when the tumor size reached 200–300 mm3. SilncR-
NA16 (subcutaneously, 0.5 mg kg−1) or Nano-silncRNA16

(subcutaneously, 0.5 mg kg−1) was administered on day 1, and
DDP (intraperitoneally, 5 mg kg−1) was administered on day 2 in
the combination group, with a cycle of treatment every three
days. All animal protocols were approved by the Animal Care and
Use Committee of the Peking University Cancer Hospital &
Institute (EAEC 2018-11).

In vivo biodistribution

A549/DDP tumor-bearing BALB/c nude mice were injected with
Nano-silncRNA16 subcutaneously (0.5 mg kg−1). The average
radiant efficiencies in the major organs and tumors were
measured at 0.5 and 2 h after administration using an in vivo
imaging system (IVIS Spectrum CT, PerkinElmer). n=3 mice per
group.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
software (version 9.0). For continuous variables that did not
conform to a normal distribution, the Mann-Whitney U-test was
used for non-paired samples, and the Wilcoxon signed-rank test
was used for paired samples. For continuous variables with
normal distribution and homogeneity of variance, Student’s t-
test was used to compare the differences between the two groups;
one-way ANOVA was used to compare the differences with one
variable among multiple groups; two-way ANOVA was used to
compare the differences with two variables among multiple
groups. P<0.05 was considered statistically significant, and
statistical significance was defined as * P<0.05, ** P<0.01, ***
P<0.001, **** P<0.0001, and “ns” indicated statistical non-
significance.
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