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Reviews transferred from another journal

Reviewer 1 —lipids/sphingolipids expert

In this manuscript the authors use structure activity based development of sphingosine derivatives which they
attach to beads for protein purification or modify them for cross-linking studies. The development of the probes
is well thought through and has likely been an important aspect of the success of this work. Affinity techniques
have been used before, but never with such clear results, likely due to the improved probe development.
Sphingosine and its derivatives have long been thought to have intracellular targets, but aside from the kinases
where they are substrates, important targets have not been identified.

Furthermore, most studies on sphingosine and their analogues have never been clear about whether the
sphingosine was the ligand or its phosphorylated or N-acylated form. Both modifications are clearly ruled out
here since N-acylation reduces probe activity enormously and non-phosphorylated analogs are also active.
Therefore, the conclusion that sphingosine and sphingosine analogs are the ligands is well documented.

We thank Reviewer 1 for highlighting the novelty, impact, and rigor of the work presented and appreciate
Reviewer 1’s statement that our work clearly discriminates the structure activity relationships among different
physiologically relevant molecules related to sphingosine.

Furthermore, the use of chemiproteomics as an unbiased tools to identify the targets through binding in
different cell types and in comparison to inactive analogs provides an unbiased approach that is quite
convincing. One limitation of the technique is that it is likely that they have missed most transmembrane protein
targets. Consistent with this they do not make claims that the target identification is exhaustive.

They focus on two classes of targets that they have found, regulatory subunits of PP2A and importins. PP2A
genetic interactions with sphingoid bases has been shown previously for endocytosis in yeast, but the protein
target was not shown and was suggested to be protein kinases. Substantial progress has been made with their
in vitro work that shows that the regulatory subunit of PP2A, PPP2R1A, is unfolded in response to binding.
Unfolding of the subunit should lead to increased PP2A activity and lower protein phosphorylation, which
seems to be the case. We don’t have a complete molecular detail of how sphingosine unfolds PP2R1A. It
binds to it as it can be crosslinked to several residues, but how the unfolding occurs is not clear. It seems to
me that they have used rather high (although not excessive) amounts of compounds for their cross-linking
experiments and this could be one reason why they have found several residues. In order to identify the
primary binding site, if there is one, | would suggest using lower amounts of cross-linkable compound and/or
shorter incubation times. It seems that they decided not to concentrate on this mechanism, but rather the
effects of unfolding on sphingosine activity in potential cancer therapeutics. At some point it would be
worthwhile to understand how a small compound like sphingosine can lead to regulated protein unfolding.

We have revised Fig. 2 to include only amino acids that were crosslinked at 5 uM 893-diazirine. Residues
crosslinked at 20 uM (which are generally not as well conserved) are still included in Supplementary Table 6.
We agree that understanding how sphingosine-like molecules interact with Ppp2rla and induce activation of
the phosphatase is of great interest and this is the subject of on-going studies.

The second set of targets are the importins. This was a completely unexpected and exciting finding. They also
used unbiased proteomics to identify which nuclear proteins are affected by treatment and have come up with
some that might explain the effects on cell proliferation in cancer cells. They provide evidence that importin
activity is inhibited by the compounds , probably through a reduction in association with nuclear pores. Some of
the proteins affected in their import are JUN, MYC and YAP. They do quantitative immunofluorescence to
examine the extent of nuclear localization with the inhibitors and show that they give the expected phenotype.

They also addressed the question of whether the PP2A and importin activities are additive or redundant in
nuclear import. Quite interestingly, they seem to be additive which means that the effects of the compounds on
nuclear import are two fold. Inhibiting PP2A is probably increasing phosphorylation of these transcription
factors which leads to increased ubiquitination and degradation by the proteosome. Independent to this,
inhibition of the importing directly reduces nuclear import.



Finally, they show that ceramide has different effects than sphingosine and thus works by a different
mechanism. This seemed already evident to me from their studies earlier in the manuscript. More important is
the demonstration that sphingosine levels can actually reach the required levels in cells, which they did with
the help of mass spectrometry and inhibitors of sphingosine metabolism.

Reviewer 1 highlights that we showed in the original submission that the relevant phenotypes are detected at
physiologically relevant levels of sphingosine. Additional information supporting this conclusion has been
added to address comments from Reviewer 2 (Fig. 6 and ED Fig. 10a).

All'in all, this is an excellent manuscript that has identified long-sought after intracellular targets of sphingoid
bases and puts intracellular sphingoid base signaling on firm ground.

We thank Reviewer 1 for their thorough review.

Reviewer 2 — sphingolipids

In this study, Jayashankar et al report on interesting results on regulation of PP2A regulatory subunit
(PPP2R1A) and other proteins by sphingosine and sphingosine like molecules. Clever results in Figure 4 that
demonstrate the existence of more than one target for the SH compound. The results support this regulation in
cells, however, the physiologic significance of these results is in serious doubt.

Major Points

1. A critical point is the issue of specificity of action of these molecules. The diversity of structures and
variations suggest that these are non-specific effects of amphipathic molecules that contain an amino group.
The structures of the less potent molecules seem to either destroy the hydrophobic preponderance of the
active molecules and/or remove the charge of the amino groups. Therefore, the main commonality is the
presence of a hydrophobic amine; a phenomenon noted decades ago for the non-specific actions of
sphingosine and other hydrophobic amines. As such, one would predict that stearylamine would work just as
well.

As highlighted by Reviewer 1, we have now shown that sphingolipids with biologically relevant structural
differences (sphingosine and ceramide, which do and do not have a positive charge respectively) do not bind
the same targets. Establishing this structure-function relationship provides new insights into the action of
biologically active sphingolipids.

In addition to the original studies with ceramide, we now include ED Fig. 10b,c showing that:

1) The structurally similar precursor for sphingosine, 3-keto-sphinganine, does not efficiently bind these
targets despite its structural similarity to sphingosine.

2) Shortening (C12) or lengthening (C20) the hydrocarbon chain reduces target binding relative to natural
sphingosine (C18). In addition, altering the position of the double bond in sphingosine (d18:1 4E to 142)
also altered target binding. These results indicate there is specificity to binding within the hydrophobic
region.

As mentioned above, the manuscript also includes data showing that the sphingosine metabolite ceramide
does not bind these targets. It is biologically significant that N-acylation (sphingosine’s conversion to ceramide)
disrupts binding (Fig. 5a,b and ED Fig. 9f-)). Our finding that these two tumor suppressive sphingolipids,
sphingosine and ceramide, engage different targets provides evidence that had been lacking that these tumor
suppressor sphingolipids have distinct modes of action. Our published finding that more nuclear proteins were
dephosphorylated in response to ceramide (no importin engagement) than 893 (importin inhibition) is
consistent with the work reported here. From Kubiniok et al. (1), classification of proteins whose
phosphorylation state was affected by these molecules:
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Because Reviewer 2 raised the question, we tested whether stearylamine causes similar conformational
changes to 893. Stearylamine does not phenocopy sphingosine or SH-BC-893; the first derivative plots do not
shift.

We do not include data with stearylamine in the manuscript because inclusion of this compound might be
confusing to readers as stearylamine is neither physiologically nor pharmacologically relevant. In sum, there is
strong evidence that the sphingolipids studied here demonstrate biologically relevant specificity in target
binding.

Since most/all high affinity lipid-protein interactions show significant specificity (even stereospecificity), some
indication of stereospecificity of action of sphingosine (which exists in 4 stereoisomers only one of which is
natural) would go a long way in suggesting a specific lipid-protein interaction.

While stereospecificity is often observed, it was not observed for these sphingosine like compounds (please
see (2,3)). As Reviewer 2 points out, only the D-erythro-sphingosine stereoisomer is abundant in cells; it is
possible that there was little evolutionary pressure to maintain stereospecificity.

Therefore, the data presented overall suggest a non-specific protein lipid interaction. In this regard, the bead-
binding studies need a legitimate control for specificity (i.e. a very closely related molecule that does not bind
and is not active in cells.

We respectfully point out that the negative controls in the chemoproteomics (bead binding) study included six
molecules that meet the reviewer’s criteria: “very closely related molecules that do not bind and are not active
in cells” (structures and activity data are in ED Fig.1a-f of the original and revised submission). We included a
negative control compound where the hydrophobic region was disrupted, 893-ketone, and several where
hydrophobic non-specific interactions would still occur. Reviewers 1 and 3 specifically commented on the rigor
and appropriateness of our orthogonal chemoproteomics approach using 4 active analogs paired with 6
inactive analogs. Notably, many of the negative control compounds mimic differences between sphingosine
and ceramide, and additional specificity controls were added in response to Reviewer 2’s concerns (ED Fig.
10b,c).

Moreover, the structural modification at the 1-OH destroys a key feature of sphingosine.

As discussed in the introduction, we intentionally disrupted phosphorylation to avoid the bradycardia and
lymphocyte sequestration associated with FTY720 (3); these actions would not be desirable in an anti-cancer
agent. This structural modification, as pointed out by Reviewer 1, also helps us reveal the functions of
sphingosine itself rather than those of S1P, a key goal of this project. Very little is known about the specific
actions of sphingosine as most work has focused on S1P and ceramide.



Our work advances our understanding of sphingolipid biology by revealing novel functions of the abundant
sphingolipid sphingosine, differentiating the effects of sphingosine and ceramide, and by providing insight into
the established anti-cancer (4) and anti-obesity (5) actions of the sphingosine mimic 893.

2. Based on the above, the physiologic significance of these interactions is not demonstrated. The
concentrations used (1-20 uM) are significantly higher than the measured cellular concentrations of
sphingosine (in the order of low nM). The authors’ own results negate the assertion that the concentrations of
exogenous sphingosine are within the physiologic range.

We respectfully point out that Reviewer 2’s statement is not correct: in the literature and in our study, cellular
sphingosine concentrations are micromolar, not nanomolar. This confusion likely stems from the fact that the
cellular concentration of sphingolipids is rarely reported with volume as the denominator.

The Hannun and Merrill groups are acknowledged experts in the measurement of sphingolipid levels. Older
papers from these groups (6,7) explicitly state that the cellular concentrations of sphingosine in cells are
micromolar. In most papers however, sphingosine levels are normalized to cellular protein levels. Some
examples:

e In (8) from the Hannun/Obeid labs, sphingosine levels in MCF-7 human breast cancer cells are
reported to be 3 pmol/mg protein and increase to 7 pmol/mg protein with PMA treatment.

e In (9), tumor sphingosine levels were reported at 25 pmol/mg protein, while kidney levels were 155
pmol/mg protein.

e In (10), human Molt-4 leukemia cells have basal sphingosine levels of 15 pmol/mg protein and this
increases to 35 pmol/mg with actinomycin D-induced SK1 degradation.

e In another paper from the Hannun group (11), basal sphingosine levels in HCT116 human colorectal
cancer cells were 50 pmol/mg protein.

The sphingosine levels reported in these papers, 3-155 pmol/mg protein, are consistent with our
measurements of 12-113 fmol/ug protein (equivalent to 12-113 pmol/mg protein). We expressed
sphingosine levels as fmol/pg rather than pmol/mg to simplify the conversion to molarity as cellular volumes
are routinely reported in fL. The volume of cells is 2,000-3,000 fL (http://book.bionumbers.org/how-big-is-a-
human-cell/); the volume of a HeLa cell has been estimated at 2,600 fL (12) which is in line with our
measurement (ED Fig. 10a). Reference (13) suggests there is 500 pg protein/cell, while ThermoFisher reports
300 pg of protein per Hela cell also consistent with our findings in ED Fig. 10a. Bionumbers lists similar values
(https://bionumbers.hms.harvard.edu/bionumber.aspx?id=113240&ver=3). Using these measurements to
calculate molarity (see ED Fig. 10a), we find basal sphingosine levels in the cells we use are 4-16 M.
The 3-155 pmol/mg values reported in the literature would translate to around 1-40 uM and are
therefore consistent with our results.

In (14) from the Spiegel/Millstein groups, SK1 WT and KO MEFs were evaluated for basal sphingosine levels.
They report 250-400 pmol/mg sphingosine which translates to 65-105 puM prior to the addition of exogenous
sphingosine. Our values are slightly lower, basally 13-15 uM, which may reflect differences in serum
composition or culture conditions.

The Merrill lab reports similar values for tissues. In (15), sphingosine in the rat liver was reported as 7 nmol/g
tissue while brain levels were 5 nmol/g tissue. Assuming a gram of tissue = 1 ml, this is also consistent with uM
levels of sphingosine.

7nmol 1g 1000ml 1pmol
g 1ml*" 1L 1000 nmol

7 uM

In another study from the Merrill group (16), liver sphingosine was measured to be 15 nmol/g or 15 uM.


http://book.bionumbers.org/how-big-is-a-human-cell/
http://book.bionumbers.org/how-big-is-a-human-cell/
https://bionumbers.hms.harvard.edu/bionumber.aspx?id=113240&ver=3

Molarity calculations were included in the text of the original submission but may have been overlooked during
review. To increase clarity, we now show the relevant math in ED Fig. 10a and include a table that summarizes
the data needed to make this calculation. We hope that the new presentation makes the physiological
relevance of our results easier to see. We have also added the above citations and a clearer statement that
sphingosine concentrations in cells are micromolar.

In fact, the results in Fig 5 d&e show a vast increase in endogenous sphingosine after 10uM (comparing 5d
with 69, there seems to be a nearly 1000 fold increase). Actually, the levels in the WT cells are still several fold
higher than basal at the later time points, yet these do not exert any of the effects they want to attribute to
sphingosine. D

EWWT M Sphk1”
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at 6 h similar to what we observed for nuclear YAP (Fig. 5g,h). This Hee ()

group did not report sphingosine levels over time, only basally, so the kinetics of sphingosine decline were not
clear.

We analyzed nuclear YAP levels at 6 h because time is required for nuclear export to decrease nuclear YAP
once import is inhibited (the faucet is off, but the sink must drain). In Fig 5k-m where nuclear p65 was
measured in SK1 WT and KO MEFs 30 min after TNFa treatment (sink starts out empty, faucet is turned
on), we were able to observe a more robust effect of sphingosine in WT MEFs because the timepoint was
short (high sphingosine levels, little time for negative feedback).

As the reviewer states, adding 10 uM exogenous sphingosine dramatically elevates cellular sphingosine.
However, we have added new experiments where no exogenous sphingosine is supplied that produced similar
results:

1) Chemical SK1 inhibition (100 nM PF-543) in Fig 6¢-f induces a 3-fold change in sphingosine that
causes a statistically significant reduction in nuclear NF-kB.

2) Inducing ACER1 expression in HelLa cells (17) (Fig. 6g-j) increases sphingosine levels about 5-fold and
reduces nuclear JUN and YAP.

These experiments would also elevate sphingosine in physiologically relevant cellular compartments.

To summarize, contrary to Reviewer 2’s initial conclusion, we are working within the physiologically relevant
range and have now demonstrated that endogenous sphingosine produces the expected phenotypes.

3. Moreover, while these compounds do regulate the levels/location of several proteins, there is little (or no)
evidence that any of the direct targets actually mediates any specific function of these molecules. For example,
what does PP2A mediate? Importin?

We appreciate the reviewer's comment and the opportunity to clarify our findings. The phenotypes described in
Figures 3-6 are linked to PP2A and/or the karyopherin importins, specifically KPNB1, TNPO1, IPO5, and
IPO7, by rigorous studies published by other groups. To address the reviewer’s concern about specific
functional roles, we have strengthened the manuscript in the following ways:

1. Direct Evidence for Functional Roles: Figure 4a, retained from the original submission, provides data
demonstrating how PP2A and KPNBL1 specifically affect nuclear proteins such as MYC and the AR,
which are well-known drivers of prostate cancer progression. The data establish a direct link between
the activity of these targets and key oncogenic pathways.
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2. Expanded Context in Extended Data Figure 7b: We have added a new table (ED Fig. 7b) that
highlights specific nuclear proteins affected by these targets. This table includes details on how
sphingosine-like compounds modulate nuclear levels of proteins reliant on KPNB1, TNPO1, IPO5, and
IPO7 for import. Each of the targets in this table are evaluated in the manuscript with the predicted
effect being observed.

3. Unbiased Nuclear Proteomics Data: Unbiased nuclear proteomics revealed that treatment with SH-
BC-893 reduces nuclear levels of a subset (18%) of the nuclear proteome with 75% of the affected
proteins exhibiting reduced nuclear levels in the presence of SH-BC-893. These results are consistent
with a selective decrease in nuclear import activity, supported by data showing the reduction in nuclear
levels of ribosomal proteins and transcription factors (e.g., JUN, YAP) that depend on these specific
importins. Supplementary Table 8 added to this revision specifically documents changes in ribosomal
proteins that were shown previously to be transported by the four importins targeted by these
compounds.

4. Functional Redundancy Among Importins: The co-regulation of nuclear proteins is likely attributable
to functional redundancy among KPNB1, TNPOL, IPO5, and IPO7. Published studies confirm that
these importins are collectively responsible for transporting ribosomal proteins and transcription factors
such as JUN into the nucleus. Thus, published work from groups studying nuclear import has
established that these particular importins are functionally related providing a potential explanation for
their co-regulation by sphingosine.

5. Validation through Functional Assays: Additional experiments highlight the dual impact of
sphingosine-like compounds on PP2A activation and importin inhibition. This dual action not only
confirms target engagement but also establishes how these targets collectively mediate reductions in
nuclear MYC, JUN, and AR levels, further inhibiting prostate cancer drivers. Additional experiments
where nuclear import of the well validated Kpnb1 target NF-kB is acutely triggered by TNF provide a
direct measure of import that is not influenced by export rates.

We have added additional citations of these relevant publications throughout the manuscript to provide a
robust framework linking these observations to established biological pathways. These revisions, together with
the new data and supplementary materials, aim to address the reviewer’s concern and clarify the direct
functional roles of PP2A and importins in mediating the observed phenotypes.

4. Any genetic evidence to support a role for cellular sphingosine in performing these functions (even simply
overexpressing one of the ceramidases)?

We appreciate this suggestion. New data (Fig. 6g-j) from cells that inducibly express ACER1 (alkaline
ceramidase 1, produces sphingosine from ceramide) strengthens our conclusions and is consistent with our
experiments using SK1 WT/KO MEFs (Fig. 4) and PF-543 (Fig. 6a-f). Inducing ACERL1 expression elevates
sphingosine and reduced nuclear levels of both YAP and JUN (Fig. 6g-j) consistent with our other studies.

5. It is not clear if there was any binding to the HEAT domains (Fig. 2) The authors do not develop this
hypothesis of interaction.

We have added a column to Supplementary Table 6 showing which HEAT repeat includes the crosslinked
amino acids shown in Fig. 2. All crosslinked amino acids are found in HEAT repeats with the exception of D5 in
Ppp2rla. We agree that understanding how sphingosine-like molecules interact with these targets is of great
interest and this is the subject of on-going studies.

6. Competition binding with regular compounds (no alkyne) has opposite results. The authors conclude it is
due to a cooperative binding. This should be easy to validate.



Isothermal calorimetry (ITC) can be used to measure cooperativity. However, our results with ITC were
uninterpretable. This makes sense because ligand binding triggers protein unfolding which causes major
artifacts in ITC. We decided against attempting biolayer interferometry (Octet Red instrument) for the same
reason — unfolding complicates the interpretation of results. While we elected to include the surprising
competition data (ED Fig. 4g,h) to raise the interesting possibility of cooperative binding, this data is tangential
to the main conclusions.

7. The results in Figure 3A could be easily interpreted as damage to membranes and leakiness to proteins. In
this context, where did Jun (and YAP) go after using SH-BC-893?

Nuclear leakiness is not consistent with the results reported in Fig. 3a,b. It is unclear how the two separate lipid
bilayers that make up the nuclear envelope could become leaky to only 18% of non-histone nuclear proteins
(and the same 18% in 3 biological replicates). If proteins were leaving the nucleus non-specifically (leaking
across both bilayers), proteins would be lost from the nucleus at random. We have also demonstrated in a
published study that SH-BC-893 does not permeabilize endosomes under our experimental conditions (18).
Our unpublished data also indicates that 893 does not damage membranes. Galectin-9 is recruited to sites of
membrane damage (UNC1017938A is an endosomal escape agent (19), LLOMe (20) is used to damage
membranes) membrane damage is not observed in 893-treated cells at 6 h.

To answer where JUN and YAP go, YAP can be seen to accumulate in the cytosol of 893-treated mPCE cells
(Fig. 3b). For JUN, Western blotting suggests that total cellular JUN levels are not changing (ED Fig. 7c).
Proteins dispersed in the cytosol can be more difficult to detect by immunofluorescence microscopy. Other
proteins that display similar behavior (not detectable until they are recruited to and concentrated on
membranes) include LC3 and Drpl.

8. Fig. 6. It is unfortunate that 10uM PF-543 was used as this inhibitor inhibits SK1 in low nM. A concentration
of 10-100nM would be much more convincing than 10uM. In this context, are the effects of PF actually
mediated by sphingosine (try to simultaneously disrupt or deplete levels of sphingosine). Also, why didn’t the
authors evaluate the levels of nuclear YAP where the responses seem a bit higher (but still with a lot of
variation).

We have repeated this experiment using 100 nM PF-543 (Fig. 6¢-f). Sphingosine is elevated and TNFa-
induced NFkB translocation is inhibited as expected.

The box and whisker presentation makes it clear that nuclear protein levels are heterogeneous for every
protein we examined. The p65 signal is robust and translocation in response to TNFa produces a large fold-
change that makes it easier to distinguish partial inhibition by endogenous sphingosine (a similar approach
was used in Fig. 5k-m for this reason - in a short experiment, the effects of sphingosine are apparent in SK1
WT cells).

In conclusion, we appreciate the reviewer generously offering their valuable time to review the manuscript
and provide feedback. We have improved the manuscript by adding new data and improving the presentation
of the data to address the concerns of Reviewer 2.

Reviewer 3 — nuclear transport/importins

Jayashankar et al identified the targets (PPP2R1A, KPNB1, TNPO1, IPO5 and IPO7) of sphingosine-like
compounds (SH-BC-893, SH-LS-200, FTY720, and phytosphingosine) through proteomics with cell lysates
and photoaffinity labeling in situ. They found that the compounds decreased the Tm’s of recombinant
PPP2R1A and KPNB1, decreased the proteins’ helical content and seem to cause their partial unfolding. In
UV-crosslinking analysis, competition with unmodified compounds increased crosslinks, suggesting
cooperative binding or that initial binding exposed new binding sites; consistent with the compounds causing
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partial unfolding of their targets. Partial unfolding of PPP2R1A may re-position the B and C subunits to promote
catalysis and/or substrate-binding. Partial unfolding/conformational change of KPNB1 may disrupt its
interactions with nucleoporins and/or importin-a. Regardless of the exact modes of partial unfolding, the
authors show that the sphingosine-like compounds activate PP2A and inhibit nuclear import functions of
KPNB1, TNPO1, IPO5 and IPO7.

The manuscript is very well-written and the results are presented in a clear manner. Most importantly, the
results are convincing and the conclusions appropriate. The findings the sphingosine-like compounds studied
bind and partially unfold PPP2R1A and KPNB1, and likely TNPO1, IPO5 and IPO7 that are related to KPNBL1.
The work is exciting and suitable for publication in Nature Cell Biology.

Additional comments:

1) Itwould be useful if the authors could comment on whether other members of the karyopherin-beta family
of importins, biportins and exportins were also detected in their proteomics analysis. If not, it'd be good if
they could discuss why only KPNB1, TNPO1, IPO5 and IPO7 are targets.

Extended Data Figure 1g now highlights both the abundance of each karyopherin family member in the
proteome and the fold enrichment by each of the chemoproteomics ligands for both FL5.12 cells
(hematopoetic) and mPCE (prostate cancer).

We hypothesize that the functional redundancy of KPNB1, TNPOL, IPO5 and IPO7 explains their co-
regulation by sphingosine-like compounds. Interestingly, JUN and ribosomal proteins were previously shown to
rely on these 4 specific importins for nuclear import (21,22). These cargos offer regulatory points for
homeostatic growth control. JUN promotes oncogenesis and growth (23—-28). Control of ribosomal assembly
would also regulate energy use and growth. To make these functional links clearer, we have added ED Fig. 7b
and Supplemental Table 8 showing that the nuclear levels of many ribosomal proteins were reduced (nuclear
proteomics), and many ribosomal proteins were isolated by the PAL probe along with KPNB1, TNPO1, IPO5,
and IPO7 (consistent with ribosomal proteins being cargo).

We detected another functional group of nuclear proteins that we speculate might be coordinately regulated by
this group of importins: metabolic enzymes with “moonlighting” roles in the nucleus providing “ink” for
epigenetic writers (29,30). Supplemental Table 9 highlights that many metabolic enzymes are lost from the
nucleus and/or present in the PAL dataset (potential cargos for these importins) and thus might be regulated
as group by sphingosine-like compound 893.

2) The authors connect PPP2R1A to the four importins as structurally homologous, but the importins are
significantly more homologous to other importins, biportins and exportins, so the structural homology of
PPP2R1A to the importins as reason for binding sphingosine-like compounds doesn’t hold up. There are
thousands of HEAT repeat proteins. What other characteristics are common between the five HEAT repeat
proteins that they authors have identified as targets, other than they are comprised of HEAT repeats?

At this time, we are unsure why only these HEAT repeat proteins bind sphingosine-like compounds. We
anticipate that further mapping the binding site in future studies will help us address this important question.

3) The authors mentioned that Importazole also decrease the Tm of KPNBL1. It would be useful if they could
describe what is known about how Importazole inhibit KPNB1, and compare with what they have learned about
the mechanism of the sphigosine-like compounds acting on KPNBL1.

Thank you for this suggestion, we have revised the text to include this information. Importazole (IPZ) was
isolated in a “FRET-based, high-throughput small molecule screen for compounds that interfere with the
interaction between RanGTP and importinB”(31). Somewhat confusingly, IPZ reduced FRET between CFP-
Ran and YFP-Kpnb1 but did NOT reduce RanGTP-Kpnb1l binding in pulldown assays. Because IPZ reduced
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the Tm of Kpnb1 in a thermal shift assay, the authors concluded that “importazole binding [to Kpnb1] causes a
conformational change that disrupts the CFP-RanGTP/YFP-importinB FRET interaction without preventing
binding.” In our study, the 893-PAL probe pulled down Ran, but not Kpna2, from intact cells (Supplementary
Table 2). This result could be consistent with a mechanism of action similar to importazole, but determining
precisely how 893 and related compounds inhibit importins will require additional studies.

We thank Reviewer 3 for their time and helpful comments.
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